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ABSTRACT

The spatial extent of artificial light is increasing rapidly and significantly on Earth
surface hence changing the nocturnal lightscape and threatening an important part of
ecosystems. The rise in nighttime light levels induces a perturbation of the circadian rhythm
and thus a modification of nocturnal, but also some diurnal, species behavior and interactions
between species. Despite the spread of light pollution being of major concern, the knowledge
gaps in this field limit the creation of regulations to reduce the impact of nighttime lighting on
biodiversity. Therefore it is urgent to produce clear and practical information to build tools and
define recommendations for land managers.

In this context, the aim of the PhD thesis is to study the impact of light pollution on
nocturnal fauna through two spatial scales in order to propose methods to evaluate and manage
artificial light. We used bats as a model species as they are long-lived and nocturnal and thus
highly impacted by light pollution. In addition, it has been shown that their population trends
tend to reflect those of species lower in the trophic chain which makes them even more sensitive
to anthropic pressures.

First, we studied the effect of light pollution within cities. This spatial scale is both
coherent with bats distance of movement and with the reality of public lighting management.
Although some urban-adapted species living within large cities are considered to benefit from
artificial light, this work showed that, at a scale including all aspects of bats daily travels, light
has a negative effect on bats activity level. Also, even if a large part of light pollution is due to
public lighting, the results show that private lighting should not be neglected. Beyond the
impact on bat activity, artificial light can have a barrier effect when individuals are transiting
and thus reduce the landscape connectivity. Whereas environmental policies are promoting the
development of ecological corridors, not considering light pollution could significantly reduce
their efficiency for nocturnal species. Modelling the link between biological data and landscape
variables including light level allowed us to build adapted corridors for nocturnal species. This
lead to the development of a tool to evaluate lighting scenarios that could be used prior to the
implementation of a lighting plan in order to predict the impact it would have and hence adapt
it to the local biodiversity issues.

At a finer scale, it is necessary to understand which light characteristics are the most
relevant levers of actions to formulate recommendations to limit light pollution impact on
biodiversity. We carried a field work experiment in a protected area where conservation issues
on bat species are even higher as the species most sensitive to light are protected there, together
with their habitat, at the EU level. We worked at the interface between urban and semi-natural
areas and showed that the illuminance was the most important light characteristic. Hence it is
on this parameters that regulations should be applied in priority to limit the impact of light on
areas that could potentially be used as corridors or dark refuges for sensitive species.






RESUME

L’emprise de la lumiére artificielle s’étend de maniére importante et rapide a travers le
monde entier et est en train de changer le paysage nocturne menagant ainsi une large part des
¢cosystémes. L’augmentation des niveaux de lumicre la nuit entraine une perturbation du
rythme circadien et par 14 une modification des comportements des especes nocturnes mais
aussi diurnes et des interactions entre especes. Malgré I’importance de 1’enjeu que représente
la pollution lumineuse, le manque de connaissances dans le domaine limite la création de
réglementations pour réduire I’impact de 1’éclairage nocturne sur la biodiversité. Il est donc
urgent d’apporter des éléments concrets pour construire des recommandations et des outils
d’évaluation a destination des gestionnaires du territoire.

Dans ce contexte, 1’objectif de cette thése est d’étudier I’impact de la pollution
lumineuse sur la faune nocturne a deux échelles paysageres afin de préconiser des méthodes
d’évaluation et de gestion de 1’éclairage artificiel. Nous avons utilisé les chauves-souris comme
modele d’étude car elles sont longévives et nocturnes et donc fortement affectées par la
pollution lumineuse. De plus, il a été montré que les tendances de leurs populations tendent a
refléter celles d’espeéces plus basses dans la chaine trophique, les rendant ainsi d’autant plus
sensibles aux pressions anthropiques.

Dans un premier temps, nous avons ¢étudié I’effet de la pollution lumineuse a 1’échelle
de villes, une échelle paysagere en cohérence a la fois avec les distances de déplacement des
individus et avec une réalité de gestion de 1’éclairage. Malgré que les especes anthropophiles
vivant toujours dans les grandes villes soient considérée comme bénéficiant de 1’éclairage
artificiel, ce travail a montré qu’a une €chelle regroupant tous les aspects des déplacements
quotidiens des individus, I’effet global de la lumiere est négatif. De plus, bien qu’une part
significative de la pollution lumineuse soit due a 1’éclairage public de par sa permanence et
son étende, I’étude montre que I’éclairage privé n’est pourtant pas a négliger. Au-dela d’un
effet sur le niveau d’activité, la lumiere artificielle peut avoir un effet de barriere dans le
déplacement des individus et ainsi réduire la connectivité du paysage. Alors que les politiques
environnementales sont en faveur du développement de corridors écologiques, la non-inclusion
du facteur pollution lumineuse pourrait réduire significativement leur efficacité pour les especes
nocturnes. Un travail de modélisation mettant en lien des données biologiques d’activité avec
des aspects paysagers mais aussi lumiere a permis de construire des corridors adaptés pour les
espéces nocturnes. Cela a aussi mené a des outils d’évaluation de scénarios d’éclairage qui
peuvent étre utilisés en amont d’aménagements afin de prédire I’'impact d’un changement et de
les adapter aux enjeux de biodiversité.

A une échelle plus fine, il est nécessaire de comprendre quelles caractéristiques des
points lumineux sont les plus pertinents a maitriser afin de formuler des recommandations pour
limiter ’impact sur la biodiversité. Nous avons mené une étude de terrain dans un espace
protége ou les enjeux sur les chauves-souris sont d’autant plus importants que les espéces les
plus sensibles a la lumicre y sont protégées, ainsi que leurs habitats, a 1’échelle européenne. En
travaillant a I’interface entre urbanisation et habitats semi-naturels, nous avons pu montrer que
c’est la quantité de lumiére émise qui ont I’effet le plus notable. C’est donc ce paramétre sur
lequel il faut travailler en priorité pour limiter I’'impact de la lumiére sur des zones pouvant
servir de corridor ou de zone refuge aux espéces sensibles.
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1. Global land-use change

The Earth is undergoing such dramatic and global environmental changes that it may
have entered a new geological epoch, the Anthropocene, characterized by a human domination
of the environment (Lewis & Maslin, 2015). Since the industrial revolution, the rate of global
land use change greatly increased (Newbold et al., 2016; Venter et al., 2016). The rapid growth
in the world population from less than two billions in 1900 to 6 billion in 2000 and a predicted
rise to 10 billion by 2050 (Population Reference Bureau — www.prb.org) induced an
intensification of the pressure on the biosphere’s resources (Foley, 2005). Half of the planet’s
surface has been disturbed due to human activities and nowadays more than one-third of the
global land surface is used for agriculture (Goldewijk & Ramankutty., 2009). This global
change in land use is considered as a major driver of global biodiversity loss and ecosystems
functions alteration (Newbold et al., 2016; Venter et al., 2016) through the loss, modification
and fragmentation of habitats (Pimm & Raven, 2000). Moreover, the proportion of humanity
living in urban areas increased dramatically (Grimm, Faeth, et al., 2008). Whereas only 10% of
the world population were urban dwellers in 1900, currently, this percentage exceeds 50% and
is predicted to rise to 66% by 2050 (Population Reference Bureau — www.prb.org) although
urban areas represent less than 3% of the global terrestrial surface (Millenium Ecosystem
Assessment, 2005). The shift in the human population’s distribution toward urban areas
provoked a major growth in cities size in terms of inhabitant number and spatial extent (Grimm,
Foster, et al., 2008). It is also accompanied by the development of transport infrastructure to
convey goods and people (Dulac, 2013). For most of the 20" century, the ecology of urban
areas was little studied but recently, urban ecology gained attention (Grimm, Faeth, et al., 2008).

Indeed, it may be of particular importance to preserve urban ecosystems as an increasing
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proportion of the population and particularly children are less and less likely to have direct
contact with nature thus reducing their willingness to conserve biodiversity (Keniger et al.,
2013; Soga et al., 2016). In addition, the “extinction of experience” of nature (Pyle, 1993) might
constitute a global health problem as several studies showed that the relatedness with nature is
associated with a better heath and general well-being (Kahn, 2002; Louv, 2005; Dean et al.,
2018). Urbanization is one of the more lasting types of habitat loss (McKinney, 2002) and as
the proportion of urban dwellers grows and with it the pressures on natural resources, it becomes
increasingly important to raise people’s attention to the fundamental necessity to preserve

nature (Savard, Clergeau, & Mennechez, 2000).

Biodiversity concerns in relation to urban areas are twofold: those considering the inner
city scale and those considering the impact of urban areas on adjacent ecosystems (Savard et
al., 2000). At the local scale, urban areas are often characterized by an intense fragmentation of
the landscape with a few small vegetation or aquatic habitat areas embedded in a dense
impervious matrix (Savard et al., 2000). Fragments of vegetation may be too small or too
isolated to be used as habitats (Savard et al., 2000). At a larger scale, the expansion of cities
toward rural landscapes generates pressures on adjacent ecosystems through changes in soils,
the construction of structures and the development of transport infrastructures (Filippi-
Codaccioni et al., 2008; Grimm, Faeth, et al., 2008). In cities, urbanization tends to reduce
species richness (Grimm, Faeth, et al., 2008) and on a gradient from urban to rural landscapes,
urban cores have the lowest species diversity (McKinney, 2002). Urbanization has been
qualified as “one of the most homogenizing of all human activities” (McKinney, 2006). Indeed
cities are built to fulfill only human needs and are hence similar throughout the world. This
causes urban-adaptable species to become widespread and abundant in cities across the planet
(McKinney, 2002) whereas species dependent on natural habitats are excluded. This shift favors

generalist species over specialist species and alters biological communities toward biotic
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homogenization (McKinney, 2006; Le Viol et al., 2012). As urban areas impact extends beyond
administrative borders, urbanization could also reduce species diversity at regional and global
scales (Grimm, Faeth, et al., 2008). Although the outward impact of urban areas mostly
concerns rural and semi-natural landscapes, the distance between protected and urban areas
decreases over time (Mcdonald, Kareiva, & Forman, 2008). Moreover, in Europe, the majority
of protected areas include a significant part of human activities (European Environment

Agency, 2012) thus making them more prone to suffer the impacts of urbanization.

In addition to soil sealing, the urbanization process is accompanied by the emission of
environmental stressors such as chemical, noise and light pollution. Their impact on
biodiversity is not always assessed although they could be cumulative with the effects of soil
sealing (Gaston et al., 2014) and their consideration may be essential to produce effective land-
use planning strategies (Grimm, Faeth, et al., 2008). Amongst these pollutants, light pollution
was identified as an emerging (i.e. new and poorly known) threat to biodiversity (Holker, Moss,

et al., 2010; Holker, Wolter, et al., 2010; Stanley et al., 2015).

2. Light pollution

During the 20" century, the shift toward a more urban population was accompanied by
the development of electric lighting. With the growth of urban settlements, transport
infrastructure and economic activities increased leading large areas of the globe to be subjected
to artificial light (Bennie et al., 2014). Nowadays, artificial lighting is estimated to consume
0.72% of the world gross domestic product and about 6.5% of the world primary energy (Tsao
& Waide, 2010). The widespread use of artificial light at night (ALAN) has enhanced human
quality of life and is commonly associated with a sense of security, wealth and modernity
(Holker, Wolter, et al., 2010). However, the rapid multiplication of light points considerably

transformed the nocturnal landscape worldwide. This change can be appraised both
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quantitatively with a yearly 6% increase in light emission (Hélker, Moss, et al., 2010) and
qualitatively through the change in color spectra (Elvidge et al., 2007). Globally, 80% of the
world population lives under light-polluted skies (Falchi et al., 2016). And whereas most of the
population lives in the 3% of the global land surface representing urban areas (Grimm, Faeth,
et al., 2008), over 20% of the world land surface experience light-polluted nights (Falchi et al.,
2016). Artificial light is mainly associated with human constructions such as cities, plants and
transport infrastructures (Hale et al., 2013) but it can diffuse way beyond urbanized landscapes
and could affect an important proportion of surrounding ecosystems (Kyba & Holker, 2013).
Indeed, although light can be seen as a point source that affects its close environment, it can
also have a far reaching impact through skyglow (Kyba & Holker, 2013). Light reflected
upward and light emitted above horizontal is scattered in the sky and rebounds on particles
hence being redirected toward the Earth and creating a halo of light kilometers away from their
source point (Kyba et al., 2015). The impact on nocturnal landscapes is so intense that it can be
seen from space (Fig. 1) and due to its extent and continuous increase, it can be considered as

a global change.

Fig. 1. Composite image of the Earth at night made using data from satellite imaging (VIIRS)
(source: NASA)
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Astronomers were the first to state that artificial light degraded the human view of the
night sky by reducing the visibility of celestial bodies (Smith, 2009) and named this
phenomenon astronomical light pollution (Riegel, 1973). Recently, several other negative
effects have been recognized in ecology, human health and well-being (Catherine Rich &
Longcore, 2006; Navara & Nelson, 2007). Ecological light pollution (henceforth, light
pollution) is defined as the artificial light that alters the natural spatial and temporal patterns of
light and dark in ecosystems (Longcore & Rich, 2004). Hence, one of the main impacts of light
pollution is the disruption of the circadian rhythm, arguably one of the most important
organizational cue in the biological world (Bradshaw & Holzapfel, 2010). Daily and seasonal
light cycles have driven the development of biological phenomena from molecules to
ecosystems, including metabolic and physiological pathways, behavior and spatial distribution
of species and ecosystem cycles (Bradshaw & Holzapfel, 2010; Gaston, Gaston, et al., 2015;
Gaston et al., 2017). Endogenous biological clocks are essential for individuals’ anticipation
and adaptation to the daily and seasonal light-dark cycles in their environment as it allows them
to optimally time their metabolism, physiology and behavior (Navara & Nelson, 2007). For
example, individuals can adapt their reproductive rate and timing based on changes in day
length throughout the season (rodents: Ikeno, Weil, & Nelson, 2014; bird: Dominoni, Quetting,
& Partecke, 2013a); many taxa adjust their foraging activity according to changes in lunar cycle
(birds: Brigham & Barclay, 1992; rodents: Kotler, 1984; bats: Saldafia-Vazquez & Munguia-
Rosas, 2013; marine mammals: Horning & Trillmich, 1999); and the daily variation of light
and dark is also essential for the regulation of hormonal systems in a large array of taxa
including bird (Dominoni, Goymann, et al., 2013), rodent (Atkinson & Waddell, 2008), fish
(Brining et al., 2015), and human (Haim & Zubidat, 2015a). The apparition and wide spread
of artificial light dramatically altered a thousands of years old cycle on a significant proportion

of the world’s land surface hence impacting biodiversity and ecosystems (Navara & Nelson,
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2007). Among all organisms, nocturnal
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nocturnal species were more likely to experience this increase (Duffy et al., 2015). Moreover,
although protected areas end to be darker than non-protected lands, they still suffered a low
increase in ALAN in recent years (Gaston, Duffy, & Bennie, 2015; Guetté et al., 2018).
Actually, light pollution is important in the direct surroundings of protected areas potentially
isolating them from one another (Guetté et al., 2018). This alarming observation suggests that
the importance to manage artificial lights is underestimated. Indeed, light pollution is seldom
considered as a criteria to designate protected areas (Gaston, Duffy, et al., 2015) although the
International Dark-Sky Association is leading an initiative to create dark sky reserves to

facilitate and promote celestial bodies observation (Welch & Dick, 2012).

3. Light pollution’s impacts on biodiversity

Light is the main source of energy of most primary producers and a crucial factor in the
control of a large number of physiological and behavioral processes (Schroer & Holker, 2016;
Gaston et al., 2017). Light can be a signal for growth, hormonal secretion, spatial movements,

orientation and communication. It has a central role in structuring communities and ecosystems
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through its influence on trophic, social and competitive interaction and in shaping seasonal and

daily rhythms (Schroer & Hélker, 2016).

3.1. Diversity of perception of a fundamental cue

Throughout evolutionary times, species acquired a temporally differentiated niche often
associated with a specially adapted eyesight (Holker, Wolter, et al., 2010). In the animal
kingdom, a large range of adaptations of the vision exists to navigate in the environment with
different light levels and color spectra (Warrant, 2004; Davies et al., 2013). However the rapid
expansion of artificial light worldwide (Holker, Moss, et al., 2010) will induce profound
changes in nighttime light level and spectra potentially rendering ineffective adaptation
acquired through thousands of years of evolution. An important number of animal species are
able to see at light levels way below the necessary level required for humans to see properly
(Gaston et al., 2013).Moreover, while humans perceive light between 400 and 700 nm as visible
light, other animals can have a significantly different sensitivity both in range and perception
depth. For example, birds and reptiles have four different photoreceptors (mammals only have
two) hence increasing the information content of the color perception across a large part of the
spectrum (Osorio & Vorobyev, 2008). In addition, birds, fish and invertebrates are sensitive to
ultraviolet (UV) light (10-400 nm) and snakes and beetles can detect emissions in the infrared
range (700-1000 nm) that are not perceived by the human eye (Rowse et al., 2016). Depending
on organisms’ spatial and temporal niche and on their sensory abilities, ALAN can enhance,
disrupt or not affect their perception of light with potential downstream physiological,

behavioral and ecological effects (Gaston et al., 2013).
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3.2. Effects of light on daily biological events

The alteration of the natural light level by ALAN modifies the perception of day length
for both nocturnal and diurnal organisms. Indeed artificial light has been shown to modify the
pattern of daily activity of birds (de Jong, Jeninga, et al., 2016) but without modifying their
internal biological clock when considering short time period of exposition (6 to 14 days)
(Kamiel Spoelstra et al., 2018). However a longer exposition (4 to 14 weeks) changed the
expression of a circadian clock gene in rodents and it also changed the expression of genes
implicated in the regulation on the hormone melatonin (Ikeno et al., 2014). Melatonin has a
central role in the regulation of the circadian rhythm and is involved in seasonal processes for
many taxa (Dominoni, Goymann, et al., 2013). It is secreted cyclically being released at night
and suppressed by daylight and regulates daily timing such as sleep and body temperature
(Dominoni, Goymann, et al., 2013). Artificial light inhibits the secretion of melatonin in a large
array of taxa (birds: Dominoni et al., 2013; insects: Durrant et al., 2015; mammals: Haim,
Zubidat, & Haim, 2015; fish: Bruning et al., 2016) hence disrupting sleep (Yorzinski et al.,
2015; Stenvers et al., 2016; Raap et al., 2017) and activity patterns (Letallec, Théry, & Perret,
2015; de Jong, Jeninga, et al., 2016; Hoffmann, Palme, & Eccard, 2018). As presented
thereafter, these modifications may have significant impacts on individuals fitness and health

(M. Jones et al., 2015; Ouyang et al., 2015).
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Anrtificial light can have important
impacts on foraging timing in two ways.
First, light can modifying the timing of the
foraging activity onset. For example,
lighting bats’ roosts entrance delays their
emergence time (Downs et al., 2003;
Boldogh et al., 2007) and may hence miss
the peak activity of insects therefore
reducing their foraging efficiency and
decreasing their reproductive success (Fig.
3;Boldogh et al., 2007). On the contrary,
several diurnal bird species extent their
foraging time into the night when in the
vicinity of a light source (Fig. 4 ;Da Silva,
Diez-Méndez, & Kempenaers, 2017) and
can increase their reproductive success
(Stracey et al., 2014) and reduce their
energy expenditure (Welbers et al., 2017)
although it does not necessarily influence

their body condition (Russ, Riger, &
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Fig. 3. The nightly emergence activity of M.
emarginatus, in an illuminated (dashed line)
and a non-illuminated roost (continuous line)
during the same night. Arrow shows the time
when lights were switched off at the illuminated
roost (extracted from Boldogh et al., 2007)
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Fig. 4. Average minutes past sunset of last
nestling feeding trip and average light level at
night within a 20-m radius of nests (adapted
from Stracey et al., 2014).

Klenke, 2015) (Russ et al., 2015). Light can also modify individuals’ ability to detect preys and

hence reduce (Buchanan, 1993) or increase (Santos et al., 2010; Dwyer et al., 2013) their food

intake.

The most damaging effects of light pollution might be its influence on organisms at low

levels of the trophic chain. The dial migration of zooplankton is sensitive to very low levels of
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lights and can be significantly reduced both in amplitude (height in the water column) and
magnitude (number of individuals) (Moore et al., 2000). Another example are plants which
heavily rely on light as a resource and as an information signal for many physiological
processes. Plants have a wide range of photoreceptors to respond to light quality, quantity,
direction and duration presenting a diversity of sensitivity from large variation to light levels

barely perceivable by the human eye (Briggs, 2006).

3.3. Effects of light on seasonal biological events

Depending on the latitude, day length varies significantly throughout the year providing
a vital biological cue allowing the anticipation of changes in resource availability and climatic
conditions. In urban areas, as artificial lighting is used to facilitate human activities by night,
lights are turned at the beginning and end of the night. Hence dawn can be perceived as starting
earlier and dusk to last longer thus potentially impact species physiology and even more so at
high latitude (Gaston et al., 2017). Most studies evaluating the influence of artificial light on
seasonal phenomenon focus on reproduction as it is a key event for population viability. A large
array of effects on the both the timing and the success of reproduction have been demonstrated

in a variety of taxa.

dawn dusk

=3
S
1

probability of singing
&
S
1

-

< [ ]
T T T T I I

1 T 1 T T i I
6 16 26 36 46 56 66 76 86 96 1006 6 16 26 36 46 56 66 76 86 96 106

date (1 = | January)

Fig. 5. Observed and predicted daily probability of singing at dawn and at dusk for the European
robin at sites with artificial night lighting (grey dots and lines) and for non-lighted sites (black
dots and lines) (adapted from Da Silva, Valcu, & Kempenaers, 2015)
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Artificial light tends to elicit an earlier start of the reproduction in diurnal songbirds
through an advance in dawn and dusk chorus (Fig. 5 ;Da Silva et al., 2015), in gonadal
development (Dominoni, Quetting, et al., 2013a) and in laying date (Kempenaers et al., 2010).
A disruption of the reproduction timing was also found in nocturnal mammals but in opposite
ways by advancing of the estrus for mouse lemurs (Letallec et al., 2015) and retarding birth in
wallabies (Robert et al., 2015). Similarly, plants flowering time can also be modified by the
presence of light stimuli. Different plant species can respond to light of different spectra and
intensity in completely different ways and flowering can be either induced, suppressed,
increased or reduced by light pollution depending on the species sensitivity (Briggs, 2006;
Bennie et al., 2016). These changes in timing may have significant effects on reproduction
success as they could cause mismatches in the timing of interdependent life history events

(Helm et al., 2013).

Light can alter the reproductive success through many mechanism such as an alteration
in mating partner detection (glow-worms: Bird & Parker, 2014) and attractiveness (newts:
Secondi, Lepetz, & Théry, 2012) or a deregulation of reproductive hormonal secretions in birds
(Schoech et al., 2013). A more drastic effect is the complete inhibition of reproduction (van
Geffen et al., 2015). For example, a 2-years-long exposure to low light levels at night (0.3 lux)
inhibited the development of the reproductive system of male blackbirds with an absence of
testicular size and testosterone concentration increase during the reproductive season
(Dominoni, Quetting, & Partecke, 2013b). Such dramatic effect may have profound impacts on
population dynamics. A similar inhibition phenomenon was shown in coral’s with light altering
genes expressions and thus inhibiting coral mass spawning (Kaniewska et al., 2015). As corals
reproductive success is crucial for the maintenance of coral reef ecosystems, light pollution

could have major cascading effects.
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In addition to influencing the onset and the proceeding of reproduction, light can disturb
individuals’ growth and development. Nestlings of great tits subjected to artificial light in their
nest boxes had a reduced rate of body mass increase compared to nestlings in natural light
(Raap, Casasole, Costantini, et al., 2016) and had lower levels of molecules implicated in the
development of the immune system (Raap, Casasole, Pinxten, et al., 2016). Moth development
is also altered by light through the inhibition of pupal diapause which could both reduce their
fitness and increase mortality rates (van Geffen et al., 2014). Similarly, toads early stage
development was modified by the presence of ALAN, reducing the metamorphic duration and
their post-metamorphic growth rate by 15% (Dananay & Benard, 2018). A nation-wide study
showed that plant development phenology can also be modified by anthropogenic light
emissions. Indeed, it showed that deciduous trees budburst is advanced by up to 7.5 days in
brightly lit areas (ffrench-Constant et al., 2016). Moreover, there has been several independent
observation of deciduous trees keeping
leaves close to a light source longer than
those that were further away in autumn (Fig.
6 ;Bennie et al., 2016). Both budburst and
leaf fall timings are determinants of tree’s
exposure to frost damage and fungal
pathogens (Bennie et al., 2016) thus early
budburst and late leaf loss due to light
pollution may have deleterious implications

for deciduous trees.

Fig. 6. Defoliated Betula pendula except in the Most studies evaluating the influence

light cone of high-pressure streetlight (Image
taken in Berlin, Germany, December 2015, by
Sibylle Schroer)

of light on seasonal events concentrate on

reproduction however other physiological
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phases could be impacted such as hibernation or migration. Indeed, exposition to ALAN has
been shown to alter swans wintering behavior and advance their departure for spring migrating

(Longcore, 2010).

3.4. Effects of light on movements and spatial distribution

Many animal species that move by night use celestial bodies as cues for direction
(Gaston et al., 2017). For example, nocturnal insects can navigate using moonlight and the
pattern of polarized celestial light (Dacke et al., 2003) and migrating birds are thought to
calibrate their inner magnetic compass through the detection of polarized light patterns during
sunset and sunrise (Muheim, 2006). In addition, bird migration direction is dependent on
magnetoreception through photoreceptors and red light can disrupt this mechanism (Wiltschko
etal., 1993). The increase in nocturnal light emissions may hinder stars visibility thus disrupting
individual’s orientation (Kyba et al., 2011). Nocturnal animals may also need low light levels
for their eyesight to function properly (Buchanan, 1993). On the opposite, some species such
as little penguins can take advantage of ALAN to navigate nocturnal landscapes more easily
(Rodriguez et al., 2018) and shorebirds and waders can benefit from light through improved

visibility to exploit lit areas for foraging (Santos et al., 2010; Dwyer et al., 2013).

The widespread attraction of insects to light have long been documented and exploited
through light-trapping for their capture. This flight-to-light behavior exists in at least seven
insect orders (Altermatt, Baumeyer, & Ebert, 2009; Roy H. a van Grunsven et al., 2014; de
Medeiros, Barghini, & Vanin, 2017) and can be elicited at distances of more than 100 m (Frank,
2006). The attraction reach is dependent of the species, the type of lamp and the light intensity
thus different lamps will attract different species in different magnitude (Roy H. a van Grunsven

et al., 2014). Ultraviolet emissions are particularly impacting. Indeed, the number of moths
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captured at UV emitting mercury vapor lamps can be four to 100 times higher than at sodium

vapor lamp emitting no UV (Frank, 2006).

Attraction to light manifests in several ways described by Eisenbeis (2006). First, insects
can be disturbed in their activity by entering the attraction zone of a light source. It will then
fly around the lamp endlessly and be captured by predators or fall exhausted to the ground
where it will die or be caught by a predator. This phenomenon is called “fixation” or “captivity”.
The second manifestation is the attraction of otherwise non-moving insects that will hence be
“fixed”. This effect is called the “vacuum cleaner” as it may deplete local populations. A study
found that urban moths are less inclined to be attracted to light than moth born in dark-sky
(a) 047 habitats thus showing a possible

evolutionary modification of their behavior

(Altermatt & Ebert, 2016). However, light

Population trend

pollution has been suggested to possibly be

an important factor of large scale decline in
a

_16J insects’ populations (Frank, 1988; Conrad et
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al., 2006). As nocturnal insects have a major
(b) 04+
role in pollination and as a primary food
source for many vertebrates, important

decrease in their populations would have
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numerous cascading effects. Despite being

of primary concern (Sutherland et al., 2006),

Diumal Nookurnal Both it’s only recently that study evaluated large

Fig. 7. Mean population trends for moth species scale effects of light pollution on insects.
that differ in (a) phototaxis and (b) adult
circadian rhythm (extracted from van
Langevelde et al., 2018).

Wilson et al. (2018) used a 11 years dataset

on 100 species of moths gathered through a
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large scale moth light-trapping citizen science program to identify and quantify the role of
ALAN in long-term changes in moth populations in the UK and Ireland. Their results showed
that nighttime lighting could explain 20% of the variation in long-term changes in moth
abundance thus bringing evidence that light pollution contributes significantly to moth species
decline for the first time. In addition, another recent study demonstrated that that nocturnal moth
species exhibiting positive phototaxis have stronger negative population trends than diurnal

moth species (Fig. 7 ;van Langevelde et al., 2018).

Moreover, the attraction of insects to light induces a change in prey spatial distribution
for insectivorous predators which can modify their foraging opportunities. Predators eating
invertebrates attracted to light benefit from the accumulation of preys under lights halo as a
spatially and temporally stable resource area (bats: Rydell, 1992; invertebrates: Davies, Bennie,
& Gaston, 2012, van Grunsven et al., 2018; birds: Pugh & Pawson, 2016) and are therefore
indirectly attracted to light (Fig. 8 ;bats: Blake et al., 1994; toads: Wise, 2007; birds: Pugh &

Pawson, 2016; slugs: van Grunsven et al., 2018).
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Fig. 8. The effect of high-pressure sodium street lighting on the abundance of individuals
within trophic groups of invertebrates. Bars represent the average total number of individuals
in each group collected from pitfall traps deployed under street lights (open bars) and between
street lights (grey bars) (extracted from Davies et al., 2012).
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During migration and dispersion, many species use light as an information cue to
determine their direction and the presence of anthropogenic light can attract them and thus make
them deviate from their original trajectory. When migrating, bats (Voigt, Roeleke, & Marggraf,
2017) and birds (H. et al., 2008; Van Doren et al., 2017; McLaren et al., 2018) can be attracted
to light sources hence potentially increasing their energy expenditure and modifying their
habitat selection therefore affecting their fitness. Similar effects have been found during
dispersal for several turtle species hatchlings (Hetzel et al., 2016; Cruz et al., 2018) and for
seabird fledglings (Rodriguez et al., 2014) with direct impacts on their survival (Rodriguez et

al., 2017) and the recruitment rate in the population (Dimitriadis et al., 2018).

On the contrary, other species such as diurnal birds avoid light at night and chose nesting
sites hidden from light halos (Yorzinski et al., 2015; de Jong, Ouyang, et al., 2016). Nocturnality
may have been an evolutionary adaptation to avoid diurnal predators (Holker, Wolter, et al.,
2010; Russo et al., 2017) thus many nocturnal species show an avoidance response to light
(Wise, 2007; Threlfall, Law, & Banks, 2013; Farnworth, Innes, & Waas, 2016; Azam et al.,

2018). However the avoidance may depend on the seasonal timing such as in toads which can

120

. f‘ 0'02‘ T forage under streetlights (Wise, 2007)

100 -k &009 e but will avoid light during migration

% p<0.03 (Roy H. A. Van Grunsven et al., 2017).
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The repulsion by light may be so
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intense that it can be perceived as a
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Control Noise  Lit1  Lit2  Lit3  Lit4 Noise are known to be light sensitive and will
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Fig. 9. R. hipposideros mean activity along hedgerows
in relation to treatment type. Significant within-subject
differences are shown with p values (extracted from
Stone, Jones, & Harris, 2009).
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3

5]
o

turn back if the hedge they follow as a
transiting route is illuminated (Fig. 9

;Kuijper, Schut, & Dullemen, 2008;
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Stone et al., 2009; Stone, Jones, &
Harris, 2012). In addition other bat
species that are considered to be light
tolerant can also perceive light has a
barrier when an hedge they transit along

in discontinuous and gaps are brightly

lit which can lit to a reduction in the 0 100 2007

proportion of landscape accessible (Fig. Fig. 10. Predicted areas of accessible land cover
within 350 m (red circle) of an urban pond (red dot),
10 ;Hale et al., 2015). These effects on under a scenario with no light (blue) and a scenario
with normal street lighting (yellow). When no
nocturnal species movement behavior lighting is present, 44% of the local landscape is
accessible from the pond, shrinking to 36% in lit
have only been studied at local scales conditions (extracted fom Hale et al., 2015).
but they may have important consequences on individual’s ability to travel through a landscape
(Beier, 2006). Studies suggested that landscape connectivity could be altered by ALAN for
terrestrial and flying mammals (Beier, 1995; Hale et al., 2012; Bliss-Ketchum et al., 2016) but
it has never properly been tested. Due to the importance of movement for individual survival,
population maintenance and ecosystem functioning (Nathan et al., 2008) the spatial extent of
light pollution, the modification of species movement ability by ALAN may have far reaching

consequences on species and communities.

A recent study on the influence of ALAN on bat activity at a national scale showed that
bats able to forage around streetlights at a local scale exhibit an avoidance pattern when
considering a large scale (Azam et al., 2016). This finding reinforce the necessity to consider
the impacts of artificial light at several spatial scales in order to include different movement

behaviors.
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3.5. Effects of light on interactions and community composition

As a wide range of species responds to anthropogenic light and this raises concerns
about the consequences for ecosystems functioning and stability (Sanders & Gaston, 2018). The
avoidance behavior of certain species may lead to their absence of lit areas and therefore modify
local communities. Most research focus on single species effects however it is necessary to
understand how interaction networks are modified to be able to predict the overall impact of
ALAN. Depending on its place and links in a network, if a single species or interaction is
affected by light, it may have important repercussions on the rest of the network through direct

and indirect interactions modifications (Sanders & Gaston, 2018).

Studies showed that nighttime lighting could change communities composition of
terrestrial invertebrates (Davies et al., 2012, 2017), marine epifauna (Davies et al., 2015),
periphyton (Grubisic et al., 2018) and plants (Bennie, Davies, Cruse, Bell, et al., 2018). All
these communities represent food sources for many other organisms hence changes in species
assemblage and abundance can alter trophic chains through bottom-up control. A decrease in
plant flowers abundance can lead to a decrease in herbivore predator abundance (Bennie et al.,
2015; Bennie, Davies, Cruse, Inger, et al., 2018) and a change in plants propriety (e.g., the
toughness of grass blades) can be linked to a reduce body mass in predators hence affecting
their survival (Grenis & Murphy, 2018). Light may also change the timing of plant growth
(ffrench-Constant et al., 2016) and could cause a desynchronization with herbivore species
which time their emergence to coincide with the apparition of leaves making them miss the
peak abundance of food resource and altering their growth or survival. The modification of prey
spatial distribution may also change predators foraging behavior. For example, insect preys
attracted to light represent a spatially stable source of food thus locally increasing predator and
scavenger abundance (Davies et al., 2012; Azam et al., 2015; van Grunsven et al., 2018) and

modifying the prey items they consume in relation to their phototaxis sensitivity (Rydell, 1992).
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Prey-predator relationships can be affected by the presence of light through the alteration of
anti-predatory strategies such as the evasive flight maneuvers used by moths to avoid bat
predation and that are less often observed when moths are flying close to a lamp (Minnaar et
al., 2015; Wakefield et al., 2015). Artificial light may also trigger top-down control such as a
decrease of nocturnal prey activity due to a perceived increased predation risk in lit
environments (Rydell, 1992) or an increase of predators activity at lit sites hence reducing prey

abundance (Bolton et al., 2017).

Although most of the interactions investigated are trophic interactions, ALAN can also
alter interaction networks in other ways. It has been suggested that light could increase
interspecific competition between bat species responding differently to light (Arlettaz, Godat,
& Meyer, 2000). Indeed, light adverse bat species may be disadvantaged compared to bat
species foraging at streetlights when competing for similar insects preys that are attracted to
light. Modification in host-parasitoid dynamics also occur through direct effects of light on
parasitoid or indirect effect of light through a modification in host abundance (Sanders et al.,

2015).

The modification of species distribution and behavior by light pollution affects major
ecosystem functions such as pollination. Moth attracted to light are more abundant at high
altitudes (few meters) than at the ground level when in direct proximity of a lamp and this might
disrupt their role in pollen transportation (Macgregor et al., 2017). Plant pollinated only by
diurnal insects have a reduced seed production and pollen dispersal compared to plants
pollinated by both diurnal and nocturnal insects (Young, 2002) hence nocturnal pollinator may
have an important role in plants reproduction. A recent study showed that light reduced
nocturnal pollinators visits by more than 60% compared to dark areas and it resulted in a 13%
reduction in fruit set although plants were visited by diurnal pollinators (Knop et al., 2017). In

addition, the structure of the interaction network between plants and nocturnal and diurnal

_21-



GENERAL INTRODUCTION

pollinators tends to facilitates
the spread of negative
consequence  of  disrupted
nocturnal pollination  to
daytime pollinators
communities (Fig. 11 ;Knop et
al., 2017). Indeed, as daytime

pollinators may feed on plants

fruit set, a reduction in their
Fig. 11. Interaction web showing the pathway by which number due to disrupted
artificial light at night affects plant reproduction and diurnal o _
pollinator communities. Solid arrows indicate direct nocturnal pollination could in
interactions; dashed arrows denote indirect interactions. _ _
The sign (+ or —) refers to the expected direction of the turn negatively affect their
direct or indirect effect (extracted from Knop et al., 2017).
populations. Nocturnal
pollinators are not redundant to diurnal communities and a decrease in their pollination function
could have important impacts on plant diversity (Fontaine et al., 2005). In tropical areas, plants
reproduction can also be altered through the disruption of seed dispersers behavior such as

frugivorous bats as they tend to avoid harvesting illuminated plants (Lewanzik & Voigt, 2014).

Overall, artificial light at night affects all aspects of organisms’ life history through
behavioral and physiological alterations. This changes may in turn have important cascading
effects on communities’ composition and ecosystems’ interaction networks. Studies on the
impact of light pollution continue to multiply showing mounting interest and concerns from
researchers. However, there is a lack of knowledge on the overall long-term impact of
anthropogenic light on the spatiotemporal dynamics of population and biological communities.

Nonetheless, lighting technologies continue to develop into novel lamp types and the number
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of light points keeps on increasing. Very few light regulations exist to limit the effect of ALAN
although there is an urgent need to develop mitigation measures to reduce the impact of this

novel threat to biodiversity and ecosystems.

4. The conservation challenge posed by light pollution

4.1. Why should light pollution be a focus of environmental research in the 21

century?

In recent years, environmental scientists showed a growing concern over recognized and
potential impacts of artificial light on biodiversity and ecosystems which translated in a growing

body of scientific literature. As it is

03 1
globally widespread, expanding and 02 |
o O
immediately and severely affects a § ]
£ 00 e g e
large phylogenic diversity of taxa, 8 .1 - ‘ . .
° .
) ) 2 02 - .
ALAN can be considered as a driver § s
B
of global change (Davies & Smyth, E 04 1
> 05 -
2017). Moreover, it has been shown & ¢ -
<
that light pollution large scale o7
) . 200 500 700 1000
impacts on bats may be of similar or Landscape width (m)

Fig. 12. Averaged standardized partial regression
coefficients and associated standard errors from
GLMMs model for the radiance (black squares), the
proportion of impervious surfaces (filled grey dots)
and the proportion of intensive agriculture (grey
empty circles) for E. serotinus at 200, 500, 700 and
1000 m landscape scales. The 3 landscape variables
have a significant effect on the probability of presence
when the error bars of coefficients do not overlap with
the 0-horizontal dashed line (extracted from Azam et
al., 2016).

larger magnitude than other well
studied anthropogenic pressures such
as agriculture and soil sealing (Fig. 12
;Azam et al., 2016). The variety of
organisms’  sensitivity to light

intensity and spectrum make the
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reduction of light pollution while complying with human societies a major conservation
challenge. Nonetheless, it is technically easy to reverse it through light extinction. Contrarily to
other pollutions such as fossil fuel combustion gas emissions, there would be no lag effect on
the return of the physical environment to its dark state and the biological environment would
immediately start its recovery process (Davies & Smyth, 2017). Indeed, experimentally
illuminating a hedge used by light-sensitive bats as a commuting route had an immediate effect
as bats stopped to taking this route but when turning off the light a few days later, bat activity
was brought back to its original level (Stone et al., 2009, 2012). Moreover, although light can
disturb individuals’ daily activity pattern, it seems that it is a direct adaptation of their behavior
to the presence of light rather than an alteration of their inner circadian clock (Kamiel Spoelstra
et al., 2018). Even a change in genetic expression following a long exposition to light at night
(Ikeno et al., 2014) may be due to reversible epigenetic modifications (Haim & Zubidat, 2015b).
Nevertheless, all these conclusions were drawn from the study of individuals submitted to
artificial light at night during a short time period and long-term exposition may have more
profound effects. However, it is not unreasonable to surmise that the impact of ALAN on
populations, communities and ecosystems subjected to light at night since many years might
not be entirely reversible. We can speculate that the direct (e.g., increased mortality rates of
insects sensitive to phototaxis) and indirect (e.g., reduced pollination due to behavioral
alteration of pollinators) influence of ALAN could have such dramatic impact on populations
and communities that turning off lights may not allow to return to the original state of

ecosystems.

The major obstacle to limit light emissions is the acceptability by the general population.
Several mitigation tools could be used to reduce artificial nighttime lighting impacts on
biodiversity through land management (dark-sky reserves, dark corridors) and technical

adaptation (light spectrum selection, reduction in intensity).
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4.2. Current and future lighting

Most studies focus on outdoor public lighting because it is the most persistent,
aggregated and intense source of lighting in urban areas (Gaston et al., 2012). Indeed light
emissions from street lighting are responsible for 30 to 50% of light pollution in cities (Hiscocks
& Guodmundsson, 2010; Kuechly et al., 2012). Street lighting is the more pervasive source of
lighting worldwide and, for example in Europe, there is one light point for each nine inhabitants
(E-street, 2008). In addition, as it is managed at a relatively large scale it may the easiest point

of entry to have a global reaching reduction in light pollution by adapting its management.

The global trend tends toward an increase of artificial light at night (H6lker, Wolter, et
al., 2010) and an increase in the number of outdoor lighting points (International Energy
Agency, 2006). In France, this is reflected in municipalities’ budget allocated to street lighting
which can represent up to 45% of electricity costs (ADEME, 2011). Moreover, it is estimated
that more than 20% of street lights are dilapidated and more than a third of the installations are
over 20 years-old (ADEME, 2011). It is considered as opportunity to increase the energetic
performance of outdoor lighting by lighting engineers. Indeed, the European Union aims at
globally and drastically reducing energy consumption and greenhouses gas emissions in the
near future. This foreseen change can also be seen as an occasion to include reflection on public

lighting impact on biodiversity in land management.

The global energy transition contributes to an important dynamic of development of
new lighting technologies such as solid state lighting (e.g., light emitting diodes - LED) that
have a better energy efficiency. Such lamps also tend to have a broader spectrum than older
technologies (e.g. low and high pressure sodium lamps — LPS and HPS; Fig. 13) and emit a
whiter light that has a better color rendering hence enhancing visual performances for humans.

These properties associated with a lower cost induce a rapid invasion of LEDs in the lighting
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market (Mckinsey, 2012). Indeed in 2012, LEDs represented 9% of the market, 45% in 2016
and are predicted to reach 70% of the market in 2020 (Mckinsey, 2012; Zissis & Bertoldi,
2014). LEDs are also advocated for their numerous possibilities of tailoring in terms of
spectrum, intensity and timing. Yet many environmental scientists and human health experts
have raised concerns about the important proportion of blue wavelengths emitted by common
LEDs as it is the most impacting part of the spectrum for numerous species including our own

(Davies & Smyth, 2017).

There is an urgent need to start considering light impacts on ecosystems in lighting
planning and the development of collaborations between environmental scientists and lighting
engineers may help taking advantage of this transition to implement a more biodiversity-

friendly street lighting.
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Fig. 13. The potential ecological impacts of white LED lighting compared to other light sources.
Spectral power distributions are given for white Light-Emitting Diode (LED), Low-Pressure
Sodium (LPS), High-Pressure Sodium (HPS) and Metal Halide (MH) lamps. Grey arrows
represent the wavelength range over which different types of biological response are
expected/recorded. Dashed lines represent the range of wavelengths over which mammal, bird,
reptile, insect and arachnid visual systems can detect light (extracted from Davies & Smyth,
2017).
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5. Management and technical levers of action

5.1. Policies gaps

Following the definition of the European Environment Agency, artificial light qualifies
as a pollution however, in the same way as noise and other physical pollutions (as opposed to
chemical pollutions), they are seldom considered in the legislation. Chemical pollutions of the
air, soil and water are submitted to regulations to limit their potential harm to human health and
ecosystems. Such regulations do not exist for light pollution although evidence is accumulating
proving its potential harm to humans and ecosystems. In Europe, only Italy and Slovenia
adopted laws to reduce light pollution and Croatia and France are in the process of developing
national legislations (Welch & Dick, 2012). These examples demonstrate the major importance
of highly motivated individuals to lead to the enactment of such legislations. In Italy, both Dr.
Cinzano and Dr. Falchi, the authors of the first and the new world atlas of the artificial night
sky brightness (Cinzano, Falchi, & Elvidge, 2001; Falchi et al., 2016) were determinant actors
of the ratifications of the Lombardi Law on light pollution and which is enforced in two-thirds
of the country (regional adoption). In Slovenia, an adaptation of the Lombardi Law leas to the
adoption of the strongest light pollution law worldwide with the critical impulse of Andrej
Mohar, an amateur astronomer and twelve years of negotiations. In France, eight years after the
adoption of a law to reduce light pollution, environmental and dark-sky preservation
associations referred to the State Council as no application decree has been issued yet. All these
examples show the importance of scientists and of the general population in the government
consideration of the problem. One main obstacle to the adoption of local and national
regulations is political actors’ perceived lack of support from the population linked to perceived
and realized benefits of nocturnal lighting in socio-economic activity, crime and road safety

(Gaston, Gaston, et al., 2015).
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5.2. Land management tools

The most common conservation tool in response to land-use changes is the creation of
protected areas to preserve species and habitats. More than 15% of the world’s terrestrial areas
are covered by protected areas (Juffe-Bignoli et al., 2014). The main aim of protected areas is
to buffer biodiversity from diverse and often intense anthropogenic pressures (Margules &
Pressey, 2000). Yet light pollution is rarely considered as a criterion in the designation and
management of protected areas. They tend to be darker than non-protected areas even in
intensely lit regions such as Europe (Gaston, Duffy, et al., 2015; Guetté et al., 2018) and
although they suffered an increase in light pollution level in recent years, it is limited compared
to surrounding areas (Guetté et al., 2018). Nevertheless, the proportion of protected areas’
surface considered dark is decreasing (Fig. 14 ;Gaston, Duffy, et al., 2015). In addition, when
considering a 500 km buffer around protected areas, the peak in mean ALAN occurs in the first
25 km (Guetté et al., 2018). Protected areas designation is constraint by the spread of human
settlements and as the distance between protected areas and urban areas shrinks (McDonald,

Erickson, & McDonald, 2000), they may be increasingly impacted by diffuse pollutions.
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Fig. 14. Change in the global proportion of surface that is dark (DN <5.5, where DN is an
index of pixel brightness) in protected and unprotected areas over time (extracted from
Gaston, Duffy, et al., 2015).
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Astronomers’ response to the increase of ALAN was the creation of the International Dark-
skies Association in 1988 and the launching of a program to award dark sky places worldwide
hence giving incentive for the creation of dark sky reserves. Although this program mainly aims
at preserving darkness for celestial observations, it may be a potent tool to protect nocturnal

biodiversity.

A more recent initiative in biodiversity conservation is the promotion of nocturnal
connectivity through the definition and preservation of ecological corridors for nocturnal
species. A green infrastructure policy has been developed by the European Union since 2013
to reduce landscape fragmentation at the continental scale through the development of corridor
networks with countries at regional and local scales (e.g., SRCE and TVB in France). However,
just like with protected areas designation, such policies seldom include artificial light as a
parameter to define ecological corridors which may greatly alter their efficiency for nocturnal
species movements. Moreover, green infrastructures are often mapped by landscape managers
and tend to only account for the structural connectivity of the landscape (Billon et al., 2017),
i.e. they do not account for species behavior in the environment and their response to landscape
features. This representation of connectivity is overly simplistic and does not represent the
actual functional connectivity of the landscape for the species. For example, vegetation areas
are often considered as connected as long as there is no interruption in the cover (structural
connectivity). However, this does not take into consideration species gap-crossing abilities.
Animals such as bats indeed use linear vegetation feature such as hedges as commuting routes
and depending on the species, are able to cross more or less important gaps in hedges hence
increasing connectivity compared to purely structural considerations. For example, some bat
species can cross gaps in hedgerows of up to 100 m although the crossing probability decrease
rapidly when gaps exceed 40 m (Fig. 15 ;Pinaud et al., 2018). In addition to that, as nocturnal

species, their ability to cross gaps depends on the light level within the gap. Indeed, the gap
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Fig. 15. Probability of crossing a gap in a connecting
feature as a function of its width during commuting
period for greater horseshoe bat. Top histogram in
grey refers to the gap width distribution. The large,
black line indicates the predicted probability from the
selected binomial GLM model and the grey area
indicates its 95% confidence interval (extracted fom
Pinaud et al., 2018).

distance bats can flight through tends
to decrease with increasing light levels
(Hale et al., 2015). Thus defining
functional connectivity requires to
account for species response to their
surrounding and furthermore, it
implies to include the presence of light
and its characteristics for nocturnal

species.

In addition, due to divergences
in species perception of landscape
connectivity, it is necessary to evaluate
it for different species and combine the
results to come up with ecological

corridors that will be appropriate for

species communities. As it is conceivable to model landscape connectivity for all possible

species, some must be selected as representative of the larger community. Designating such

ensembles of species is complex. An approach could be to base the selection on species

functional traits as studies showed that the perception of the landscape and its connectivity is

linked to functional traits (With & Crist, 1995; Penone et al., 2013).

5.3. Technical tools

A few years back, studies on the influence of light on species only characterized the

light by its perceived color (e.g., Mathews et al., 2015). In addition, the quantity of light emitted

was not often evaluated but when it was considered, it was frequently mistakenly called
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“intensity” whereas the measure represented the illuminance (e.g., Lacoeuilhe et al., 2014). The
need for ecology and conservation scientists to communicate their results to lighting engineers
may have participated to the recent shift toward precise and detailed description of the light
sources studied. Collaborations between biologists, physicists and engineers are developing to
produce results with direct application perspectives. Gaston et al. (2012) proposed five light
management options to reduce light pollution through the adaptation of street lights and most

have subsequently been explored through experimentation.

Tailor the spectral composition of light

The spectral composition of the lamp is one of the most studied aspect of light. The
qualification of the spectrum went from a simple description of its perceived color (e.g.,
Lacoeuilhe et al., 2014) to stating lamp types (e.g., Wakefield et al., 2017) and studying
different spectrum within a single type of lamp (e.g., Longcore et al., 2015). Studies are hence
numerous but not always comparable and sometimes not congruent with one another.
Nevertheless, globally, the highest concerns are with UV and short wavelengths that have major
impacts such as an attractive effect on many insects (Eisenbeis, 2006) and a suppressive effect
on melatonin secretion (Haim & Zubidat, 2015b). Although mercury vapor lamps emitting
important quantity of UV have been banned in the EU due to their low energy efficiency, other
lamp types emitting low amounts of UV are still widely used (e.g., metal halide lamps — MH).
This is worrying as the phototaxis behavior of insects is highly sensitive to UV and seem to be
independent from the amount of UV radiations emitted (Barghini & de Medeiros, 2012). In
addition, the large deployment of new technologies with broad spectrum may increase the
impact of light on many taxa. Indeed, depending on the species, all spectra may have
consequences (e.g., mice - Spoelstra et al., 2015) or part of the spectra may be more impacting.

For example, fish melatonin secretion suppression is more affected by red light than blue light
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(Briining et al., 2016b) whereas turtle are more disorientated by green light than red light (Cruz
et al., 2018). Hence no part of the spectrum has no impact on any species and broad spectrum
lamps (e.g., LED, MH) may affect a larger proportion of biodiversity than narrow spectrum
lamps (e.g., LPS, HPS). A recent study attempted to create an index to define organismal
response to lighting spectrum but it is limited to species for which action spectra are available

(Longcore et al., 2018).

Limit the duration of lighting

Part-night lighting schemes are increasingly being used and likely to become
widespread in regions with developed lighting infrastructures due to energy price and concerns
about carbon dioxide emissions (Gaston et al., 2012). Few studies investigated the potential
effect of such measures but they do not prove conclusive in reducing the impact of ALAN on
bat species (Azam et al., 2015; Day et al., 2015). Indeed, street lighting is mostly important for
humans activities after dusk and before dawn which coincide with the most critical hours of
activity of crepuscular and nocturnal species (Gaston et al., 2012). Intelligent lighting schemes,
using motion-sensors to detect users, may have more ecological benefits as they could increase

the length of non-lit periods (Rowse et al., 2016) however they haven’t been investigated yet.

Reduce the quantity of light

At the local scale, the quantity of light can be measured through the energy input of a
lamp (power, intensity) or the light emitted (luminance, illuminance). At large scales, the
quantity of light is often evaluated through remote sensing as a measure of radiance. The
illuminance, measured in lux, is the most commonly employed metric as it can be easily
measured in the field with low-cost equipment whereas luminance measures require expensive

equipment and power and intensity can’t be measured in the field, these information are held
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by private companies or municipalities in charge of the outdoor public lighting. Illuminance is
a photometric measure which means that it is relative to the human perception of light. Although
this can be criticized as each species perceives light in a different way, this metric has the
advantage of being used by lighting engineers and thus allows for direct knowledge transfer for
possible lighting planning adaptations. Dose-dependent responses to illuminance have been
shown in bird activity onset and human and bird melatonin secretion suppression (West et al.,
2011; de Jong, Jeninga, et al., 2016). However, some species seem to be impacted by light
irrespective of the illuminance level (Stone et al., 2012; Azam et al., 2018). Nonetheless, diming
schemes have the potential to improve light pollution levels at the landscape level. A study
using remote sensing data of both light emissions and vegetation (as a proxy of suitable habitats)
showed that a 20% reduction in light emissions mostly concentrated in rural areas (as opposed
to city centers and already dark areas) in two natural reserves and their surroundings (5 km
buffer) could increase the surface of dark suitable habitats by up to 46% (Fig. 16 ;Marcantonio

etal., 2015).

Fig. 16. Light pollution measured on a grey scale from low (dark grey) to high (light grey) in
the Colli Euganei protected area (dashed red line) at the original level (a), for a 10% diminution
(b) and a 20% diminution (c) in light emissions mostly concentrated in rural areas (as opposed
to city centers and already dark areas) (adapted from Marcantonio et al., 2015).
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(extracted from Azam et al., 2018). to skyglow. As organisms can be sensitive to

very low levels of light (Fig. 17 ;Dominoni et al., 2013; Briining et al., 2016b; Azam et al.,
2018), it is crucial to minimize light trespass. New lighting technologies such as LEDS produce
more directional light and light fixture design can greatly participate to a better flux orientation.
Position of the street light head perpendicularly to the column, shielding fixtures and correct
column height can improve the flux orientation (The Royal Commission on Environmental
Pollution, 2009). In addition, vegetation structures such as hedgerows can also be used as

shielding to preserve dark areas.

Prevent areas from being artificially lit

The simplest approach to reduce light pollution is to restrict nighttime lighting to the
minimum necessary for human use and remove installation in already light saturated areas and
from areas where it is not indispensable. A good example of the harm induced by the installation
of unneeded lighting is the decrease in bat colonies presence in churches due to the

implementation of aesthetic lighting (Rydell, EkI6f, & Sanchez-Navarro, 2017). Unfortunately,
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the global trend is not toward street light removal but toward the installation of more public

lighting and the increase of private lighting due to the low cost of LEDs.

6. Knowledge gaps and thesis plan

There is a large body of literature demonstrating the numerous and dramatic impacts of
artificial light at night on organisms’ physiology and behavior. They suggest that a wide variety
of taxa are influenced by the presence of lighting with different responses depending on the
spectrum, the timing and the quantity of light. Studies’ findings indicate potential major
repercussions on individual’s fitness and reproductive success with possible cascading effects
on population dynamics, community composition and ecosystems functioning. As urban areas
keep on extending, understanding, assessing and enhancing urban biodiversity is of major
importance from both a conservation and a social perspective (Kowarik, 2011). Therefore, it
appears important to better understand the influence of anthropogenic pressures on species
inhabiting cities such as bats which are, in addition, protected at the European level (Council
Directive 92/43/EEC, 1992). Therefore, during my PhD thesis, | investigated the impact of light

pollution on bats (Box 1) at the local scale and at the city scale. In the first chapter, | present

Box 1. Using microchiropteran bats as model species

> Being insectivorous predators, bats population trends tend to reflect those of lower
trophic levels such as arthropods (Gareth Jones et al., 2009; Stahlschmidt & Brihl,
2012)

> Sensitive to environmental anthropogenic pressures (Russo & Ancillotto, 2015)

> Presentin urban landscapes (Marnell & Presetnik, 2010; Russo & Ancillotto, 2015)

> All bat species are protected at the national and European level jointly their roosts
and habitat (European Commission, 1992) although there is no specifications
concerning the effect of artificial light

> As nocturnal species, bats are submitted to artificial light and their sensitivity to light

is species-dependent
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the biological and light data I used for my research. At the two scale studied, both ground-based
and remote sensing data can be used to evaluate the level of light pollution. These sources of
information present different advantages and drawbacks which are important to consider for
their use in analyses and to interpret results. All the studies presented in this PhD are based on
acoustic recordings of bat ultrasounds that can be semi-automatically identified to the species
or species-group level with specific software. However the outputs of such software are not
straightforward to exploit as they may include errors and false identifications. In the first study
presented, | participated to the development of a methodology aiming at properly selecting bat
identifications to then carry out analysis on bats response to their environment. This study

intended to answer the following question:

e How should bat acoustic data classified through a semi-automated identification
software be selected to optimize their use in bat activity analysis?

This study will be submitted for publication in Methods in Ecology and Evolution:

Barré K., Pauwels J., Le Viol I., Claireau F., Julien J.-F., Julliard R., Kerbiriou C., Bas Y.
Robustness of using a semi-automated method to account for identification errors in bat
acoustic surveys. In prep.

Although many studies investigated the impact of light on species activity at the local
scale and few investigated large scales, none attempted to measure light pollution effects on
species activity at a scale both relevant for the focus species movements and lighting
management. This may be due to the scarcity of data measuring light pollution at the landsc