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Si j'en avais le pouvoir, j'émettrais aujourd'hui un trou noir. Quelque chose comme un cône d'extinction forant au ventre l'épaisseur du jour. Pour rouvrir l'espace. Ce qui me terrifie, ce n'est pas ce chaos de clartés qui brouille la ville comme une avalanche de soleils. C'est qu'il n'y ait plus nulle part une seule ombre. Tout est férocement surexposé.

Where it is not possible to switch off lights, other mitigation measures include changing the intensity, directionality and spectrum of light. Many countries are retrofitting lighting equipment with light emitting diodes (LEDs). Despite potential impacts on biodiversity, few studies have focused on this shift. By reanalysing the data from a previously published study, we found that changes in light spectrum and intensity during such a shift have additive and interactive effects on bats. Bat activity decreased with increasing LED intensity. Using the Vigie-Chiro dataset, we showed that the adoption of LEDs would decrease landscape connectivity for bats, with this impact possibly being mitigated by better orienting the light flux. We recommended using LEDs with warmer colours and reduced light intensity.

Multiscale spatiotemporal approaches are needed to assess ALAN effect on biodiversity. Although some knowledge gaps remain, there is overwhelming evidence of the impact of light pollution on ecosystems. Mitigation measures are being developed, so there is a need to assess their effectiveness and possible improvements. Considering the reduction of ALAN at the landscape scale is a necessary next step, hence the emergence of the concept of dark ecological networks. A transdisciplinary project on lighting practices and their evolution in municipalities was initiated during this PhD. Indeed, as ALAN has not only ecological but also health and socio-cultural implications, a transdisciplinary perspective is needed to shift the paradigm from conventional lighting to new forms of lighting.

Résumé

Ce dernier siècle, les lumières électriques ont proliféré, modifiant l'environnement nocturne. Des études scientifiques alertent sur les effets négatifs de la lumière artificielle nocturne (LAN) qui perturbe de nombreux processus écologiques et taxons. Notre objectif a ainsi été de combler des manques de connaissances afin d'aider à une meilleure considération des effets de la pollution lumineuse sur la biodiversité dans les mesures de conservation. Nous avons utilisé les chiroptères comme modèles biologiques car ce sont de bons bioindicateurs de l'effet des pressions anthropiques sur la biodiversité et, étant nocturnes, ils sont directement exposés à la LAN.

Nous avons préconisé de considérer la distribution temporelle des espèces dans les mesures de conservation, un prérequis étant de connaître leur écologie temporelle. Nous avons utilisé les données d'un programme national de suivis acoustiques des chiroptères (Vigie-Chiro) pour étudier leur rythme d'activité nocturne (9807 nuits, 20 espèces). Nous avons montré que les espèces pouvaient être séparées en trois groupes ayant une activité crépusculaire, en coeur de nuit ou intermédiaire, avec des variations des rythmes d'activité selon les saisons. La prise en compte de ces rythmes complexes aiderait à concevoir des mesures de conservation efficaces, par exemple, en définissant des extinctions partielles de la LAN adaptées à des espèces cibles.

La plupart des chiroptères émergeant tôt sont des espèces « tolérantes à la lumière » pouvant se nourrir sous les lampadaires. Cependant, à l'échelle du paysage, ces espèces semblent moins abondantes à cause de la LAN. Cela pourrait s'expliquer par des perturbations de leur rythme d'activité influant possiblement les dynamiques de population. A l'aide des données Vigie-Chiro, nous avons testé si la LAN induisait de telles perturbations pour une de ces espèces (Eptesicus serotinus). La LAN, et dans une moindre mesure la lumière de la lune, réduisaient son abondance. La LAN retardait son activité, ce décalage était amplifié par la couverture nuageuse, possiblement à cause de son effet amplificateur du halo lumineux. Des analyses complémentaires ont suggéré que la LAN retardait l'activité de deux autres espèces « tolérantes à la lumière ». Ainsi, même ces espèces devraient être protégées de la LAN.

Lorsqu'éclairer est nécessaire, changer l'intensité, la direction ou le spectre des éclairages sont des mesures de réduction possibles. Nous assistons à une modernisation des éclairages avec des diodes électroluminescentes (LEDs). Malgré des impacts potentiels sur la biodiversité, peu d'études se sont intéressées à cette évolution. En réanalysant les données d'une étude publiée, nous avons montré que les changements de spectre et d'intensité accompagnant cette évolution avaient des effets additifs et interactifs sur les chiroptères. Quand l'intensité des LEDs augmentait, leur activité décroissait. Avec les données Vigie-Chiro, nous avons montré que les LEDs pouvait réduire la connectivité du paysage pour les chiroptères, cet impact étant atténué en orientant mieux les lumières. Nous avons recommandé d'utiliser des LEDs avec des couleurs plus chaudes et de moindre intensité.

Evaluer l'effet de la LAN sur la biodiversité implique des approches spatio-temporelles multi-échelles. Malgré les manques, il y a désormais suffisamment de preuves de l'impact de la LAN sur les écosystèmes. Les mesures de réduction étant en développement, évaluer leur efficacité et les améliorations possibles est indispensable. Penser la réduction de la LAN à l'échelle du paysage est une évolution impérative, d'où l'émergence du concept de trame noire. Je tiens également à remercier tout le personnel de la station marine de Concarneau, employés du MNHN, du Marinarium, de l'IFREMER et d'AgroCampusOuest. Il serait trop long de tous vous citer, mais je tiens à exprimer ma gratitude pour tous les échanges que j'ai pu avoir avec vous en salle café, dans les couloirs ou sur la terrasse. Ce sont vos sourires qui m'ont accompagnée chaque jour pendant ces trois ans. Merci à Nadia Améziane de m'avoir permis de travailler dans ce lieu riche de son passé et de son émulation présente.

Merci aux équipes du PNDB et du CESCO de Concarneau (et assimilés) pour tous nos échanges, pour tous nos rires et pour tous ces midis passés sur les rochers. Un grand merci à Yvan le Bras pour m'avoir accueillie au sein de la truculente équipe du PNDB et m'avoir donné l'occasion de mettre un pied dans le monde de l'EML avant que ma thèse ne commence.

Merci à Jérôme Fournier pour les séances baguage et chants d'oiseaux (et pour être la seule autre personne de la station comprenant mes goûts musicaux !). Merci à Antoine Chabrolle pour les nombreuses sorties ornithos qui m'ont permis d'observer des espèces dont je ne soupçonnais pas l'existence. Je vous souhaite plein de bonheur à Marion et toi avec votre petit oisillon. Merci à Pauline Poisson pour les après-midis jeux de société, les ateliers pâtes et pour m'avoir fait découvrir un monde nouveau, entre terre et mer. Tu resteras pour moi un puits de connaissances inépuisable sur l'estran. Merci à Jérémy Froidevaux pour tes conseils, ton dynamisme incroyable et pour l'ouverture que tu nous offres sur le monde. Puissent tes prochaines aventures Bretono-Ecossaises continuer d'être riches. Merci à Kévin Barré pour toutes les soirées à la pointe et pour ces très nombreuses sorties naturalistes qui furent riches en émerveillement. Merci à Alejandro Sotillo, pour ta très grande bienveillance, pour n'être jamais avare de conseils et de soutien, et pour m'avoir convaincue de m'initier au yoga. Merci également à Andréas Ravache, notre surfer tout droit venu de Nouvelle-Calédonie, à Anaïs Pessato, qui découvre les joies des suivis chiros, à Clément Jourdan, le faiseur de brioche de l'autre côté du couloir, Marie Jossé, notre (ex-) stagiaire abonnée au PNDB, à Marina Oger, notre ancienne comparse du bureau 49 qui vogue maintenant vers de nouvelles aventures, à Martin Thibaut, qui sait désormais tout des algues et des chauves-souris bretonnes, à Timothée Poupard, le meilleur cycliste-chasseur-cueilleur que la Bretagne ait connu et à Victor Vacher, spécialiste de l'humour de l'absurde aux mille aventures autour de la Terre.

Cette thèse n'aurait pas eu la même saveur sans les membres du bureau 49ceux bravant les odeurs provenant de l'élevage des holothuries au sous-sol. Merci à Coline Royaux, notre « nouvelle » thésarde, pour toutes nos discussions sur le sens de la vie, pour ton regard sur le monde qui ne cesse de questionner les acquis et pour m'avoir à maintes reprises fait retrouver le sourire. Merci à Elie Arnaud, l'homme de MetaShARK, mon acolyte de bureau et voisin (à tous les égards !). Malgré toutes tes tentatives pour le cacher, ta profonde gentillesse m'a accompagnée pendant ces trois années, ton soutien fut un pilier pour moi et je te dois bien des rires (ainsi que des post-its de motivation !). J'ai eu l'immense chance de vivre cette aventure qu'est la thèse avec deux co-thésards incroyables, humainement et professionnellement. Merci à Camille Leroux (qui pleurera avec moi au moment de dire au revoir) et Fabien Verniest (le migrateur aux mille pintades) pour vos conseils, pour votre soutien, pour toutes vos attentions et pour votre générosité. Je suis si fière de voir le chemin que nous avons parcouru ensemble depuis notre première rencontre. Chacun de vos accomplissements m'a donné du baume au coeur et j'ai hâte désormais de pouvoir vous appeler « docteur ».

Merci également à tous les amis m'ayant accompagnée jusqu'ici. Je ne pourrais pas tous vous citer mais une pensée va à chacun d'entre vous. En particulier, merci à Sandra et Fañch pour les soirées jeux de société, séries et films. Merci à Perrine pour les séjours en terres bretonnes, entre Carnac et Concarneau. Merci à Bertille, l'amie dont le soutien est inconditionnel, qui sait me faire rire dans les moments les plus difficiles et qui ne juge jamais.

Prochain rendez-vous en Finlande pour ta soutenance ! Enfin, merci à tous les « bios » pour vos encouragements et votre soutien, en particulier merci à tous ceux qui m'ont permis de faire des pauses ces trois dernières années au gré d'aventures en Bourgogne, en Bretagne, à Angers, à Colmar, à Pollionnay et en Roumanie : Alicia, Antonin, d'Ebaugy, Elie, Fabrice, François, Julia, Julien, Lucas, Maëlis, Marie, Mathieu, Paul, Pierre, Romain et Youenn. J'ai hâte d'embarquer pour de nouvelles aventures à vos côtés ! Enfin, je ne serais pas là aujourd'hui sans le soutien sans faille de ma famille. J'ai l'immense chance d'avoir été élevée dans une ambiance bienveillante, entourée de personnes aimantes. Pour cela, je remercie tout particulièrement mes grands-parents, mes grands-pères qui ne sont plus là mais qui occupent une place importante dans mon coeur, mes grands-mères : celle qui est partie il y a si peu de temps dans les étoiles, celle qui est toujours là, qui est un modèle pour moi et que je chéris si fort. Merci également à Antoine, mon frère, mon jumeau, au côté duquel j'ai grandi, dont je suis si fière et avec qui je partage tant. Pour finir, merci à ma mère et mon père, les mots me manquent pour dire combien je leur dois, combien leur soutien et leur amour m'a portée plus loin que je n'aurais jamais rêvé aller. Merci.

List of Figures

Figure 1: Daily circadian clock (left) and seasonal photoperiodic timer (right). The circadian clock cycles on a day-to-day basis. The photoperiodic timer can be seen as a "go/no-go physiological switch" that, once flipped, results in cascading events leading to season-specific physiology and behaviours. . (slow, narrow-space-foraging species) avoided orange, white and green light, while Pipistrellus spp. (fast, edge-space-foraging species) were more active at these light types compared to dark controls. No effect of light was found for Nyctalus and Eptesicus spp. ..... Figure 7: Proportion of moth flight responses to bat echolocation calls under LED-lit and unlit conditions. Columns are proportional to sample size. The number of powerdives (i.e. evasive flight behaviours) is significantly higher under the "LED-bat" treatment than under the "LED" treatment but lower than under the "bat" treatment. LED streetlights thus reduce the anti-predator behaviour of moths. . (1)(2), calculation of the confidence bands (S being the number of sites in the dataset for the species considered), [START_REF] Hölker | Light pollution as a biodiversity threat[END_REF] example: activity pattern of Nyctalus noctula [START_REF] Navara | The dark side of light at night: Physiological, epidemiological, and ecological consequences[END_REF], extraction of the time of the activity peaks [START_REF] Rich | Ecological Consequences of Artificial Night Lighting[END_REF], example: peak detection for N. noctula [START_REF] Azam | Disentangling the relative effect of light pollution, impervious surfaces and intensive agriculture on bat activity with a nationalscale monitoring program[END_REF] 20 : Interaction between ALAN and cloud cover. Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e., all variables equal to their mean, as they were previously scaled) apart from ALAN and cloud cover. This graph represents the median time of activity according to ALAN (radiance back transformed in nW.sr -1 .cm -2 ) for three values of cloud cover (see to visualise the median time of activity according to cloud cover for three values of ALAN). .............................................................. Figure 21 : Interaction between moonlight and ALAN. Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e., all variables equal to their mean, as they were previously scaled) apart from moonlight and ALAN. This graph represents the median time of activity according to moonlight (back transformed in %) for three values of ALAN (2.2 nW.sr -1 .cm -2 being the mean radiance of French municipalities of 1,000 to 5,000 inhabitants and 7.8 nW.sr -1 .cm -2 being the mean radiance for municipalities of 5,000 to 10,000 inhabitants, see Table M (4000 K). Spectral data are measured by LAPLACE laboratory (private communication). . Figure 27 : Predicted bat activity as a function of the light power according to the lamp type (light emitting diodes (LED) and low pressure sodium (LPS)) (total bat activity (A), Nyctalus spp. Activity (B), Pipistrellus pipistrellus activity (C) and P. pistrellus buzz ratio (D)). Results come from interactions presented in the light power modeling (right side of Table 4). ....... Table 1: Description of the clusters. "Average cluster" and "Overall average" correspond to the average of the variables (mean times of the key descriptors or times of the activity peaks) for the species in the cluster and for all species respectively. "p.value" is the p-value obtained by testing the hypothesis: "the average of the cluster is equal to the overall average". Only variables for which the p-value was lower than 0.05 for the cluster are shown. "Diff in %" is the difference between the average in the cluster and the overall average in percentage of the night elapsed. "Diff in min" is the difference in minutes for a nine-hour night. ...................... Table 2 : Model averaging results for a ∆AICc of six points for the "relative abundance" and "timing of activity" analyses: estimate, sum of weights (SW) and 95% confidence interval (CI) for each variable (apart from latitude and recorder type that were fixed for "relative abundance" analyses and latitude and the autocovariate that were fixed for "timing of activity" analyses) (estimates in bold when the 95% confidence interval did not overlap zero and the SW was above 0.60). All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response variable. ................ Table 3: 

List of Tables

List of Boxes

General introduction

"He saw the reflected glare of the lights of the city at what must have been around ten o'clock at night. They were only perceptible at first as the light is in the sky before the moon rises.

Then they were steady to see across the ocean […]."

-Ernest Hemingway, The Old Man and the Sea

Light as major cue for biodiversity

Because of the Earth's rotation about its axis, time is partitioned into regular cycles of day and night of about 24 hours. The overall fluctuations in the intensity of incident light (from the sun, moon, stars) between night and day are about six to eight orders of magnitude (in lux, see definitions Box 1) [START_REF] Gaston | Impacts of Artificial Light at Night on Biological Timings[END_REF]. While the annual amount of light received at all places on Earth is roughly the same, the Earth's orbit around the Sun is responsible for variations in the amount of daylight, darkness and semi-darkness over the year (Bennie et al., 2014b;Erkert, 1982;[START_REF] Gaston | Impacts of Artificial Light at Night on Biological Timings[END_REF][START_REF] Mills | Latitudinal gradients of biologically useful semi-darkness[END_REF]. Near the equator, there is almost no annual change in day length, whereas annual variations in day length become more pronounced at increasing latitudes (Bradshaw and Holzapfel, 2010a;[START_REF] Mills | Latitudinal gradients of biologically useful semi-darkness[END_REF]. Besides, visible light at night on Earth has also been shown to vary by about three orders of magnitude over the course of a month due to the lunar cycle (Kyba et al., 2017b). As these natural cycles of light and darkness have remained constant for extremely long geological periods, they have provided a rather invariant context structuring the environment of the majority of the eukaryotes (Bennie et al., 2014b). Species have therefore developed physiological, morphological and behavioural adaptations in response to these strong and predictable environmental fluctuations, with light becoming the most important cue for biological timings (Bennie et al., 2014b;[START_REF] Gaston | Impacts of Artificial Light at Night on Biological Timings[END_REF].

The most important cue for biological timings

Early in evolution, in response to the 24-hour periodicity of their environment, most organisms (i.e. all eukaryotic and some prokaryotic organisms) developed circadian rhythms generated by a selfsustained endogenous pacemaker and entertained by external environmental cues, with natural day-night cycles being one of the most important of these cues (Aschoff, 1989;Erkert, 1982;[START_REF] Guido | Circadian Phototransduction and the Regulation of Biological Rhythms[END_REF]Hölker et al., 2010b) (Figure 1). Examples of circadian rhythms include endocrine oscillations in various hormones (e.g. melatonin and cortisol), rhythms of physiological parameters (e.g. body temperature) and behavioural patterns (e.g. activity-rest and sleep-wake cycles) [START_REF] Guido | Circadian Phototransduction and the Regulation of Biological Rhythms[END_REF]. Circadian clocks thus play a key role in metabolism, growth and behaviour (Hölker et al., 2010b) and allow organisms to occupy a given temporal niche and coordinate their activity with that of other organisms with which they interact (e.g. conspecifics, predators, prey) (Aschoff, 1989;Erkert, 1982). Light is therefore a primary determinant of the species' temporal niche [START_REF] Mills | Latitudinal gradients of biologically useful semi-darkness[END_REF]. Together with other factors such as temperature, competition and predation, it determines the position of species along a continuum ranging from strictly diurnal to strictly nocturnal species, with, for instance, species that are crepuscular (active during twilight), cathemeral (active both during day and night) or species whose strategy varies according to season and latitude (Bennie et al., 2014b;[START_REF] Mills | Latitudinal gradients of biologically useful semi-darkness[END_REF]. Nowadays, it is estimated that a substantial proportion of the global biodiversity is nocturnal (30 % of all vertebrates and over 60 % of all invertebrates) (Hölker et al., 2010b). The photoperiodic timer can be seen as a "go/no-go physiological switch" that, once flipped, results in cascading events leading to season-specific physiology and behaviours. Inspired from: Bradshaw and Holzapfel, 2010b At a wider temporal scale, light has been shown to be a preeminent cue for determining species fitness in seasonal environments (Bradshaw and Holzapfel, 2010a). Indeed, to optimise their survival and reproductive success, living organisms must synchronise their phenology to exploit favourable seasons (e.g. for growth or reproduction) while mitigating the negative consequences of unfavourable seasons (e.g. through dormancy, diapause or migration) [START_REF] Bradshaw | Evolution of Animal Photoperiodism[END_REF][START_REF] Helm | Annual rhythms that underlie phenology: biological time-keeping meets environmental change[END_REF]. Organisms not only need to detect the optimal time to engage in season-specific behaviours, but also to be able to forecast the change of season to prepare for it (e.g. storing fat for dormancy or moulting before migration). Besides an internal circannual clock, many species thus use day or night length as an anticipatory cue to time seasonal events and regulate their behaviour and physiology accordingly, this is called photoperiodism (Bradshaw andHolzapfel, 2010a, 2007). In particular, such a mechanism has been shown to be a central component of fitness in temperate and polar seasonal environments [START_REF] Bradshaw | Evolution of Animal Photoperiodism[END_REF].

Although less studied than annual and daily cycles [START_REF] Kronfeld-Schor | Chronobiology by moonlight[END_REF], lunar cycles, by inducing several environmental cycles (e.g. regular variations in illumination levels, tides), can also influence biological timings [START_REF] Gaston | Impacts of Artificial Light at Night on Biological Timings[END_REF]. In particular, it has been shown that moonlight can affect reproduction and migration timings in terrestrial and marine ecosystems [START_REF] Kronfeld-Schor | Chronobiology by moonlight[END_REF]. For instance, moonlight has been shown to drive mass vertical migration of zooplankton during Artic winter [START_REF] Last | Moonlight Drives Ocean-Scale Mass Vertical Migration of Zooplankton during the Arctic Winter[END_REF], to be an important external stimulus for mass spawning synchrony in corals [START_REF] Kaniewska | Signaling cascades and the importance of moonlight in coral broadcast mass spawning[END_REF] and to entertained a semilunar rhythm of zoea-release in the terrestrial crabs [START_REF] Saigusa | Entrainment of a semilunar rhythm by a simulated moonlight cycle in the terrestrial crab, Sesarma haematocheir[END_REF].

Implication of light in other key functions

Light not only plays a key role in biological timings, but also in a wide range of other functions affecting the fitness of organisms. Firstly, it should not be forgotten that light is a resource (Gaston et al., 2013). Indeed, sunlight, through photosynthesis, is converted into chemical energy by autotroph organisms and is therefore considered to be the ultimate source of energy that maintains the biosphere [START_REF] Barber | Too much of a good thing: light can be bad for photosynthesis[END_REF].

Secondly, light is also an essential source of information for many organisms. For instance, to orientate themselves (e.g. during diel activity or migration), many species rely on bright celestial cues such as the sun, moon, stars and skylight polarization patterns (e.g. Able, 1982;[START_REF] Dacke | Lunar orientation in a beetle[END_REF][START_REF] Dacke | Insect orientation to polarized moonlight[END_REF][START_REF] Foster | Light pollution forces a change in dung beetle orientation behavior[END_REF][START_REF] Foster | How animals follow the stars[END_REF][START_REF] Papi | On the lunar orientation of sandhoppers (Amphipoda talitridae)[END_REF]. Light is also used by some species to identify conspecifics and communicate. The best known example is the use bioluminescent signals by fireflies and glow-worms during courtship to attract conspecifics (Longcore and Rich, 2004;Owens et al., 2018), another example is the use of iridescence by animals: when light interferes with nanostructured biological materials, it can generate bright, directional colours which can be used as visual signals in animals (e.g. to identify conspecifics, to determine their sex and age, to mark a territory) [START_REF] Doucet | Iridescence: a functional perspective[END_REF][START_REF] Kelley | A Dynamic Optical Signal in a Nocturnal Moth[END_REF]. Light can also be used as an interspecific signal, for instance to lure preys (e.g. in glow-worms, Meyer-Rochow, 2007).

In summary, natural light and dark cycles are responsible for behavioural, physiological and morphological adaptations in most species. It has been suggested that nocturnality is an important step in the evolution of vertebrates (Hölker et al., 2010b). However, it is now threatened by widespread use of artificial light at night (ALAN), which is changing light and dark cycles at an unprecedented rate and threatens to render organisms' adaptations to these cycles dysfunctional or even ineffective.

The irruption of artificial light at night

Humans have long sought ways to extend their activity into the night. In pre-industrial times, ALAN (e.g. streetlights, store fronts, lighted buildings, etc.) was generated by burning materials such as wood or oil (Longcore and Rich, 2004). With the advent of electricity, increased economic prosperity and growing urbanisation, electric lights proliferated rapidly over the last century and changed the night-time environment all over the Earth (Kyba et al., 2011;Longcore and Rich, 2004). ALAN is therefore responsible for a widespread pollution called "light pollution", which has been defined as "the alteration of night natural lighting levels caused by anthropogenic sources of light" (Falchi et al., 2016). Light pollution results from the direct effects of ALAN on its surroundings and from the "skyglow" which is the artificial light scattered by atmospheric constituents and reflected back towards the Earth (Gaston et al., 2015;Kyba et al., 2017a). Thus, although light pollution is generally linked to urbanisation, it is a diffuse pollution that can spread hundreds of kilometres from its sources to pristine sites and biodiversity hotspots otherwise not impacted by other anthropogenic pressures (Falchi et al., 2016;[START_REF] Guetté | Worldwide increase in Artificial Light At Night around protected areas and within biodiversity hotspots[END_REF]. Light pollution is a particular anthropogenic pressure as it does not directly respond to a human "physical" need (unlike agriculture or fishing, for instance) and because the alteration of darkness stops as soon as lights are switched off (unlike chemical pollution, for instance).

In 2016, Falchi et al. estimated that 23 % of the world's land surfaces between 75 °N and 60 °S, 88 % of Europe and almost 50 % of the United States experienced nights disrupted by light pollution (Figure 2). They showed that 80 % of the world's population lived under light-polluted skies and that more than a third could no longer see the Milky Way. In Europe, these figures were even higher with 99 % of the population living under light-polluted skies, 60 % of whom could no longer see the Milky Way. ALAN is still expanding, indeed, it has been shown that between 2012 and 2016, the word's artificially lit outdoor areas increased by 2.2 % per year with a growth in total radiance (see definitions Box 1) of 1.8 % (Kyba et al., 2017a). Prior to this directive, in 2005, the types of lamps conventionally used in the European Union were estimated to be sodium lamps (56 %: 9% low-pressure sodium (LPS) and 47% high-pressure sodium (HPS) lamps) and white lamps (43%: 32% MV lamps, 8% fluorescent lamps and 3% metal halide (MH) lamps) (Sánchez de Miguel et al., 2022;[START_REF] Van Tichelen | Final report lot 9: Public street lighting[END_REF]. However, recent developments in lighting technologies, combined with the fact that lighting equipment is reaching the end of its life in developed countries, has resulted in a transition of the world's outdoor lighting stock from conventional lamp types to energyefficient light-emitting diodes (LEDs) (Kerbiriou et al., 2020;Sánchez de Miguel et al., 2022).

In 2017, the Spanish urban lighting park was already composed of about 56 % of LEDs, and by 2019, the British and French urban lighting parks were composed of about 51 % and 10 % of LEDs respectively (Sánchez de Miguel et al., 2022;Zissis et al., 2021).

While LEDs have been promoted to reduce energy consumption and economic costs, these goals can be undermined by a "rebound effect" in which higher luminous efficacity (see definitions Box 1) results in greater light use (e.g. greater spatial extent and higher illuminance) rather than energy and cost savings (Kyba et al., 2017a). Illuminance (E): measure of the amount of luminous flux incident on a surface per unit area. In the international system (SI) of units, it is measured in lux (lx), which is equal to one lumen per square meters (lm.m -2 ).

Luminance (L): measure of the luminous intensity per unit area of light travelling in a given direction. It reflects how bright a surface appears to the human eye when we view it from a given direction. In SI units, it is measured in candelas per square meters (cd.m -2 ).

Luminous efficacity (K): measure of how well a light produces visible light. In SI units, it is measured in lumens per watt (lm.W -1 ).

Luminous intensity (I): measure of the wavelength-weighted power emitted by a light source in a particular direction per unit solid angle, based on the sensitivity of the human light. In SI units, it is measured in candelas (cd).

Luminous flux (ɸ): measure of the perceived power of light adjusted to reflect the sensitivity of the human eye. In SI units, it is measured in lumen (lm). Electromagnetic spectrum: refers to the distribution of electromagnetic radiation according to their frequency or wavelength.

B. Radiometric equivalents

Wavelength: the distance between two corresponding points of a given wave. Wavelengths of light are measured in nanometres (nm).

Besides, the transition to LEDs had led to a change in the spectral composition (see definitions Box 1) of ALAN (Sánchez de Miguel et al., 2022). As a matter of fact, MV lamps, MH lamps and the LEDs used nowadays in outdoor lighting have a relatively broad spectrum with important emission peaks in the blue range (Figure 3). Conversely, LPS lamps emit narrow-band spectrum with a single energy peak in the yellow range and HPS lamps emit light over a wider range of wavelengthsincluding some blue and green lightbut with an important emission peak in the yellow-orange range (Kerbiriou et al., 2020;Sánchez de Miguel et al., 2022). Thus, Sánchez de Miguel et al. (2022) showed, before and after 2013, a regionally widespread shift in the spectral composition of light emissions from a spectral composition associated mainly with HPS lamps to a spectral composition associated with white LEDs, with increased emissions in the blue part of the visible spectrum.

In the 1970s, astronomers were the first to warn against light pollution, as it hindered the detection of celestial objects and affected astronomical programs (Hölker et al., 2010a;[START_REF] Riegel | Light Pollution: Outdoor lighting is a growing threat to astronomy[END_REF]. Since then, multiple other negative impacts of light pollution have been documented. While ALAN effects on human well-being and health have been recognised, a wide range of scientific papers have also highlighted the impacts of light pollution on biodiversity (Hölker et al., 2010a).

Ecological consequences of light pollution

In recent decades, scientists have warned of the adverse effects of light pollution on biodiversity (Longcore and Rich, 2004). At the individual and species level, ALAN has temporal and spatial implications. Indeed, by masking daily, monthly and annual light and dark cycles, light pollution disrupts biological timings. By triggering orientation/disorientation and attraction/repulsion behaviours, it affects the movements and spatial distribution of species.

ALAN affects intra-and inter-species interactions by modifying competition and predation for instance. Ultimately, light pollution could have dramatic cascading consequences on population dynamics and ecosystem functions.

Disruptions of biological timings

As natural light is a major cue for biological timing, alterations in light and dark cycles have many consequences on biodiversity.

Disruptions of diel rhythms

Disruptions of circadian rhythms

By disrupting the natural daily cycle of light and dark, light pollution affects the circadian rhythm and physiology of species. Laboratory studies have shown that ALAN, even at dim levels, can disrupt circadian rhythms in a wide range of species (e.g. by disrupting the expression of clock genes, altering the production of hormones such as melatonin or corticosterone), with downstream consequences on health (e.g. reduced immunity, sleep loss, abnormal weight gain, alteration of reproductive, cognitive and metabolic functions) [START_REF] Bedrosian | Chronic exposure to dim light at night suppresses immune responses in Siberian hamsters[END_REF][START_REF] Bumgarner | Light at Night and Disrupted Circadian Rhythms Alter Physiology and Behavior[END_REF][START_REF] Dominoni | Light at night, clocks and health: from humans to wild organisms[END_REF]Durrant et al., 2015;Evans et al., 2007;[START_REF] Fonken | Dim Light at Night Disrupts Molecular Circadian Rhythms and Increases Body Weight[END_REF][START_REF] Fonken | Light at night increases body mass by shifting the time of food intake[END_REF]Kupprat et al., 2020;[START_REF] West | Blue light from light-emitting diodes elicits a dose-dependent suppression of melatonin in humans[END_REF].

The intensity and existence of these disruptions have been shown to vary with light spectrum (e.g. the photopigment responsible for the decrease or suppression of melatonin production has a maximum spectral sensitivity at blue wavelengths) and light intensity (however, even very low light levels could have an impact) (e.g. Aubé et al., 2013;[START_REF] Dominoni | Integrated molecular and behavioural data reveal deep circadian disruption in response to artificial light at night in male Great tits (Parus major)[END_REF]Evans et al., 2007;[START_REF] Kernbach | Broad-spectrum light pollution suppresses melatonin and increases West Nile virus-induced mortality in House Sparrows (Passer domesticus)[END_REF]. While much attention has been paid to the mechanisms explaining ALAN impacts on the health of humans and model species, less is known on ALAN effect on the health of wild populations [START_REF] Dominoni | Light at night, clocks and health: from humans to wild organisms[END_REF]. Indeed, only a few studies, mainly conducted in laboratory, show how circadian, and more generally physiological, disruptions due to ALAN could lead to health impacts and lower survival on wild species [START_REF] Chen | Effects of artificial light at night (ALAN) on gene expression of Aquatica ficta firefly larvae[END_REF][START_REF] Dominoni | Integrated molecular and behavioural data reveal deep circadian disruption in response to artificial light at night in male Great tits (Parus major)[END_REF][START_REF] Kernbach | Broad-spectrum light pollution suppresses melatonin and increases West Nile virus-induced mortality in House Sparrows (Passer domesticus)[END_REF][START_REF] Touzot | Transcriptome-wide deregulation of gene expression by artificial light at night in tadpoles of common toads[END_REF]. Such studies raise the need to assess the long-term effect of these disturbances on individual fitness and population dynamics as well as to explore potential cascading effects to large ecological and epidemiological scales.

Disruption of diel biological rhythms

A growing body of literature documents ALAN impacts on the timing of diel biological events and rhythms in wildlife. In diurnal and crepuscular species, light pollution can disrupt sleep at night (e.g. [START_REF] Aulsebrook | White and Amber Light at Night Disrupt Sleep Physiology in Birds[END_REF][START_REF] Kolbe | Bright lights, big city: an experimental assessment of short-term behavioral and performance effects of artificial light at night on Anolis lizards[END_REF]van Hasselt et al., 2021;[START_REF] Wang | Effects of artificial light at night on the nest-site selection, reproductive success and behavior of a synanthropic bird[END_REF] and/or induce or increase activity into the night (e.g. Alaasam et al., 2021;Amichai and Kronfeld-Schor, 2019;[START_REF] Dominoni | Integrated molecular and behavioural data reveal deep circadian disruption in response to artificial light at night in male Great tits (Parus major)[END_REF][START_REF] Parlin | Oriented migratory flight at night: Consequences of nighttime light pollution for monarch butterflies[END_REF]Secondi et al., 2021;[START_REF] Taylor | Artificial light at night alters diurnal and nocturnal behavior and physiology in green anole lizards[END_REF]. A well-known example of these ALAN-induced disturbances is the earlier initiation of dawn chorus and night-time singing in birds, with cascading consequences for breeding success (Kempenaers et al., 2010;Longcore and Rich, 2004;[START_REF] Miller | Apparent Effects of Light Pollution on Singing Behavior of American Robins[END_REF] (Figure 4). Conversely, ALAN has been shown to alter and curtail the activity of nocturnal species (e.g. [START_REF] Duarte | Artificial light pollution at night (ALAN) disrupts the distribution and circadian rhythm of a sandy beach isopod[END_REF][START_REF] Tallec | Light Pollution Modifies the Expression of Daily Rhythms and Behavior Patterns in a Nocturnal Primate[END_REF]Lynn et al., 2021;Rotics et al., 2011). For instance, some localised studies have shown that roost illumination can delay or even stop the emergence of some bat species (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021;Straka et al., 2020). Two other localised studies suggested that bat activity may also be delayed at foraging and commuting sites because of ALAN (Haddock et al., 2019a;Stone et al., 2009). This could result in a reduced time-budget for bats to forage and a desynchronisation with the peak of activity of their prey. Ultimately, this could alter individual fitness and possibly population dynamics.

It is therefore of utmost importance to pay more attention to the impacts of ALAN on the diel activity pattern of nocturnal species such as bats. For instance, it would be necessary to assess the range of species affected (e.g. do they share similar functional traits? could the alteration of the diel activity pattern of one species have consequences on the diel activity pattern of other species in the same trophic chain?, etc.), the scale at which such impacts may be observed (e.g. are they only local disruptions in particular contexts or could they be observed at larger scales?) and to assess light parameters that may drive such disturbances (e.g. are low levels of light, similar to moonlight, likely to trigger alterations in the diel activity pattern of nocturnal species? does the magnitude of the alterations depend on the spectrum of emission?, etc.).

Disruptions of annual rhythms

Light pollution masks primordial luminous cues for biodiversity, such as the length of day and night, which allow species to adapt their physiology and behaviours to a seasonal environment [START_REF] Gaston | Impacts of Artificial Light at Night on Biological Timings[END_REF]. Among the seasonal behaviours that have been shown to be disrupted by ALAN are reproduction behaviours of a wide range of taxa. For instance, for birds, dawn and dusk singing have been shown to develop earlier in the year in light-polluted sites (Figure 5, Da Silva et al., 2015) and that lay date tended to be earlier due to ALAN (de Jong et al., 2015;Senzaki et al., 2020); for mosquitoes, ALAN can cause females to avert overwintering diapause and become reproductively active [START_REF] Fyie | Artificial light at night alters the seasonal responses of biting mosquitoes[END_REF]; for captive nocturnal primates, the first seasonal oestrus was earlier in females exposed to ALAN compared to females exposed to moonlight (Le Tallec et al., 2015); for deciduous woody plants, ALAN advanced the date of budburst and the magnitude of this phenological change was correlated with ALAN intensity [START_REF] Ffrench-Constant | Light pollution is associated with earlier tree budburst across the United Kingdom[END_REF][START_REF] Meng | Artificial light at night: an under-appreciated effect on phenology of deciduous woody plants[END_REF]. Other seasonal behaviours disrupted by light pollution include bird migration [START_REF] Smith | Pre-migration artificial light at night advances the spring migration timing of a trans-hemispheric migratory songbird[END_REF], insect diapause [START_REF] Mukai | Urban warming and artificial light alter dormancy in the flesh fly[END_REF], the colouring of leaves of deciduous woody plants [START_REF] Meng | Artificial light at night: an under-appreciated effect on phenology of deciduous woody plants[END_REF].

Overall, the consequences of these phenological perturbations on fitness are mostly unknown, but they might result in dramatic potential phenological mismatches (e.g. between species in the same trophic chain or between species and their abiotic environment). Indeed, as noted in the first part of this introduction, photoperiodism has been shown to be a central component of fitness in temperate seasonal environments [START_REF] Bradshaw | Evolution of Animal Photoperiodism[END_REF], and the consequences of the ALAN-induced alterations of this key mechanism for biodiversity should therefore be the focus of future studies. 

Disruptions of monthly rhythms

As light pollution can mask natural lunar cycles, it is likely to disrupt biological events triggered by them (e.g. reproduction, migration). For instance, corals synchronise their spawning using, among other external cues, moonlight. When exposed to light conditions similar to those created by ALAN, this synchrony has been shown to be disrupted [START_REF] Ayalon | Coral Gametogenesis Collapse under Artificial Light Pollution[END_REF][START_REF] Kaniewska | Signaling cascades and the importance of moonlight in coral broadcast mass spawning[END_REF]. However, to date, these studies are among the very few papers documenting the impacts of ALAN on monthly rhythms related to lunar cycles [START_REF] Gaston | Impacts of Artificial Light at Night on Biological Timings[END_REF].

Interestingly, moonlight can also influence the foraging behaviours of nocturnal species.

It can increase the efficacity of visually hunting predators and, consequently, induce a moonlight avoidance strategy for their prey (known as "lunar phobia") [START_REF] Kronfeld-Schor | Chronobiology by moonlight[END_REF]Saldaña-Vázquez and Munguía-Rosas, 2013). For instance, it has been suggested that moonlight had a negative effect on the spatiotemporal distribution of bats (Appel et al., 2017;Gomes et al., 2020;Kolkert et al., 2020). However, this effect of moonlight on bats has not been much studied in temperate regions and is still discussed (Saldaña-Vázquez and Munguía-Rosas, 2013).

Determining whether moonlight can indeed negatively affect the behaviours of nocturnal species such as bats would help predict the potential effect of light pollution on them.

Indeed, during a full moon under clear conditions, ambient light levels have been estimated to be around 0.1 -0.3 lux while, in the urban skyglow, ambient light levels have been estimated

to be around 0.15 lux (Gaston et al., 2013). Thus, the skyglow might trigger similar responses to those triggered by the full moon, but unlike moonlight, its pressure on nocturnal species is constant. It would therefore be interesting to assess how low but constant light levels, similar to moonlight, may affect nocturnal species and to assess the nature of the interaction between moonlight and ALAN intensity for biodiversity (e.g. do they trigger additive or interactive effects? does lunar phobic species still respond to variations of moonlight intensity in light polluted-contexts? etc.).

Disruptions of spatial distribution and movements

In addition to disrupting the temporal distribution of species, light pollution has been shown to modify their spatial one.

Attraction and repulsion

Light pollution have been known for long to alter the distribution of mobile species, by attracting some and repelling others (Longcore and Rich, 2004). Many taxa are known to be positively phototactic (i.e. to be attracted by light sources) (e.g. nocturnally migrating birds: [START_REF] Poot | Green Light for Nocturnally Migrating Birds[END_REF][START_REF] Van Doren | High-intensity urban light installation dramatically alters nocturnal bird migration[END_REF]spiders: Davies et al., 2017;[START_REF] Parkinson | Artificial light at night at the terrestrial-aquatic interface: Effects on predators and fluxes of insect prey[END_REF]fish: Becker et al., 2013). Such attraction can have dramatic impacts on fitness. For instance, many insect species (e.g. [START_REF] Bolliger | Contrasting impacts of street light shapes and LED color temperatures on nocturnal insects and bats[END_REF][START_REF] Camacho | Local ecological knowledge reveals combined landscape effects of light pollution, habitat loss, and fragmentation on insect populations[END_REF][START_REF] Kühne | Impact of different wavelengths of artificial light at night on phototaxis in aquatic insects[END_REF]Owens et al., 2019) aggregate in the vicinity of lights where they suffer increased mortality (through exhaustion, predation, injury), this phenomenon that has been called the "vacuum cleaner effect" [START_REF] Camacho | Local ecological knowledge reveals combined landscape effects of light pollution, habitat loss, and fragmentation on insect populations[END_REF]Eisenbeis, 2006). These aggregations then attract species feeding on insects, such as nocturnal birds [START_REF] Rodríguez | Artificial light at night as a driver of urban colonization by an avian predator[END_REF] or insectivorous bats (Rydell, 1992).

In particular, edge-and open-space-foraging bat species (mainly mid-and long-rangeecholocators whose flight is usually considered to be "fast", e.g. Nyctalus spp., Pipistrellus spp.) are known to forage under streetlights, hence exploiting this predictable insect biomass (Azam et al., 2018;Rydell, 1992;Salinas-Ramos et al., 2021;Stone et al., 2015a;Zeale et al., 2018). These bat species are therefore usually considered to be "light tolerant" species. Overall, the effect of attraction on fitness can be highly variable according to the species, including causing increased mortality for some, but also creating foraging opportunities and new competition interactions for others.

Conversely, other taxa have been shown to be negatively phototactic (i.e. to experience repulsion at the vicinity of light sources), probably due to higher predation risks (e.g. mammals: [START_REF] Bird | Effects of Coastal Lighting on Foraging Behaviorof Beach Mice[END_REF][START_REF] Farnworth | Converting Predation Cues into Conservation Tools: The Effect of Light on Mouse Foraging Behaviour[END_REF]crustaceans: Czarnecka et al., 2022); insects: [START_REF] Farnworth | Photons and foraging: Artificial light at night generates avoidance behaviour in male, but not female, New Zealand weta[END_REF]birds: Syposz et al., 2021, fish andzooplankton: Geoffroy et al., 2021).

For instance, narrow-space-foraging bat species (mainly short-range-echolocators whose flight is usually considered to be "slow", e.g. Myotis spp., Plecotus spp.) avoid light at all spatial scales, they are thus usually considered as "light intolerant" species (Lacoeuilhe et al., 2014;Rydell, 1992;Salinas-Ramos et al., 2021;Spoelstra et al., 2017;Voigt et al., 2021;Zeale et al., 2018). Indeed, despite foraging opportunities at the vicinity of light sources, these species have a low and slow flight that may result in a reduced ability to avoid predation compared to openand edge-space-foraging species (Rydell, 1992;Rydell et al., 1996). As the aggregation of insects near light sources might deplete dark areas from insects, these species might suffer from a reduced availability of foraging resources with potential consequences on their fitness. It should also be noted that species that might be attracted to light sources when foraging (due to the greater availability of prey at their vicinity) may experiment repulsive behaviours in other contexts. For instance, even the commuting behaviour and movements of "light tolerant" bat species are affected by light pollution (e.g. lower probability of crossing gaps in tree cover with increasing light levels (Hale et al., 2015), increased flight speed near ALAN (Barré et al., 2020;Polak et al., 2011)).

Eventually, at the landscape scale, due to its attraction/repulsion effects, light pollution can create a "barrier effect" leading to a reduction in functional connectivity for species avoiding light sources, or trapped at their vicinity, and thus increase landscape fragmentation (Grubisic et al., 2018;Korpach et al., 2022;Laforge et al., 2019). Although more difficult to study than the local effect of light pollution on the behaviour of individuals, studies on this potential reduction in functional connectivity due to ALAN at the landscape scale are imperative. Indeed, connectivity is critical for the survival of populations at a time when habitat fragmentation has become a major factor in the decline of biodiversity (Fischer and Lindenmayer, 2007). As advocated by Laforge et al. (2019), it would be useful to integrate conservation issues into urban planning by determining, for instance, where light points should be removed as a priority or which light parameters can be changed to restore some connectivity. Finally, it should be noted that for some taxa, the magnitude (or even the existence) of the negative or positive phototaxis has been shown to vary according to the spectra of the light source (e.g. for birds: [START_REF] Aulsebrook | White and Amber Light at Night Disrupt Sleep Physiology in Birds[END_REF][START_REF] Poot | Green Light for Nocturnally Migrating Birds[END_REF]for crustaceans: Czarnecka et al., 2022). In particular, many studies showed that because of the ultraviolet (UV)-green-blue visual sensitivity of airborne and terrestrial invertebrates, light sources emitting a high proportion of short-wavelength light tend to have a stronger attractive effect on them (e.g. [START_REF] Bolliger | Contrasting impacts of street light shapes and LED color temperatures on nocturnal insects and bats[END_REF]Lockett et al., 2021;Pawson and Bader, 2014;Somers-Yeates et al., 2013).

Such increased attractivity can then affect higher trophic levels such as bats. For instance, Pipistrellus species (edge-space-foraging bat species usually considered to be "light tolerant")

have been shown to be more abundant around white and green lights compared to red ones (Spoelstra et al., 2017;Zeale et al., 2018) (Figure 6). Likewise, Pipistrellus species have been shown to be more abundant around MH and MV lamps compared to LPS lamps and LEDs, because MH and MV lamps emit UV and hence attract more insects (Lewanzik and Voigt, 2017;Stone et al., 2015b;Straka et al., 2019). On the reverse, Myotis and Plecotus species (narrow-space-foraging bat species usually considered to be "light-intolerant") have been

shown to be less abundant around white and green lights compared to red ones (Spoelstra et al., 2017;Zeale et al., 2018) (Figure 6).

As specified in the second part of this introduction, the renewal of public lighting equipment in developed countries is leading to a change in the spectral composition of artificial light emissions, which is becoming "whiter" due to the large-scale adoption of LEDs that emit more in the blue part of the visible spectrum than the conventional sodium lamps (Kyba, 2018;Sánchez de Miguel et al., 2022). Overall, as the most commonly used LEDs currently have a broad spectrum of emissions, they are likely to trigger multiple behavioural (e.g. repulsion/attraction) or physiological responses in species (Sánchez de Miguel et al., 2022). It is therefore urgent to assess how this shift in lighting technology affects (or will affect) biodiversity.

Disorientation

A mechanism that has been proposed to explain the attraction and repulsion of species to light sources is the disruption of their orientation by light pollution (Boyes et al., 2020;Longcore and Rich, 2004). A common example in the scientific literature is how loggerhead (Caretta caretta) hatchlings fail to orient themselves toward the sea because of light pollution (Longcore and Rich, 2004;[START_REF] Salmon | Behavior of Loggerhead Sea Turtles on an Urban Beach. II. Hatchling Orientation[END_REF]. However, a growing body of literature now documents disorientation in other taxa. For instance, by obscuring natural celestial cues, light pollution disrupts orientation behaviours in dung beetles (Scarabaeus satyrus, [START_REF] Foster | Light pollution forces a change in dung beetle orientation behavior[END_REF], light sources impair visual cues essential for nocturnally migrating birds, thereby disorienting them [START_REF] Van Doren | High-intensity urban light installation dramatically alters nocturnal bird migration[END_REF], artificial skyglow disrupts the lunar compass of amphipods (Torres et al., 2020).

Disruption of communication

As some species rely on luminous cues to communicate, light pollution can alter interactions between individuals. The best known example is the disruption of mating behaviours and success of bioluminescent fireflies and glow-worms [START_REF] Bird | Low levels of light pollution may block the ability of male glowworms (Lampyris noctiluca L.) to locate females[END_REF][START_REF] Firebaugh | Experimental tests of light-pollution impacts on nocturnal insect courtship and dispersal[END_REF][START_REF] Owens | Artificial light impacts the mate success of female fireflies[END_REF]. Besides, light pollution does not only affect visual communication between individual, it can also disrupt sound communication. For instance, ALAN has been shown to directly affect the calling frequency of female moths (Yponomeuta cagnagellus, [START_REF] Cieraad | Lack of local adaptation of feeding and calling behaviours by Yponomeuta cagnagellus moths in response to artificial light at night[END_REF] and to lead to an increase in calling effort in a wild frog (Engystomops pustulosus, [START_REF] Cronin | Anthropogenic noise and light alter temporal but not spatial breeding behavior in a wild frog[END_REF] 

Effects on communities and inter-species interactions

By inducing a wide range of disruptions at the individual and species levels, light pollution has been shown to have cascading impacts on community composition (e.g.

invertebrates: [START_REF] Davies | Multiple night-time light-emitting diode lighting strategies impact grassland invertebrate assemblages[END_REF][START_REF] Davies | Street lighting changes the composition of invertebrate communities[END_REF][START_REF] Grubisic | Artificial light at night disrupts species interactions and changes insect communities[END_REF][START_REF] Kehoe | Towards a mechanistic understanding of the effects of artificial light at night on insect populations and communities[END_REF][START_REF] Khattar | Life history traits modulate the influence of environmental stressors on biodiversity: The case of fireflies, climate and artificial light at night[END_REF]Lockett et al., 2021, birds: (La Sorte and[START_REF] Sorte | Seasonal variation in the effects of artificial light at night on the occurrence of nocturnally migrating birds in urban areas[END_REF]McNaughton et al., 2021) and interspecies interactions (Longcore and Rich, 2004).

Predation

Light pollution has been shown to alter predation patterns (Longcore and Rich, 2004).

By eliciting or enhancing the activity of certain species at night and increasing the predation efficiency for visual predators, ALAN can create new predator-prey interactions and disrupt existing ones (e.g. insects-insects: Miller et al., 2017; fish-sessile invertebrates: [START_REF] Bolton | Coastal urban lighting has ecological consequences for multiple trophic levels under the sea[END_REF]birds-insects: Negro et al., 2000). Furthermore, as some taxa suffer from a positive phototaxis, they aggregate near light sources and attract predators that are willing to exploit this predictable feeding biomass. For instance, owls [START_REF] Rodríguez | Artificial light at night as a driver of urban colonization by an avian predator[END_REF], "light tolerant" (i.e.

edge-and open-space foraging) bat species (Rydell, 1992) and even diurnal species [START_REF] Negro | Nocturnal activity of lesser kestrels under artificial lighting conditions in Seville, Spain[END_REF] have been shown to forage on invertebrates attracted to streetlights at night. It has also been shown that spiders were more abundant in illuminated sites where the number of prey items captured in their web is higher than in dark sites [START_REF] Parkinson | Artificial light at night at the terrestrial-aquatic interface: Effects on predators and fluxes of insect prey[END_REF].

Light pollution can also disrupt defence strategies of prey. In particular, moths have been shown to reduce their anti-bat defensive behaviours under lit conditions, with ALAN reducing their ability to evade predation (Minnaar et al., 2015;[START_REF] Svensson | Mercury vapour lamps interfere with the bat defence of tympanate moths (Operophteraspp.; Geometridae)[END_REF][START_REF] Wakefield | Light-emitting diode street lights reduce last-ditch evasive manoeuvres by moths to bat echolocation calls[END_REF] (Figure 7). ALAN has also been found to decrease the efficacy of camouflage at night in intertidal littorinid snails [START_REF] Mcmahon | Broad spectrum artificial light at night increases the conspicuousness of camouflaged prey[END_REF]. 

Competition

As light pollution can expand or restrict the availability of time and space for species activity, it can influence the degree of niche overlap between species and result in changes in competitive communities (Bennie et al., 2015;Longcore and Rich, 2004;Salinas-Ramos et al., 2021). For instance, Salinas-Ramos et al. (2021) shown that ALAN influences niche segregation between the two "light-tolerant" species Pipistrellus pipistrellus and Pipistrellus kuhlii. In particular, P. pipistrellus showed a less marked association with artificially illuminated sites when the occurrence of P. kuhlii was included in the modelling, suggesting potential competition for illuminated sites. More generally, ALAN may alter interspecific competition in favour of species that are able to benefit from the new set of conditions created by light pollution with indirect consequences for their competitors (Bennie et al., 2015).

Pollination and seed dispersal

A growing body of literature shows that light pollution disrupts nocturnal pollination networks and adversely affects the reproductive success of plants, with negative changes extending even to daytime pollinator communities [START_REF] Giavi | Impact of artificial light at night on diurnal plantpollinator interactions[END_REF][START_REF] Knop | Artificial light at night as a new threat to pollination[END_REF].

Similarly, by disrupting communities, ALAN can potentially alter seed dispersals. For instance, it has been shown that Carollia sowelli (a frugivorous bat species) harvested fruits more often at dark sites than at illuminated ones, with ALAN therefore having the potential to reduce the probability of successful seed dispersal by bats [START_REF] Lewanzik | Artificial light puts ecosystem services of frugivorous bats at risk[END_REF].

Light pollution impacts on population

The concept of niche has been shown to be a confusing and evolving idea in ecology [START_REF] Devictor | Defining and measuring ecological specialization[END_REF][START_REF] Mcinerny | Stitch the niche -a practical philosophy and visual schematic for the niche concept[END_REF], however one definition that is still used in many studies is that conceptualised by [START_REF] Hutchinson | Concluding Remarks[END_REF]: the niche is an attribute of a species or population and is defined as an hyper-volume in the multidimensional space of biotic and abiotic variables within which a species could exist indefinitely. This raise the question of whether the new biotic and abiotic conditions resulting from the intrusion of ALAN into a landscape fit within the niche of a given species or whether ALAN is likely to threaten the persistence of populations of that species.

It should be noted that light pollution, although spreading far from its sources, remains strongly correlated with urbanisation. Disentangling its effects from those of other pressures such as impermeabilization, chemical pollution or noise pollution is therefore an important concern when assessing its impact on populations. Some studies have even pointed out that possible interactions between light and other anthropogenic pressures should be taken into account (e.g. noise pollution [START_REF] Halfwerk | A Systematic Review of Research Investigating the Combined Ecological Impact of Anthropogenic Noise and Artificial Light at Night[END_REF][START_REF] Smit | Interactive and independent effects of light and noise pollution on sexual signaling in frogs[END_REF]Wilson et al., 2021), night warming due to urban heat islands (Miller et al., 2017)).

Thus, assessing the long-term effects of ALAN on populations remains a major research challenge. Browning et al. (2021) identified ALAN as a pressure that can reasonably be considered as a driver impacting bat populations, but there is a lack of studies directly linking light pollution to bat population trends. Likewise, light pollution has also been identified as a potential driver of global declines in insect populations (Owens et al., 2019), but few studies show direct evidence of ALAN effect scaling up to impact insect populations (Boyes et al., 2020) (however, see at local scale : Boyes et al., 2021;van Grunsven et al., 2020).

Overall, over the last decades, an explosion of scientific studies has been documenting the effects of light pollution on many ecological processes. While studies conducted at local scales or in laboratory allow to assess finely how ALAN is susceptible to alter species physiology and behaviours, studies conducted at wider scales are needed to assess its contribution to habitat fragmentation and loss and infer the long-term effect of light pollution on population dynamics (Azam et al., 2016;Gaston and Bennie, 2014).

However, a question remains: how does light pollution relate to other pressures? Are these impacts rather anecdotal or should they be the subject of urgent conservation measures? Given the magnitude and diversity of the impacts of ALAN presented in this third part of the introduction, it would seem that the second option should be favoured. This is the opinion presented by Owens et al., (2019) who stressed that light pollution, along with habitat loss, chemical pollution, invasive species and climate change, was contributing to the decline of insect populations worldwide. This also seems to emerge from the review of Browning et al. (2021), which placed light pollution as one of the six drivers of changes in European bat populations, alongside agricultural practices and the loss of forest areas. In comparison they considered that there was insufficient evidence to affirm that climate change and urbanisation were contributing to changes in European bat populations. Eventually, it should also be noted that, in 2021, the International Union for Conservation of Nature (IUCN) congress recognised the importance of the impacts of light pollution on biodiversity by adopting a motion advocating for "taking action to reduce light pollution" (IUCN World Conservation Congress, 2021).

Mitigating light pollution effects on biodiversity: knowledge gaps and plan of the thesis

Although ALAN is thus associated with multiple energy, financial and environmental issues, it is also a space planning tool associated with many social uses (e.g. security and safety of goods and people, enhancement of architectural heritage, marketing, etc.) (Challéat et al., 2021). The reduction of ALAN therefore involves compromises between the needs of humans for light and the needs of biodiversity for darkness. In particular, the five most commonly cited management options for reducing light pollution are: (i) preventing dark areas from being lit, (ii) limiting the duration of artificial lighting, (iii) reducing light trespass into areas that are not intended to be lit, (iv) reducing light intensity and (v) changing the spectral composition of ALAN (Gaston et al., 2012). As lighting equipment reaches its end of life in developed countries, we are at an important crossroads in lighting management. Assessing the effectiveness of mitigating measures against light pollution is thus becoming a pressing challenge for scientists and managers.

Limiting the duration of lighting is reflected in the field by the adoption of part-night lighting (PNL, i.e. switching off lighting in the middle of the night) schemes, aimed primarily at avoiding lighting when the human need for light is lowest. PNL schemes are increasingly being implemented across Europe (Bennie et al., 2014a). For instance, in France an increasing number of municipalities have switched off public lighting in the middle of the night during certain periods of the year [START_REF] Lapostolle | Making Darkness a Place-Based Resource: How the Fight against Light Pollution Reconfigures Rural Areas in France[END_REF] while the decree of 27 December 2018 on the prevention, reduction and the limitation of light pollution (Arrêté du 27 décembre 2018, 2018) sets out regulations on when parks, heritages, car parks or store fronts must switch off lights.

While PNL schemes can save energy and reduce lighting costs, they can also be valuable mitigation measures of the impacts of light pollution on biodiversity. To do this, light switchoff times should not only take into account key periods for human light needs, but also key periods for the dark needs of biodiversity. Therefore, knowledge of the diel activity patterns of species would be necessary to design and implement PNL schemes. Indeed, to date, PNL schemes have proven insufficiently effective in fully reducing the effects of ALAN on nocturnal species such as bats, precisely because they do not encompass their range of activity (Azam et al., 2015;Hooker et al., 2022).

In this context, Day et al. (2015) described the diel activity pattern of Rhinolophus ferrumequinum in south-west England and recommended switching off lights before midnight.

However, this study covered only eight sites and one species. Other knowledge on diel activity patterns of bat species is scattered in the scientific and grey literature, in studies of limited taxonomic, spatial and temporal range. These studies could be synthesised in a review such as Jones and Rydell (1994) on the timing of bat emergence from roosts. However, it would not provide directly comparable data between species and would not cover the full environmental gradient that a species may encounter over its distribution range. In comparison, as advocated by Newson et al., 2015, the deployment of citizen science programs based on passive acoustic monitoring (PAM) offers great opportunities to monitor biodiversity at unprecedented spatiotemporal scales and could therefore be an emerging opportunity to provide new insights in bat temporal ecology.

Box 2: Insectivorous bats as model species to study the impacts of light pollution on biodiversity

Using insectivorous bats as model species to study the impacts of light pollution on biodiversity

 Bats are increasingly threatened worldwide and all bats species are protected in Europe (Azam et al., 2015;Mickleburgh et al., 2002).

 Insectivorous bat species provide ecosystems services, in particular pest control (e.g. [START_REF] Ancillotto | Bats mimic hymenopteran insect sounds to deter predators[END_REF][START_REF] Charbonnier | Pest control services provided by bats in vineyard landscapes[END_REF].

 PAM and recent development of automated identification of bat echolocation calls allow data to be collected on wide spatiotemporal scales.

 As there are long-lived species and as they occupy high trophic levels, it has been suggested that population trends of insectivorous bats may reflect those of lower trophic levels [START_REF] Jones | Carpe noctem: the importance of bats as bioindicators[END_REF]. More generally, insectivorous bats have been suggested as good bioindicators of the response of biodiversity to anthropogenic pressures (Russo et al., 2021).

 As they are nocturnal they are directly exposed to light pollution.

In the first chapter of this PhD, we thus intended to characterise the diel activity patterns of bat species so that their consideration in mitigation measures can help conservation. Indeed, bats are considered as good bioindicators of the responses of biodiversity to anthropogenic pressures [START_REF] Jones | Carpe noctem: the importance of bats as bioindicators[END_REF]Russo et al., 2021) and, because they are nocturnal, they are directly exposed to light pollution (see Box 2 for further information on the use of bats as model species).

We used data from the national citizen science program "Vigie-Chiro" (see Box 3) to design a method to describe the diel activity patterns of bats based on standardised and comparable metrics. By extracting times of key descriptors and describing bat activity distribution throughout the night, we intended to answer the following questions:

(1) Can we distinguish functional groups of bat species to inspire multi-taxa approaches in conservation based on diel activity patterns?

(2) Should conservation measures take into account the variations in bat diel activity patterns according to the period of the year?

We intended to illustrate how such new insights in bat diel activity rhythm can be integrated in pre-existing conservation measures such as PNL. This study is accepted Biological Conservation (under minor revisions):

• Mariton, L., Le Viol, I., Bas, Y., Zanda, B., Kerbiriou, C., 2022. Characterising diel activity patterns to design conservation measures: case study of European bat species.

(accepted)

It is also interesting to note that the bat species known to emerge early are mostly "light tolerant" species, which can feed on the aggregation of insects around light sources (Jones and Rydell, 1994;Rydell, 1992). Thus, implementing PNL schemes covering their peak of activity might seem a questionable measure at first sight.

However, Azam et al., (2016) showed that while open-and edge-space-foraging bat species are considered to be "light tolerant" at local scale, at the landscape scale the activity of some of these species (P. pipistrellus, P. kuhlii and Eptesicus serotinus) was lower in lightpolluted sites. Among the hypotheses that could explain such a different effect of ALAN on bats according on the spatial scale considered, there is the hypotheses that light pollution,

Box 3: Data acquisition

All biological data used in this PhD were collected in the field.

Data on bat activity were collected using PAM devices, which therefore did not generate any disturbance. No artificial light was introduced or modified by us. We used several sources of data to conduct studies at different scales that could provide complementary information on the impact of light pollution on bats.

Biological and light data used in the different studies presented in this PhD the data used here are those of the "stationary points protocol", which started in 2014. In this protocol, volunteers were asked to set up ultrasonic recorders at potential bat foraging sites for at least one full-night (from 30 min before sunset to 30 min after sunrise). All recorders had to be configured with recommended settings to limit heterogeneity between devices. The recordings are processed with the bat identification software Tadarida (Bas et al., 2017). As of December 2021, the dataset based on this protocol was composed of 16,349 sampled sites and 49,909 full nights of standardised recordings made by 567 participants.

Working on such a dataset is a great opportunity because of the large number of data and their wide spatial, temporal and taxonomic range. One of its strengths is to assess the activity of several species simultaneously, so that their possible interactions are captured in the resulting dataset. Besides, it should not suffer from an observatory bias since the data are all recorded with to the same settings and as the records are processed with the same software.

However, it also come with many challenges.

Indeed, volunteers upload data into the Vigie-Chiro platform to participate in the protocol but also to conduct their own research (Tadarida is currently one of the only free bat identification software). Thus, even if the "stationary points protocol" stricto sensu consists in carrying out surveys on randomly selected sites, during at least one full night, in good weather (no rain, no wind gusts above 30 km.h -1 and mild temperature forecasted) and with two passes (the first between 15 June and 31 July, the second between 15 August and September), many surveys do not meet one or more of these requirements (this is the case of the field data we collected during this PhD and that are presented in Box 5)). Such surveys are nonetheless valuable and might be used in many studies, but some should be discarded depending on the purpose of these studies. For instance, for Mariton et al. (accepted) and Mariton et al., (2022), we detected and discarded surveys that were not conducted for at least one full night, that might Box 3: Data acquisition have been carried out near a bat roost, that were conducted during inclement weather, for which we suspected abnormal settings, etc. To clean up the dataset, we wrote a set of R programs (R Core Team, 2022) that we then shared with the other researchers working on Vigie-Chiro.

Another challenge is to extract all the environmental and meteorological data needed to exploit such a large number of surveys. To do this, we had to find datasets at the relevant resolution covering at least the whole French territory and exploit them. As this was very time consuming, we chose to aggregate this work in the form of R functions in public repositories in GitHub (https://github.com/LMariton) so that it could be easily reused and help other researchers (among the functions available are functions allowing to extract relevant data for the study of bat activity: meteorological data such as daily temperature, wind speed, cloud cover and precipitations, landscape characteristics such as the distance to different land use types, the density of linear features in buffers around sites, the light pollution levels in buffer around sites, sunset and sunrise times for a dataset composed of nights, etc.).

Eventually, as the Vigie-Chiro program was originally designed to study bat population trends in France, the representativeness of the sampling design was a major concern. Thus, we confirmed that this representativeness was correct by checking that the buffer zones around the sites in this dataset covered the same gradients of land use type as buffer zones around randomly sampled sites in France (see Appendix B in Appendix I at the end of this PhD).

Gradients of the proportions of artificialized surfaces in 3000 m buffer zones around randomly sampled sites in France (every 6000 m, below 500 m above sea level) and the sites of the Vigie-Chiro dataset (below 500 m above sea level)

besides changing the spatial distribution of bats, could change their temporal one. In particular, the delay in emergence due to ALAN shown for some narrow-space-foraging bat species in localised studies (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021), could result in a reduction of the time-budget to forage for bats, and eventually alter individual fitness or even population dynamics. Despite, these potential dramatic effects of light pollution on bats, there is a lack of studies on whether light pollution can disrupt bat diel activity pattern, in particular at their foraging sites and for species that are usually considered to be "light tolerant".

In the second chapter of this PhD, we first focused on a "light tolerant" species, E.

serotinus, which is known to forage under streetlights but also to have a lower activity due to ALAN at the landscape scale. We intended to answer the following questions:

(1) At the national scale, is the activity of a "light tolerant" species lower because of light pollution?

(2) If so, does light pollution affect the diel activity pattern of this bat species at foraging sites and to what extent?

Limiting light trespass and reducing light intensity are two complementary measures that could be implemented to reduce light pollution effects on biodiversity. Thus, determining whether there is a threshold of intensity below which light ceases to affect bats would be of utmost interest. However, the effects of diffuse low light levelssimilar to those due to skyglow or moonlighthave been little studied for bats, especially in temperate regions. Thus, we also intended to answer the following question:

(3) Can small variations in light levels have an impact on the spatiotemporal activity pattern of a light "tolerant species"?

This study has been published in 2022 in Environmental Pollution:

• Mariton, L., Kerbiriou While the results of this study provide new insights on the impact of light pollution on bat species, there is still a need to assess whether such results can be expanded to other insectivorous bat species. Thus, we presented preliminary analyses on other temperate openand edge-space-foraging species usually considered to be "light tolerant".

Where and when it is not possible to switch off lights, modifications of the technological characteristics of light (i.e. reduction of intensity, trespassing and choice of an appropriate light spectra) could help to mitigate light pollution impacts on biodiversity. As obsolete lighting equipment are progressively phased out and replaced by LEDs in developed countries, assessing the impact on biodiversity of the modification of the spectrum of ALAN is of utmost importance. As a matter of fact, it has been shown that a wide range of biological responses to light pollution, both behavioural and physiological, are sensitive to the spectrum of the emissions (Sánchez de Miguel et al., 2022). Thus, the broad spectrum of LEDs has the potential to alter many organisms and processes compared to previous lighting equipment such as LPS lamps which only emit a narrow-band spectrum (Figure 3).

However, to date, not much studies have investigated the effect of switching from old lighting technologies to LEDs. While two studies found a reduction in the activity of some bat species when switching from MV lamps to LEDs (Haddock et al., 2019b;Lewanzik and Voigt, 2017), one study in the tropics found no effect for the switch from HPS lamps to LEDs [START_REF] Lee | Ecological impacts of the LED-streetlight retrofit on insectivorous bats in Singapore[END_REF] and another in England found no effect for the switch from LPS to LEDs (Rowse et al., 2016). However, when studying the impact of a switch of lighting technologies, we need to consider all lighting characteristics that are changed. In particular, intensity is an important factor to consider when studying bat responses to light pollution (Hale et al., 2015;Stone et al., 2015b) and, as explained above, the higher luminous efficiency of LEDs could lead to a "rebound effect" resulting in a greater use of light in terms of spatial extent and intensity (Kyba, 2018;Sánchez de Miguel et al., 2022).

Thus, in the third chapter of this PhD, we presented a reanalysis of Rowse et al. (2016) data that answers the following questions:

(1) Does the switch from LPS lamps to LEDs impact bat activity?

(2) Is bat activity influenced by the interaction between light intensity and emission spectrum?

The results of this reanalysis have been published in 2022 in Diversity: where landscapes are already highly fragmented (Laforge et al., 2019), the switch in spectrum may have dramatic consequences for these species. Assessing the potential impact of the transition to LEDs on landscape connectivity is therefore an urgent need. However, so far, no study has done so. I thus presented a study in preparation (Pauwels et al., (in prep) Eventually, in order to move on to new ways of lighting (or not lighting), we need to understand the complexity of the network of actors involved in ALAN and to consider the relationship that we, both living humans and non-humans, have with darkness. It is thus necessary to adopt a transdisciplinary perspective, hence the initiation of a project on public lighting practices in municipalities that we presented in the general discussion of this PhD.

A graphical plan of this PhD can be found Figure 8. 

Context

PNL is increasingly being implemented by municipalities in Europe (Bennie et al., 2014a). Such a measure allows to save energy and reduce costs associated with ALAN in response to economic pressures, limited energy supplies and/or efforts to reduce energy consumptions and greenhouse gas emissions (Gaston et al., 2013). PNL is also one of the principal levers proposed to mitigate the adverse effects of light pollution on biodiversity.

To date, very few studies focused on the effectiveness of PNL in reducing the impact of ALAN on ecosystems. Azam et al. (2015) showed that PNL could fail to fully reduce the impact of ALAN on bats, indeed they found no significant effect of PNL on the activity of six of the eight bat species studied compared to full-night lighting (Myotis spp., P. kuhlii, Pipistrellus nathusius, Nyctalus leisleri, E. serotinus). Similarly, Hooker et al. (2022) did not find significant effect of PNL on the activity of two of the four bat species groups studied (P.

pipistrellus and the Nyctalus/Eptesicus spp. group) compared to full-night lighting. This lack of effect on many bat species could be due to the fact that some species could adapt their foraging strategy according to the lighting present at the beginning of the night (without then returning to potential foraging sites where light could have been switched off in the middle of the night) and/or the fact that PNL schemes do not overlap with the range of activity of these bat species (Azam et al., 2015).

As advocated by Day et al. (2015) in their study on the diel activity pattern of R.

ferrumequinum, the diel activity pattern of target bat species should be taken into account when planning when the lights will be switched off in the evening and switched on in the morning.

However, to date, knowledge on the diel activity patterns of insectivorous bats is scattered in the scientific and grey literature and it is almost solely based on local scale studies and biased toward emergence from roosts. Some authors, like Erkert (1982) and Jones and Rydell (1994) tried to synthesised this scattered knowledge in valuable reviews. However, they are based on studies of limited taxonomic, spatial and temporal ranges.

The development of passive acoustic monitoring (PAM) and automated identification software coupled with the emergence of citizen science program now allow to collect data on bat activity at wide scales. In particular, Newson et al., (2015) showed that citizen science programs based on PAM offer great opportunities to provide new insights in bat temporal ecology. In this first chapter, we therefore used the data from the French bat monitoring program based on citizen science and standardised acoustic recordings to characterise the diel activity patterns of 20 bat species (out of the 36 species that can be found in France) so that their consideration in mitigation measures can aid conservation.

We intended to answer the following questions (Figure 9):

(1) Can we distinguish functional groups of bat species to inspire multi-taxa approaches in conservation based on diel activity patterns?

In particular, in accordance with Jones and Rydell (1994) review on emergence time from roosts, we predicted that bat diel activity patterns will be determined by a trade-off between energetic needs and predation risks. We predicted that species that have a fast and agile flight and that forage on small insects whose activity peaks at dusk and dawn would have a crepuscular activity. Conversely, we predicted that species with a low and slow flight, feeding on moths or flightless prey would tend to forage outside of dusk and dawn.

(2) Should conservation measures take into account the variations in bat diel activity patterns according to the period of the year?

In accordance with previous localised studies (e.g. Robinson and Stebbings, 1997;Swift, 1980), we predicted that if the temporal niche of bat species was indeed determined by a trade-off between energetic needs and predation risks, then variations in energy demands throughout their reproduction cycle (e.g. highest energetic needs for reproductive females during lactation (Racey and Speakman, 1987)) would lead to variations in their diel temporal activity patterns.

It has been suggested that to address conservation issues, biological conservation must be holistic, considering multiple spatial and temporal scales (Lindenmayer and Hunter, 2010).

However, although diel activity time is a major axis of species' niche space, very few conservation measures focus on preserving daily periods free of anthropogenic pressures.

Throughout this chapter, we thus intended to illustrate how this synthesised knowledge of bat diel activity patterns can be integrated not only in PNL schemes but also into other pre-existing conservation measures such as wind turbine curtailment.

Abstract (Figure 10)

Although diel activity time is a major axis of species' niche space, very few conservation measures focus on preserving daily periods free of anthropogenic pressures. While the spatial ecology of bats has received much attention, less is known about their temporal ecology, the knowledge being dispersed in studies of limited taxonomical, spatial and temporal range. We used data from the French bat monitoring program based on citizen science and standardised acoustic recordings (4409 sites monitored and 9807 nights monitored from 2014 to 2020) to characterise the diel activity patterns of 20 bat species so that their consideration in mitigation measures can help conservation. We designed a method to extract times of key descriptors and describe bat activity distribution throughout the night. We found that bat species could be separated in three functional groups characterised by a crepuscular activity, an activity that occurs when it is completely dark or an intermediate activity. We showed variations of diel activity patterns depending on season. We argue that accounting for these complex diel activity patterns would help design efficient mitigation measures, for instance to reduce the exposure of bats to light pollution or wind turbines. Overall, we advocate multi-taxa approaches to design conservation policies adapted to both the temporal and spatial distributions of species. 

Introduction

To address conservation issues, biological conservation must be holistic, considering multiple spatial and temporal scales (Lindenmayer and Hunter, 2010). Spatial ecology has developed to meet this challenge and guide conservation measures from local to global scales (e.g. from the designation of local reserves to the rationalised designation of networks of protected areas and corridors). Space protection has fit in (inter)national regulations and global discussions (e.g.

National park designation, Natura 2000 network, Aichi biodiversity target of 17% of terrestrial surfaces protected by 2020). Conversely, and despite the importance of time in shaping ecosystems, temporal ecology has received much less attention [START_REF] Wolkovich | Temporal ecology in the Anthropocene[END_REF].

Since anthropogenic changes can alter temporal dynamics of ecosystems at various scales, protecting time should be as important a concern as protecting space. However, conservation measures explicitly based on the temporal ecology of species are mainly implemented at local spatial scales, most are incentives rather than regulations and they generally focus on the annual scale (e.g. changing timing of building work to avoid bat hibernation and maternity season, delaying mowing in pastures to protect chicks and nests of ground-nesting birds, prohibiting hunting of species during reproduction, etc.) (Sutherland et al., 2021). In contrast, finer temporal scales are more rarely accounting for in conservation measures.

Although diel activity time is a major axis of species' niche space [START_REF] Schoener | Resource Partitioning in Ecological Communities: Research on how similar species divide resources helps reveal the natural regulation of species diversity[END_REF], very few conservation measures focus on preserving daily periods free of anthropogenic pressures. In response to the 24-hour periodicity of their environment, living organisms have developed endogenous circadian rhythms entertained by exogeneous influences (e.g.

temperature and light-dark cycles) (Aschoff, 1989;Erkert, 1982). These mechanisms allow them to occupy a given temporal niche and coordinate their activity with that of other organisms with which they interact (e.g. conspecifics, predators, prey) (Aschoff, 1989;Erkert, 1982). Time of high species activity should hence be protected to preserve biodiversity at multiple scales, from individual fitness to ecosystem functions.

The very few conservation measures focusing on sharing daily time between human activities and biodiversity tend to be based on the times when human needs are lowest rather than on the diel activity patterns of species. For instance, part-night lighting (PNL, i.e. switching off public lighting during the middle of the night) aims to reduce light pollution impacts on biodiversity (Gaston et al., 2012). However, current PNL schemes are not efficient enough as they do not encompass the range of activity of nocturnal species such as bats (Azam et al., 2015;Day et al., 2015;Hooker et al., 2022). Similarly, algorithm-based curtailment of wind turbines aims to reduce bat fatalities while minimising energy production losses. The most widespread curtailment strategy is only based on a windspeed threshold below which the turbine is curtailed due to expected high bat activity. While curtailment has been shown to be efficient, its results remain variable and it does not fully reduce fatalities [START_REF] Adams | A review of the effectiveness of operational curtailment for reducing bat fatalities at terrestrial wind farms in North America[END_REF][START_REF] Whitby | The State of the Science on Operational Minimization to Reduce Bat Fatality at Wind Energy Facilities[END_REF].

Its efficacy would benefit from considering other variables impacting bat activity such as diel activity time [START_REF] Behr | Mitigating Bat Mortality with Turbine-Specific Curtailment Algorithms: A Model Based Approach[END_REF][START_REF] Friedenberg | Assessing fatality minimization for hoary bats amid continued wind energy development[END_REF]. To include diel activity patterns in conservation measures, a general knowledge on species' temporal distribution, based on standardised and comparable metrics, should be available, which is not the case so far for taxa like bats.

As European bats are a diversified group mainly composed of long-lived insectivorous species occupying high trophic levels, it has been suggested that they can be good bioindicators of the effects of anthropogenic pressures and mitigation measures on biodiversity [START_REF] Jones | Carpe noctem: the importance of bats as bioindicators[END_REF]Russo et al., 2021). However, while the spatial ecology of bats has received much attention (e.g. [START_REF] Laforge | Landscape composition and life-history traits influence bat movement and space use: Analysis of 30 years of published telemetry data[END_REF] less is known about their diel activity patterns, knowledge being dispersed in literature. Most studies informing on diel activity patterns are monospecific and the patterns of many European species have received little to no attention (e.g. Myotis emarginatus, Tadarida teniotis) (see Appendix A for an overview of the scientific literature).

Existing studies have almost all been conducted at local spatial scales (however, at large scales see Day et al., 2015;Mariton et al., 2022;Newson et al., 2015) and they tend to be biased toward monitoring emergence at roosts. Some authors showed that diel activity patterns can vary throughout the year, rising the need for studies conducted at large temporal scales (e.g. Robinson and Stebbings, 1997;Swift, 1980).

The dispersed knowledge on bat diel activity rhythm could be synthesised in a review as Jones and Rydell (1994) did for the time of emergence. However, it would be based on a small number of papers with limited taxonomical, spatial and temporal scope. It would not encompass environmental gradients within species' range and would not provide comparable data between species. In comparison, citizen science coupled with technological developments (e.g. acoustic monitoring, computer vision) offers great opportunities to monitor biodiversity at unprecedented spatiotemporal scales (Newson et al., 2015;van Klink et al., 2022). Newson et al. (2015) showed, at a regional scale, the potential for public contribution to provide new insights into the temporal ecology of bats.

Ecologists lack a unified method to describe bat diel activity patterns. In some studies (e.g. Day et al., 2015;Hooker et al., 2022;Newson et al., 2015), they were characterised by a level of activity during time periods (e.g. every hour). While this method can provide an overview of the activity distribution throughout the night, it discretises continuous time series and implies to choose a time period that maximize precision (i.e. shortest periods possible) without flattening activity patterns (i.e. enough activity per period). Other authors focused on times of "key descriptors", such as the time of first or median emergence (Bullock et al., 1987;Jones and Rydell, 1994). It enables to not discretise time series, but it does not describe the activity distribution throughout the night. These methods appear to be complementary by providing different information on the temporal ecology of bats.

We used data from a citizen science bat monitoring programbased on standardized acoustic monitoring throughout France (4409 sites monitored and 9807 nights monitored from 2014 to 2020)to characterise the diel activity patterns of 20 bat species. Through the calculation of the times of key descriptors and the representation of the activity distribution throughout the night, we aimed to provide a synthetic and general knowledge on bat diel activity patterns. This knowledge could be used in conservation, for instance, to distinguish functional groups of species that could inspire multi-taxa approaches or to pave the way for the consideration of variation of diel activity patterns throughout the year to design efficient conservation measures. In particular, we predicted that ( 1) the overall diel activity patterns of bat species will be driven by their diet and foraging strategies along with their ability to avoid predation, ( 2) that bat diel activity patterns will vary throughout the year according to their reproduction phenology.

Materials and methods

Biological data

We used data from the "stationary points protocol" of the French citizen science bat monitoring program Vigie-Chiro (coordinated since 2014 by the French National Museum of Natural History, https://www.vigienature.fr/fr/chauves-souris) (see Appendix B for details on data acquisition and curation). Volunteers were asked to set up ultrasonic recorders on potential bat commuting/foraging sites for at least one full-night. We used data from 9807 monitored nights on 4409 sites. Preliminary analyses ensured that the monitored sites covered similar land-use gradients as randomly selected sites in France.

We considered bat passes, defined as the occurrence of a single or several bat calls during a 5-s interval (Millon et al., 2015) as a proxy for activity. Species identification was performed with the Tadarida software which classifies bat passes into classes according to a confidence index value (Bas et al., 2017). We only kept passes with a confidence index value greater than 0.5, to obtain, for each species, a maximum error rate tolerance (MERT) of 0.5.

Myotis blythii and Myotis myotis were grouped in a complex named Great Myotis because of their high acoustic similarity [START_REF] Barataud | Acoustic ecology of European bats: species identification, study of their habitats and foraging behaviour[END_REF]. Species for which there were not enough data (i.e. in less than 200 sites after data curation) and species for which we considered that automatic identification was not robust enough were discarded. Eventually, we studied 20 species. To ensure result robustness against automated identification errors that could persist despite the precautions we took when filtering and analysing the data, we chose to follow the approach of Barré et al. (2019) (Appendix C). We showed that our results were not sensitive to the error rates considered and were robust against automated identification errors.

Characterisation of the diel activity patterns

Key descriptors

First, we characterise diel activity patterns by defining "key descriptors" within nights. Indeed, descriptors such as the time of emergence has been related to reproduction success (Boldogh et al., 2007;Duvergé et al., 2000). We considered the percentage of the night elapsed (R 4.2.0 (R Core Team, 2022), R package StreamMetabolism [START_REF] Sefick | Stream Metabolism-A package for calculating single station metabolism from diurnal Oxygen curves[END_REF]). Indeed, we could not use raw time to characterise diel activity patterns as bat activity tends to be parallel to sunset and sunrise times (Erkert, 1982) and as, in our large-scale dataset these times are variable according to the period of the year, latitude and longitude. Hours after sunset have been used in some studies (e.g. Day et al., 2015;Jones and Rydell, 1994;Newson et al., 2015). However, considering hours after sunset as a measure of time does not correct for the variable time of sunrise. In comparison, the percentage of the night elapsed allows the sunset time to always be equal to zero and the sunrise time to 100.

We calculated the time of five "key descriptors" for each species: (i) the time of the median pass (TMedian), (ii) the time of the first pass (TFirst) and the median pass (TMedianP1)

during the first part of the night, (iii) the time of the last pass (TLast) and the median pass (TMedianP2) during the second part. TFirst and TLast rely on a single pass and are vulnerable to extreme values, however they provide information on the start and the end of activity independently of the overall activity pattern. Conversely, TMedian, TMedianP1 and activity pattern. We considered the medians during each night half because previous studies showed that diel activity patterns of insectivorous bats tend to be bimodal with a first activity peak after sunset and a second, weaker, before sunrise (Erkert, 1982).

We calculated an overall value for the time of each key descriptor (hereafter called the "mean" value) following the workflow presented in (Figure 11). To account for the hierarchical structure of the dataset, we calculated (i) the times of the key descriptors by night, then (ii) the mean times by site (we applied a weight based on the number of passes by night as we postulated that the more passes there are during a night, the more robust the estimation of the times of the key descriptors), eventually (iii) the mean times over the whole dataset using the mean times by site (we applied a weight based on the mean number of passes by sites) (Appendix D). 

𝑁 𝑗 𝑖=1 / [∑ 𝑙𝑜𝑔 (1 + 𝑃 𝑗,𝑖 ) 𝑁 𝑗 𝑖=1 ] 2.

Activity distribution throughout the night

Secondly, we assessed the activity distribution throughout the night by calculating an estimated density of activity (R function density) (see Appendix D). In previous studies (e.g. Day et al., 2015;Newson et al., 2015), some authors considered the number of bat passes during given time periods (e.g. every hour). In comparison, density estimation allowed to better account for the continuous aspect of our data.

We followed the workflow presented in (Figure 12). We used all the passes of each species as, for rare species particularly, there were not enough passes to characterise the activity distribution by night. We accounted for the hierarchical structure of our dataset by assigning a weight to each pass so that (i) the weight of a site in the density calculation was based on the mean the number of passes of this site, (ii) the weight of a night within a site was based on the number of passes of this night, (iii) each pass of a night within a site had the same weight. We calculated 95% confidence bands for the estimated densities using bootstrap (1000 resamples).

We defined the times of activity peaks (TPeakP1 and TPeakP2 for peaks occurring during the first part and the second part of the night respectively) as the times of local density maxima with a high peak score (a high peak score meaning that the distance between the density value at a time point was high compared the density values surrounding it) (R package scorepeak (Ochi, 2019)).

We calculated a cumulative curve of weighted bat activity throughout the night using the cumulative weight of all passes ranked by increasing percentage of the night elapsed. To assess whether the weighted activity of a species was concentrated around activity peaks or more evenly distributed throughout the night, we searched for the 15 % interval of the night during which its weighted activity was maximum and we calculated this maximum.

Examples of comparison of diel activity patterns inter-and intra-species

Activity distribution throughout the night according to the season

To assess variations of activity distribution throughout the night according to the season, we estimated the densities of activity on subsets of our datasets. Indeed, some authors showed that bat diel activity patterns could change according to their reproductive states (e.g. Robinson and Stebbings, 1997;Swift, 1980). We applied the density calculation method to three temporal subsets: spring (1 March to the 21 June, 1447 sites, 2762 nights), summer (22 June to 21 August, France, for most species, these periods corresponded approximately to the hibernation ending/gestation, lactation and dispersion/reproduction (Arthur and Lemaire, 2015).

Clustering of the species

To determine whether species could be clustered in functional groups according to similarities in their diel activity patterns, we performed a Hierarchical Clustering on the Principal Components (HCPC) of a Principal Component Analysis (PCA) (R package FactoMineR (Lê et al., 2008)), the variables used being the times of the keys descriptors and the times of the activity peaks. For each variable, we calculated the difference between the average for the species in a cluster and the overall average (i.e. the average for all species studied). We tested whether the average in each cluster was equal to the overall average (Husson et al., 2010(Husson et al., , 2009)).

Results

Diel activity pattern description

The mean time of the key descriptors and the time of the activity peaks varied greatly according to the species (Figure 13, Table E andFigure G). We did not detect any activity peak for Myotis mystacinus and Plecotus auritus. For six species, we detected a unimodal activity pattern with a single activity peak in the first part of the night (Barbastella barbastellus Eptesicus serotinus, the Great Myotis Myotis daubentonii, Pipistrellus nathusii and Plecotus austriacus). For the remaining 12 species, we detected a bimodal activity pattern with one peak during the first part of the night and another during the second. As the times of the peaks were extracted from the estimated density using all weighted passes they are not directly comparable to the times of the key descriptors calculated as successive weighted means by night and site.

The activity distribution throughout the night varied substantially according to the species (Figure 14 and Figure H). For instance, the 15 % interval of the night with the most activity occurred at the beginning of the night and included the TFPeak for all species for which we detected an activity peak (except for T. teniotis). However, the percentage of weighted activity during this interval varied from 17.4 % for M. emaginatuswhose activity is almost uniformly distributedto 43.1 % for Hypsugo saviiwhose activity is strongly condensed into peaks (Table I). Some species were more crepuscular than others: for instance, 54 % of the weighted activity of Nyctalus noctula occurred before 10 % of the night had elapsed and after 90 % of the night had elapsed, compared to only 7.7 % of the weighted activity of P. auritus.

Clustering of species according to their temporal niche

The species clustering resulted in three clusters (Table 1, Appendix J). The first cluster, composed of Pipistrellus pipistrellus, Pipistrellus pygmaeus and N. noctula was characterised by an earlier activity at the beginning of the night and a later activity at the end, we called the species in this group "crepuscular" species. The second cluster was composed of ten species: the Great Myotis, P. auritus, M. emarginatus, Myotis nattereri, P. austriacus, Rhinolophus hipposideros, M. mystacinus, T. teniotis, B. barbastellus and Miniopterus schreibersii. It was characterised by a later activity at the beginning of the night and a sooner end of activity at On the left are the codes of the species studied (correspondence between the codes and the full Latin and English names in Table F), followed by the cluster in which they were classified according to the HCPC (C: crepuscular species, I: intermediate species, L: late species). On the right is the number of sites monitored by species. Species are ranked by increasing value of mean TFirst. For Pipistrellus pygmaeus (Pippyg) and Pipistrellus nathusii (Pipnat) the mean TPeakP1 and TFirst were almost equal.

The end, we called species in this group "late" species. The last cluster was composed of seven species: Pipistrellus kuhlii, H. savii, E. serotinus, M. daubentonii, P. nathusii, Nyctalus leisleri and Rhinolophus ferrumequinum. These species had an activity at the beginning and the end of the night intermediate between those of the "crepuscular" and "late" species, with an average TMedian that was significantly earlier than the average considering all species. We called species in this group "intermediate" species. Table 1: Description of the clusters. "Average cluster" and "Overall average" correspond to the average of the variables (mean times of the key descriptors or times of the activity peaks) for the species in the cluster and for all species respectively. "p.value" is the p-value obtained by testing the hypothesis: "the average of the cluster is equal to the overall average". Only variables for which the p-value was lower than 0.05 for the cluster are shown. "Diff in %" is the difference between the average in the cluster and the overall average in percentage of the night elapsed. "Diff in min" is the difference in minutes for a nine-hour night. 

Cluster

Variations of the activity distribution throughout the night according to the seasons

Despite slight variations, the times of the activity peak and the activity distributions throughout the night remained generally similar across all seasons (Figure 15,Figure K). However, for some species, the amplitudes of the activity peaks changed between seasons (e.g. weak and

widespread activity peak at the beginning of the night for E. serotinus in summer, compared to thinner and stronger peaks during other seasons). For some species, activity peaks were not even detectable during some periods (e.g. strong activity peak at the beginning of the night for B. barbastellus in spring, compared to weak or even non-detectable peaks during other seasons).

Bats tended to be proportionally more active at the end of the night in summer. For all species (except for the Great Myotis), the percentage of weighted activity occurring after 80 % of the night had elapsed was greater in summer than in other seasons (considering all species, mean difference of weighted activity between summer and spring: 4.6 %, between summer and autumn: 6.3%). The percentage of weighted activity occurring after 80 % of the night had elapsed was also greater in spring than in autumn for 15 species out of 20 (mean difference of weighted activity between spring and autumn: 1.6 %).

Conversely, bats tended to be proportionally less active at the beginning of the night in summer. For all species (except for both Rhinolophus), the percentage of weighted activity occurring before 20 % of the night had elapsed was weaker in summer than in other periods (mean difference of weighted activity between summer and spring: -7.7%, between summer and autumn: -5.4%). The percentage of weighted activity occurring before 20 % of the night had elapsed was also greater in spring than in autumn for 13 species out of 20 (mean difference of weighted activity between spring and autumn: 2.3 %). 

Discussion

The use of a seven-year nationwide citizen science project gave us the opportunity to characterise the diel activity patterns of 20 insectivorous bat species at broad spatial and temporal scales. We showed that, although these patterns varied substantially between species, species could be grouped according to similarities in their temporal niches. Diel activity patterns also varied according to the season. We argue that this knowledge can be used to inform conservation measures to better preserve key times of bat diel activity.

Characterisation of diel activity patterns

We developed a methodology that can be applied to all taxa, whether abundant or rare, and at different spatial scales. This allowed us to go further than an hourly representation of bat passes by providing the times of key diel descriptors and a representation of activity distribution throughout the night, while accounting for the hierarchical structure of the dataset. The representativity and the large number of sites of the Vigie-Chiro dataset allowed to provide robust results that could be a first step towards further statistical analyses on the impacts of environmental (e.g. reproductive status, weather) and/or anthropogenic stressors (e.g. land-use change, pollution) on bat diel activity patterns while controlling for possible spatiotemporal autocorrelation issues (e.g. Mariton et al., 2022).

A strength of this study is to describe the diel activity patterns of many species using a single dataset, allowing direct comparisons between them. As diel activity patterns influence species' performance in a given environment, they can be considered as functional traits (Bennie et al., 2014) and we can thus distinguish functional groups based on similarities in their temporal niches. We distinguished: (1) "crepuscular" species with a marked bimodal activity starting shortly after sunset and ending shortly before sunrise, ( 2) "late" species with an overall well distributed activity throughout the night (i.e. no activity peak or a weak unimodal or bimodal activity pattern), starting late at night and ending earlier than the other species, (

"intermediate" species with a unimodal or bimodal activity pattern and an overall activity that, while fairly early in the night, had intermediate start and end times compared to the other groups.

Such differences in the diel activity patterns of these functional groups can be explained by a trade-off between energetic needs and predation risks. Almost all the "crepuscular" and "intermediate" species are known to forage mainly on Diptera (Arthur and Lemaire, 2015;Jones and Rydell, 1994;Ware et al., 2020). It has been suggested that the unimodal to bimodal activity pattern of these species, with peaks at dusk and dawn, resulted from the need to match the abundance peaks of this small insects (Dietz and Kalko, 2007;Jones and Rydell, 1994;Newson et al., 2015;Rydell et al., 1996;Swift, 1980). Almost all the species in these two groups are aerial edge-or open-foraging species that are usually considered to have a fast and agile flight, they are then less vulnerable to predation risks when exposed to light, allowing them to be active earlier than other species (Jones and Rydell, 1994;Voigt et al., 2021).

Conversely, most of the "late" species are gleaning or flutter-detecting narrow-foraging species that have a low and slow flight, making them more vulnerable to predation when exposed to light (Jones and Rydell, 1994;Voigt et al., 2021). The diet of the "late" species is composed of a large number of Lepidoptera (whose abundance remains quite high throughout the night) and/or flightless prey (Jones and Rydell, 1994;Ware et al., 2020). They can hence forage outside the dusk and dawn activity peaks of Diptera (Entwistle et al., 1996;Jones and Rydell, 1994;Marques et al., 2004;Rydell et al., 1996;Swift, 1997). Thus, it has been suggested that they can remain active throughout the night and avoid higher predation risks by emerging from their roost later than other species, when light levels are low (Entwistle et al., 1996;Jones and Rydell, 1994).

We observed variations in bat diel activity patterns according to the season. The overall patterns remained similar throughout the year, but the amplitude of the activity peaks varied. This is consistent with studies showing that the reproductive status of bats influences their diel activity pattern (Catto et al., 1995;Dietz and Kalko, 2007;Maier, 1992;Swift, 1997Swift, , 1980)).

We observed that there was a greater concentration of bat activity at the end of the night during early summer. The short duration of the night during early summer may force bats to exploit the whole night. Besides, early summer matches the lactation period of most species, during which energy requirements are the highest for reproductive females (Racey and Speakman, 1987) and during which they must return to the roost at night to suckle their young. Hence, a greater concentration of activity before sunrise could also be due to the need to forage longer and/or more efficiently (as some insects are abundant at dawn) to reach their high energy requirements while suckling their young after one or more activity bouts.

Diel activity patterns in conservation policies

We showed that bat diel activity patterns are highly variable according to the species, with variations between seasons. We advocate that this complexity be better accounted for in conservation policies aimed at reducing species' exposure to pressures. This would pave the way for the design of conservation policies that would include both the spatial and the temporal distributions of species, for example, with stronger efforts to spare key diel times of species activity where conservation stakes are highest and to share time where human needs are highest.

We illustrated below how conservation measures could better account for diel activity patterns through the example of two pre-existing but still developing measures focusing on pressures that have been recognised as potential drivers of changes in bat population: wind turbines and light pollution (Browning et al., 2021).

Part-night lighting (PNL) is increasingly implemented in Europe (Bennie et al., 2014).

Only a few studies have focused on this mitigation measure against light pollution, however they agree on the need to encompass the range of activity of bats, by switching off streetlights earlier, for PNL to be efficient (Azam et al., 2015;Day et al., 2015;Hooker et al., 2022). Our method and results would allow for the possibility of defining a threshold based on a multi-taxa approach, including all bat species targeted by PNL. For instance, Azam et al. (2015) study was conducted in summer in a French regional park. They did not detect a significant effect of PNL on five out of the eight bat species studied, likely because the PNL scheme did not cover their key times of activity. According to our results, at this time and place, implementing a PNL scheme that would start before the mean time of the first pass of the "late" species (i.e. the group of species whose activity starts the latest and which is mainly composed of lightintolerant species) would result in switching off lights on average at 22:33, whereas at the studied sites streetlights were switched off around midnight.

Local people would probably object to the implementation of such a PNL scheme, as streetlights would be switched off when human needs for lighting are likely the highest (Gaston et al., 2012). Finding compromises between the light needs of humans and the dark needs of bats is therefore of importance, one solution being the consideration of both the spatial and the temporal distribution of bats. For instance, streetlights could be switched off early near key sites for bats (e.g. roosts, ecological corridors) while working on other mitigation measuresat least during key times for bat activitywhere light is needed by humans and cannot be switched off as early as needed (e.g. changing the light spectrum, reducing light intensity and trespass or installing motion detectors).

Similarly, including bat diel activity patterns in algorithm-based curtailments of wind turbines would be of utmost interest [START_REF] Behr | Mitigating Bat Mortality with Turbine-Specific Curtailment Algorithms: A Model Based Approach[END_REF][START_REF] Friedenberg | Assessing fatality minimization for hoary bats amid continued wind energy development[END_REF]. This would allow the implement a stricter cut-in speed when fatality risks are susceptible to be the highest (e.g. dusk and dawn) than during the rest of the night. However, the curtailment algorithm of [START_REF] Behr | Mitigating Bat Mortality with Turbine-Specific Curtailment Algorithms: A Model Based Approach[END_REF], which is now the standard method for mitigating bat collision risks of at wind farms in Germany, is one of the only algorithms we know of that consider bat diel activity patterns [START_REF] Adams | A review of the effectiveness of operational curtailment for reducing bat fatalities at terrestrial wind farms in North America[END_REF][START_REF] Whitby | The State of the Science on Operational Minimization to Reduce Bat Fatality at Wind Energy Facilities[END_REF]. Adding an interaction between the time of the year and the time of the night could even increase the performance of such algorithms. For instance, in the dataset of [START_REF] Behr | Mitigating Bat Mortality with Turbine-Specific Curtailment Algorithms: A Model Based Approach[END_REF], N. noctula and P. pipistrellus were the species that accounted for most of the recordings. According to our results, the times of the two activity peaks of these species remain quite similar throughout the year but their amplitude change with, for instance, a proportionally greater activity at dawn in summer than during the rest of the year. These results hence raise the need for stronger curtailment efforts at dawn during summer.

Conclusions

We characterised the diel activity patterns of 20 bat species using a nationwide citizen science dataset. This new insight into the temporal ecology of bats can pave the way for fundamental analyses. For instance, insectivorous bat communities are diverse and probably highly structured by competition [START_REF] Jachowski | Disease and community structure: white-nose syndrome alters spatial and temporal niche partitioning in sympatric bat species[END_REF], studying how temporal niche partitioning determined their activity patterns would hence be of interest. From a conversation perspective, all mitigation measures aimed at reducing the impacts of stressorswhose intensity vary throughout the day -on biodiversity would benefit for a better consideration of species' diel activity patterns in addition to their spatial distribution. We strongly advocate multi-taxa approaches covering as many taxa known to be impacted as possible.

In short Main novelties:

-General knowledge on the temporal distribution of 20 European species, based on standardised and comparable metrics.

-Reproducible method to extract times of key descriptors and describe bat activity distribution throughout the night.

-Appeal to take diel activity rhythm into account in conservation measures and policies.

Result (Figure 16):

In this first chapter, we characterised the diel activity pattern of 20 European bat species.

We designed a method based on the calculation of the timing of diel descriptors and an estimation of the diel activity distribution that can be applied not only to bat species but also to other taxa that can be monitored with passive acoustic devices. Furthermore, this method can be used for both common and rare species and at several scales. We showed that this characterisation allows to distinguish functional groups of species: "crepuscular" species (e.g.

P. pipistrellus mean first recording was around 2.55 % of the night elapsed), "intermediate" (e.g. E. serotinus mean first recording was around 9.12 % of the night elapsed) and "late" species (e.g. Plecotus austriacus mean first recording was around 17.33 % of the night elapsed).

Such functional groups can help design multi-taxa approaches for conservation. Although the overall diel activity patterns remained consistent throughout the year, we nevertheless found seasonal variations probably due to different energetic requirements according to bat reproduction status. We argue that accounting for these complex diel activity patterns would help design efficient mitigation measures (e.g. PNL schemes, wind turbine curtailment algorithms) to protect biodiversity from anthropogenic pressures.

Perspectives

In this study, we illustrated how, in theory, our characterisation of bat diel activity patterns could be included in measures such as PNL and wind turbine curtailment. We believe that this large-scale, synthesised study of bat temporal activity would be useful to conservation practitioners and policy makers.

Our results allow to estimate that in the French regional nature Park where Azam et al.

(2015) conducted there study on PNL, light should be switched off much earlier (on average around 22:30 compared to midnight) to coverat least -the range of activity of the "late" group of species (i.e. the functional group of species with the latest onset of activity and which is mainly composed of "light-intolerant" species). However, it has been suggested that local people would probably object to the implementation of such a PNL scheme, as streetlights would be switched off when human lighting needs are the highest (Gaston et al., 2012). We thus recommended to considering both bat temporal and spatial distributions in order to identify areas of high importance for bats (e.g. maternity roosts, key foraging areas or commuting corridors) where PNL could start early in the night and implement later PNL schemes coupled with other mitigations measures (e.g. lower light intensity) in other areas where lights are most needed for human activities and where the stakes for biodiversity are lower.

Furthermore, protecting all bat species from light pollution and not just those of the "late" group may be necessary (e.g. several species of the "crepuscular" and "intermediate" groupssuch as N. noctula, N. leisleri, P. pipistrellus or E. serotinusare considered as "vulnerable" or "near threatened" in France (UICN France et al., 2017)). Nevertheless, this would result in almost not switching on lights between sunset and sunrise (as, for instance, the mean time of the first pass for P. pipistrellus is 2.55 % of the night elapsed, which would be equivalent to 14 min after sunset for a nine-hour night).

However, it should be noted that species in the "crepuscular" and "intermediate" groups are mainly open-and edge-space-foraging species (i.e. species which are usually considered to be "light tolerant") which are known to forage in the vicinity of streetlights (Rydell, 1992). For instance, Azam et al. (2015) showed that the activity of P. pipistrellus, P. kuhlii, P. nathusii, N. leisleri and Nyctalus noctula was higher in full-night and/or PNL sites compared to unlit ones.

P. pipistrellus activity was even lower at PNL sites compared to full-night sites. One might therefore wonder whether we should try to protect these species from light pollution. To answer this concern, it is necessary to conduct studies at wider spatiotemporal scales in order to evaluate the direct (e.g. alteration of landscape connectivity) and indirect (e.g. higher insects' mortality ) impacts of ALAN on these species locally considered to be "light tolerant". Pipistrellus spp., Nyctalus spp. and Eptesicus spp.), which are known to be "light tolerant", are attracted to light sources where they exploit the predictable insect biomass (Azam et al., 2018;Rydell, 1992;Salinas-Ramos et al., 2021;Stone et al., 2015a;Zeale et al., 2018). The enhancing effect of ALAN on the activity of these "light tolerant" species has also been found at the landscape scale by Laforge et al. (2019) for E. serotinus, by Mathews et al. (2015) for N. leisleri and by Barré et al. (2021b) for P. kuhlii and Pipistrellus pygmaeus. ALAN might then appear to be beneficial for these species and attempting to protect them from it might seem irrelevant.

However, Laforge et al. (2019) and Barré et al. (2021b) also found that Myotis daubentonii and P. pipistrellus responded negatively to light pollution at the landscape scale, respectively. Similarly, Azam et al. (2016) found that the activity of P. pipistrellus, P. kuhlii and E. serotinus decreased when exposed to light pollution, at the city scale, Pauwels et al.

(2019) found that P. pipistrellus activity was lower due to ALAN and Voigt et al. (2020) showed that the spatial use of N. noctula was largely limited by ALAN. Therefore, the responses of open-and edge-space-foraging species to light pollution appear to be more complex than might be excepted by focusing only on the local scale. In particular, at the landscape scale, at least in some contexts, light pollution seems to be detrimental for these "light tolerant" species.

Several mechanisms could explain this lower abundance of open-and edge-spaceforaging bats at large scales despite potential benefits at local scales: (1) ALAN may disrupt landscape connectivity for bats and thus affect their commuting behaviours (Hale et al., 2015;Laforge et al., 2019;Stone et al., 2009), ( 2) ALAN may contribute to the decline of insect populations and thus result in a decrease in the overall feeding biomass available for bats (Boyes et al., 2021;van Grunsven et al., 2020), ( 3) besides altering the spatial distribution of bats, ALAN may disrupt their temporal one. Indeed, all these mechanisms may lead to a lower individual fitness (e.g. due to higher mortality rates, lower reproductive success) and thus have potential cascading impacts on population dynamics.

As shown in the first chapter of this PhD, so far, studies on bat diel activity patterns are scattered and mainly conducted at local scales. It is thus not surprising that very few studies focused on the effect of anthropogenic pressures, such as ALAN, on the temporal distribution of bats. Nevertheless, some localised studies have shown that narrow-space-foraging species (i.e. species considered to be "light-intolerant") tend to emerge later from their roosts when exposed to light (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021), with potential cascading effects on reproductive success. In particular, Boldogh et al. (2007) found that the body mass of juveniles of Myotis blythii and Myotis emarginatus was lower in illuminated colonies than in non-illuminated colonies. They hypothesised that this might be due to a lower availability of insects for females in illuminated colonies. Indeed, delayed activity could result in an overall reduction in the time-budget for foraging and in a desynchronisation of bats with the peak of activity of their prey (Luo et al., 2021;Stone et al., 2015a), with potentially dramatic consequences for individual fitness and population dynamics.

However, to our knowledge, only two studies assessed the impact of light pollution on bat diel activity rhythm at commuting/foraging sites. Stone et al. (2009) showed in an experimental study that the onset of commuting behaviour in Rhinolophus hipposideros (a narrow-space-foraging species) was delayed by ALAN (8 sites) and Haddock et al. (2019) showed that the first recording of Vespadelus vulturnus (an edge-space-foraging species) was delayed in light-polluted sites (31 pairs of sites). Such studies are valuable, but they are rare, they focus on rather local scales and direct light pollution. Furthermore, there is a lack of studies Using the data from the citizen-science program Vigie Chiro, we first intended to answer the following questions:

(1) At the national scale, is the activity of a "light tolerant" species lower because of light pollution?

The study of Laforge et al. (2019) was conducted in highly urbanised study sites, whereas the study of Azam et al. (2016) was based on acoustic surveys conducted at landscape scale in sites representative of the French land-cover. We could thus expect our results on E.

serotinus at the national scale to be similar to those of Azam et al. (2016), i.e. to find a decrease in the activity of E. serotinus in light-polluted landscapes. It should be noted that the study of Azam et al. (2016) was only conducted at the beginning of the night (approximately 1.5 h during the period of bat activity) and that also finding a decrease in E. serotinus activity due to ALAN would extend these results to the overall E. serotinus activity during the night.

(2) If so, does light pollution affect the diel activity pattern of this bat species at foraging sites and to what extent?

We hypothesised that even species usually considered to be "light tolerant" when foraging such as E. serotinus might delay their timing of activity in light-polluted landscapes.

By answering these questions, we hoped that this study would provide a better understanding of the sensitivity of bat species usually considered to be "light tolerant" to ALAN and could thus help inform public decisions on lighting reduction. Indeed, these species are mostly early-emerging species which would constraint PNL schemes to start very early or even not to switch on any light at all between sunset and sunrise. Where and when light cannot be switched off, other levers proposed in the literature to mitigate light pollution effect on biodiversity could be implemented, such as reducing light intensity. However, studies on the response of E. serotinus to light intensity show complex and not always consistent results (Azam et al., 2018;Lacoeuilhe et al., 2014) (Box 4). We thus intended to assess the following question:

(3) Can small variations in light levels have an impact on the spatiotemporal activity pattern of a light tolerant species? Such small variations can be due to natural light sources such as moonlight or to variation of the intensity of the skyglow because of cloud cover (Jechow et al., 2020(Jechow et al., , 2017;;Kyba et al., 2011). Given forecasts predicting that, by 2030, global urban land cover will increase by 1.2 million km² [START_REF] Seto | Global forecasts of urban expansion to 2030 and direct impacts on biodiversity and carbon pools[END_REF], there are urgent needs to understand mechanisms underlying urbanisation effects on biodiversity [START_REF] Mckinney | Urbanization, Biodiversity, and Conservation[END_REF]. In addition to leading to an increase in impervious surfaces, threatening biodiversity hotspots [START_REF] Seto | Global forecasts of urban expansion to 2030 and direct impacts on biodiversity and carbon pools[END_REF], it also results in the emissions of stressors such as noise, chemicals, and artificial light [START_REF] Isaksson | Urbanization, oxidative stress and inflammation: A question of evolving, acclimatizing or coping with urban environmental stress[END_REF].

Artificial Light At Night (ALAN) and the resulting light pollution spreading even far from urban areas affect 23% of the globe's surface (Falchi et al., 2016), with a rate of 2.2% of areas being newly artificially lit per year (Kyba et al., 2017). As it accounts for 16.5% of global electricity demands (Zissis et al., 2021), it is an energetic use issue, but ALAN impacts on biodiversity are also a growing concern (Hölker et al., 2010;[START_REF] Koen | Emerging threat of the 21st century lightscape to global biodiversity[END_REF]Longcore & Rich, 2004).

Light pollution has been shown to impact both nocturnal and diurnal species with potential dramatic effects on individual fitness, reproduction success and ecosystem functioning (Gaston et al., 2013;Owens et al., 2019;[START_REF] Svechkina | The impact of artificial light at night on human and ecosystem health: A systematic literature review[END_REF]. Many studies have focused on ALAN alteration of the species' movements and spatial distributions through attraction/repulsion behaviours (Longcore & Rich, 2004;Stone et al., 2015). However, ALAN also impacts the , 2015). Overall, the cumulative effects of ALAN on the species' behaviour and community ecology have been recognized as a threat to ecosystem functions (Gaston et al., 2013;Longcore & Rich, 2004).

Developing lighting strategies to mitigate ALAN impacts on biodiversity is therefore essential (Hölker et al., 2010;[START_REF] Pauwels | Adapting street lighting to limit light pollution's impacts on bats[END_REF]. Changing lighting intensity has been suggested as a possible measure (Gaston et al., 2012). However, a few studies suggest that dim light pollution levels, similar or lower to the full moonlight illuminance under clear skies (i.e.

c. 0.1 -0.3 lx), might impact biodiversity (Azam et al., 2018;Dominoni et al., 2013;Evans et al., 2007;Secondi et al., 2021).

Biological effects of widespread low light levels, induced for instance by skyglow (i.e. the artificial light scattered by atmospheric constituents and reflected back towards the Earth (Gaston et al., 2015;Kyba et al., 2017)), are an emerging concern (Gaston et al., 2013). Cloud cover has been shown to enhance this indirect light pollution by amplifying and expanding it to remote areas which are not affected by light pollution on clear nights (Jechow et al., 2017(Jechow et al., , 2020;;Kyba et al., 2015). However, skyglow, and more generally, diffuse light pollution effects on biodiversity have been scarcely studied (Kupprat et al., 2020;Torres et al., 2020;Wilson et al., 2021).

As they are nocturnal, and directly exposed to light pollution, bats provide a useful system to study the impacts of ALAN on biodiversity. Natural pattern of light and dark is an important environmental cue synchronizing bat circadian rhythm (Erkert, 1982). The evening emergence of bats has been shown to be influenced by the sunset time (Erkert, 1982) while moonlight appears to influence the activity of some bat species (Saldaña-Vázquez & Munguía-Rosas, 2013). A perception of higher predation risks has been suggested as a driver of bat responses to light (Jones & Rydell, 1994;Rydell et al., 1996). Hence light pollution, by disrupting natural light regimes, hiding environmental cues and potentially increasing predation risks, might have dramatic effects on both bat abundance and timing of activity.

It has been shown that bat responses to ALAN depend on their foraging strategies and flight techniques (Jones & Rydell, 1994). Narrow-space-foraging bat species (mainly short-rangeecholocators that slowly fly in confined spaces [START_REF] Denzinger | Bat guilds, a concept to classify the highly diverse foraging and echolocation behaviors of microchiropteran bats[END_REF]Voigt et al., 2021)) are considered to be light-intolerant at all spatial scales (Lacoeuilhe et al., 2014;Rydell, 1992;Salinas-Ramos et al., 2021;Spoelstra et al., 2017;Voigt et al., 2021;Zeale et al., 2018), whereas the responses of edge-and open-space-foraging species (mainly mid-and long-rangeecholocators that fly faster than narrow-space-foraging species [START_REF] Denzinger | Bat guilds, a concept to classify the highly diverse foraging and echolocation behaviors of microchiropteran bats[END_REF]Voigt et al., 2021)) to light pollution are more complex and depend on the spatial scale considered [START_REF] Pauwels | Adapting street lighting to limit light pollution's impacts on bats[END_REF]Voigt et al., 2021).

At local scale, edge-and open-space-foraging species, such as Pipistrellus spp. and Eptesicus spp., tend to be attracted by light sources (Azam et al., 2018;Rydell, 1992;Salinas-Ramos et al., 2021;Stone et al., 2015;Zeale et al., 2018) probably because of the predictable foraging opportunities they offer by attracting high insect densities (Owens et al., 2019;Russo et al., 2019). However, at a slightly higher scale, Azam et al. (2018) ALAN may disrupt the timing of bat nocturnal activity with potential cascading effects on their fitness and reproductive success, leading to potential population declines (Stone et al., 2015).

Roost illumination has been shown to delay the emergence of narrow-space-foraging bat species (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021). Some localised studies also suggest that the timing of bat activity might be disrupted at foraging sites due to ALAN. Intensity is an important factor to consider when studying bat responses to light pollution (Hale et al., 2015;Kerbiriou et al., 2020;Stone et al., 2015). Some studies even suggest that bat spatiotemporal distribution might be disrupted by slight modifications of light levels such as those due to moonlight (Appel et al., 2017;Gomes et al., 2020;Kolkert et al., 2020). However, this moonlight effect has not been much studied in temperate regions and is still discussed In this study, we used the data from a national citizen science program to assess if light pollution, including at low intensities, affects the abundance and timing of activity of openspace-foraging bat species at their foraging sites, at landscape scale. We chose to focus on E.

serotinus, an open-space-foraging bat species which is common in France but declining (Bas et al., 2020). Because their responses to light pollution are known to be complex and scale dependent (Azam et al., 2016(Azam et al., , 2018;;Stone et al., 2015), it is a particularly interesting species to explore the mechanisms explaining the responses of open-space-foraging bat species to ALAN. We predicted ( 1) that E. serotinus abundance would decrease with light intensities at foraging sites, ( 2) that their timing of activity at their foraging sites would be delayed later in the night because of light pollution, (3) that moonlight and cloud cover, by modifying light intensity, would also affect E. serotinus abundance and timing of activity. [START_REF] Core | R: A language and environment for statistical computing (3.2.3) Computer software[END_REF].

Materials and methods

2.1.Bat surveys

We considered bat passes, defined as the occurrence of a single or several bat calls during a 5-s interval (Kerbiriou et al., 2019a;Millon et al., 2015). This metric had already been used in many studies (Azam et al., 2015;Barré et al., 2019;Millon et al., 2015;Pauwels et al., 2019), and, as 5 s is the mean call duration recorded for E. serotinus in France [START_REF] Kerbiriou | Bat Pass Duration Measurement: An Indirect Measure of Distance of Detection[END_REF], it was the best compromise between the risk of counting several times the same individual and the risk of missing another individual.

As automated identification can generate significant error rates, we chose to follow Barré et al., (2019) approach to ensure result robustness against automated identification errors.

We considered E. serotinus passes with a maximum error rate tolerance of 0.5 to minimize false positives while keeping a high number of E. serotinus passes. Then, in order to ensure result robustness, we confirmed our results using a maximum error rate tolerance of 0.1 in Supplementary material A. Such a rate permitted us to limit false positives but discarded more true positives.

Spatiotemporal restrictions

We excluded surveys that might have been carried out near bat roosts, as we expected relative abundance to be higher there and driven by other factors than at foraging sites. There, we also expected an earlier timing of activity driven by specific events such as emergence. We also excluded surveys carried out in mountain environments (defined as sites above 500 m above sea level) to restrict our dataset to E. serotinus distribution range (Arthur & Lemaire, 2015) and to avoid any bias due to mountain environments (e.g., shades, specific climate) or to bat specific behaviours in these kind of environments (Cryan et al., 2000;McCain, 2007).

It had been shown by Catto et al. (1995) that while the timing of E. serotinus activity was unimodal to bimodal during gestation, it became more complex and multimodal during lactation. Therefore, we restricted our study to the gestation period of E. serotinus (from May 1 st to 21 st June (Catto et al., 1995;[START_REF] Harbusch | The sessile serotine: The influence of roost temperature on philopatry and reproductive phenology of Eptesicus serotinus (Schreber, 1774) (Mammalia: Chiroptera)[END_REF])) because we expected that the timing of E. serotinus activity would be consistent during this period. Moreover, during gestation, female bats experience a greater wing loading that might affect their flight performance and make them more likely to be vulnerable to predation (Duvergé et al., 2000).

Therefore, bats are likely to be prone to suffer from light pollution during this period. Finally, during this period, controlling for the potential confounding effect of night length is easier, as it is only decreasing.

2.2.Biological and environmental metrics

Abundance

We used the number of E. serotinus passes (named hereinafter "relative abundance") during the night (from 30 min before sunset to 30 min after sunrise) as a proxy for abundance. As a matter of fact, because the number of feeding buzzes (i.e., call sequences produced by bats prior to a successful, or attempted, prey capture [START_REF] Griffin | Listening in the Dark[END_REF]) has been shown to be strongly related to the overall number of bat passes, relative abundance can been used as reliable estimator of foraging activity [START_REF] Put | Bats respond negatively to increases in the amount and homogenization of agricultural land cover[END_REF][START_REF] Russo | Use of foraging habitats by bats in a Mediterranean area determined by acoustic surveys: Conservation implications[END_REF][START_REF] Salvarina | Seasonal bat activity related to insect emergence at three temperate lakes[END_REF].

Furthermore, commuting and foraging are not fully distinct activities for E. serotinus (Catto et al., 1996).

Our "relative abundance" dataset was made up of 21,452 E. serotinus passes, across 1894 full nights, on 1055 sites, from 2014 to 2020 (Figure 19). As E. serotinus can be found across the whole French territory (except in mountain areas that we discarded from our datasets) and, as this species is highly flexible when choosing their foraging habitats (Arthur & Lemaire, 2015), we hypothesised that all our survey sites were inside the range/habitat requirements of E. serotinus. We hence kept for our analyses the nights with no E. serotinus pass.

Timing of activity

As we postulated that no metric would be robust enough with less than 10 E. serotinus passes by night, we only kept nights with at least 10 passes during the whole night. We confirmed the pertinence of such a threshold according to the metric chosen to study the timing of activity by resampling the E. serotinus passes of the 100 nights with the most passes of our dataset (Supplementary material B). Among the 1894 full nights of the "relative abundance" dataset, 488 had at least 10 E. serotinus passes and they covered 333 sites. These nights constituted our "timing of activity" dataset (Figure 19). Catto et al. (1995) showed that the timing of E. serotinus activity was unimodal to bimodal during pregnancy with a high peak after sunset and, possibly, a lower one before sunrise. We thus chose to focus only on the first part of the night (from 30 min before sunset to 4 h and 30 min after sunset) as it covered the first and higher peak of activity observed during gestation. The 488 first parts of night had 19,489 E. serotinus passes. The time of the first bat call recorded has been used in studies focusing on timings of bat activity at foraging sites (Haddock et al., 2019;Stone et al., 2009). However, in studies on bat emergence from roost, the median is preferred, even if it requires to monitor bats over a longer period (Bullock et al., 1987). It is less vulnerable to extreme values, as it does not rely on a single event and does not only reflect the onset of bat activity, but also its spreading across time. Therefore, to characterise the timing of activity, we chose to calculate the time of the median E. serotinus pass during the first 4 h and 30 min of the night, in seconds after sunset.

ALAN

To characterise light pollution around sites, we used radiance data (in nW.sr - We hypothesised that E. serotinus spatiotemporal distribution at foraging sites would be influenced by the presence of light pollution across their whole vital domain at landscape scale (e.g., ALAN might delay their emergence from roosts and delay their arrival at foraging sites because of the barrier effect, or even result in lower feeding resources at the landscape scale). Therefore, we considered buffer zones with a 3000 m radius around the studied sites, as it covered the mean distance between foraging sites and roosts (Catto et al., 1996;Kervyn, 2001;Robinson & Stebbings, 1997). We ensured that the radiance gradient of our datasets was representative of the French radiance gradient (Supplementary material C).

To ensure the robustness of our approach, we re-analysed our datasets with the radiance value at the recorder sites rather than the mean value in 3000 buffer zones around sites (Supplementary material D).

Other factors affecting light levels

We considered other meteorological and astronomical factors that might influence light levels:

(1) cloud cover (extracted from the NCEP/NCAR Reanalysis dataset, Kalnay et al., 1996) and

( 2) moonlight (we computed a variable that synthesised moon illumination values and moonrise hours (Supplementary material E)). We confirmed that the gradients of cloud cover and moonlight were wide enough to ensure robust analyses (respectively Supplementary materials F and G).

Weather

Temperature, precipitations and windspeed are known to influence bat spatiotemporal distributions, including E. serotinus one (Catto et al., 1996;Vaughan et al., 1997;Verboom & Huitema, 1997). As the timing of E. serotinus activity might be influenced not only by the weather conditions of the night but also by those of previous ones (Catto, Racey, et Stephenson 1995), we considered the daily weather and the difference with previous days.

Absolute measures of temperature may be misleading if E. serotinus populations adapt to local climatic conditions: a given temperature may represent a mild day for one population but a cold day for another. We therefore analysed temperature as anomalies relative to longterm averages for each site.

Eventually, because of correlation issues, we did not include the precipitations of the day and the difference between the windspeed of the day and the windspeed of the previous days (further details on the calculation and selection of the weather variables are given in Supplementary material E).

Land-use

The higher the landscape quality for bats, the greater the relative abundance will be, and the less bats may have to commute to arrive at their foraging sites. We chose to calculate seven environmental variables known to influence the spatiotemporal distribution of bats, especially E. serotinus, in 3000 m buffer zones around sites: proportions of deciduous forest, conifer forest, grasslands and artificialized surfaces (dense and diffuse impervious surfaces, industrial and commercial estates), habitat diversity (Shannon's diversity index), density of small woody features, minimum distance from freshwater. The buffer zones around the sites of our datasets covered the same land-use type gradient as buffer zones around sites randomly selected in France. Correlation issues led us not to include road density and proportion of crops despite their potential effects on the spatiotemporal distribution of bats (Supplementary material E).

ALAN and artificialized surfaces were highly correlated (Pearson correlation coefficient equal to 0.88 for the "relative abundance" dataset and 0.83 for the "timing of activity" dataset).

However, as this study aimed at assessing if ALAN by itself might impact E. serotinus spatiotemporal distribution, we had to consider these two variables. Thus, we chose to adapt our statistical modelling methods (see below) to consider both artificialized surfaces and ALAN despite their correlation.

2.3.Statistical analyses

Full models

We used Generalized linear mixed models (GLMM) to test the influence of light level on the biological metrics (R 4.0.4 (R Core Team, 2021), R package glmmTMB). We used a negative binomial distribution with a quadratic parameterization for "relative abundance" analyses and a gaussian distribution for "timing of activity" analyses.

We included all variables previously described in our models as fixed effects along with Julian day and its quadratic effect to control any potential effect of the night length or of the gestation progress. For "relative abundance" analyses, we added the recorder type used as a fixed effect, to control the different performances of recorders in detecting bats. All quantitative fixed effects were scaled, so that the regression coefficients calculated would be comparable in their effects and magnitudes [START_REF] Schielzeth | Simple means to improve the interpretability of regression coefficients[END_REF].

We tested several interactions that could affect light levels: interaction (1) between cloud cover and ALAN as cloud cover might amplify light pollution (Jechow et al., 2017;Kyba et al., 2015), ( 2) between moonlight and ALAN as, for instance, light pollution could be so strong that moonlight does not have an effect on bats anymore, (3) between moonlight and cloud cover as the latter could conceal the moon. Note that we also added an interaction between temperature anomaly of the day and difference with temperature anomalies of the previous days because bat responses to temperature extremes may depend upon whether previous days have also been too hot or cold to forage effectively.

Our dataset had a spatiotemporal structure: (1) a site might have been monitored several nights, (2) if these nights were consecutive, they formed a single "participation" (i.e., a single monitoring session during which the same recorder stayed at the same place during at least one full night to several in a row); if they were not consecutive, they formed several "participations". Thus, we included a random effect on participations nested on sites for "relative abundance" analyses. For "timing of activity" analyses, the smaller dataset did not allow the use of such a random structure. As we already considered Julian day, we did not include the random effect on participation but we kept the random effect on sites.

We hypothesised that, the more E. serotinus passes there would be during the night, the more accurate the calculation of the metric used to characterise the timing of activity would be.

We therefore put a weight on the logarithm of the number of E. serotinus passes during the first 4 h and 30 min after sunset for the analyses on the timing of activity.

The 3000 m buffer zones around some sites of our datasets overlapped, however, according to [START_REF] Zuckerberg | A Review of Overlapping Landscapes: Pseudoreplication or a Red Herring in Landscape Ecology?[END_REF], overlapping landscapes are not a violation of independence and they do not induce nor protect from spatial autocorrelation. There was some spatial autocorrelation for both the "relative abundance" and the "timing of activity" analyses.

We added latitude as a fixed effect to correct it. As some spatial autocorrelation remained for the "timing of activity" analyses, we corrected it by adding an autocovariate computed with the autocov_dist function (R package spdep).

The full models were the following ones (all variables are summarized in Table H; model assumptions were checked according the procedure described in Supplementary material Metric: "relative abundance" or "timing of activity" metric *: only for "relative abundance" analyses **: only for "timing of activity" analyses Eq. ( 1)

Model averaging

We chose the model averaging approach so that we could assess both the effects of artificialized surfaces and ALAN despite their correlation. The aim was to compare their relative importance on the relative abundance and timing of activity.

We processed all the models resulting from all the combinations of the fixed effects with this condition: never include artificialized surfaces and ALAN in the same combinations (i.e., never include these two variables in the same models) (R package MuMIn and snow). For "relative abundance" analyses, we always included latitude (to correct spatial autocorrelation)

and recorder type (to control possible bias). For "timing of activity" analyses, we always included latitude and the autocovariate (to correct spatial autocorrelation). Then, a model averaging was computed within a ∆AICc (second order bias correction for Akaike Information Criterion) of six points [START_REF] Burnham | AIC model selection and multimodel inference in behavioral ecology: Some background, observations, and comparisons[END_REF]Grueber et al., 2011;[START_REF] Richards | Dealing with overdispersed count data in applied ecology: Overdispersed count data[END_REF]. Since the inclusion of models with interaction terms involving ALAN might favour selection of ALAN over artificialized surfaces, we repeated all analyses excluding those terms and found similar results as those obtained with interaction terms (Supplementary material J).

To assess if the variables had an effect on the relative abundance or the timing of activity, we compared the relative importance of the variables (i.e., the sum of weights (SW)).

However, as it has been shown that only considering this criterion is hazardous, we crossed it with the 95% confidence intervals of regression coefficients obtained with the model averaging [START_REF] Galipaud | Ecologists overestimate the importance of predictor variables in model averaging: A plea for cautious interpretations[END_REF]. Hence, we considered that a variable had an effect when the confidence interval of its regression coefficient did not overlap zero and its SW was above 0.6.

We checked the robustness of our results by comparing them to those we would have obtained by only considering the best model and the significance of the estimates included in it, and we found concordant results. We also confirmed that not discarding complex versions of any other model with a lower AICc value (as suggested by Richards et al., (2011)), was not an issue in our analyses. Furthermore, to ensure that our results were sound against the multicollinearity issues raised by Cade, (2015), we also computed model averaging on standardised estimates based on partial standard deviations for their variables and found similar results as with a "classical" standardisation of estimates (see Supplementary material K for these additional analyses).

Results

3.1.Relative abundance

ALAN had a strong negative effect on relative abundance. It was the variable with the greatest effect size of all those tested (Table 2) (see Table L for details on the model averaging results) and its SW was much greater than the artificialized surfaces one. For an average midsized town (mean radiance 7.8 nW.sr -1 .cm -2 , Table M), there was 18% less E. serotinus passes than in a dark place (radiance = 0 nW.sr -1 .cm -2 ; assuming all other variables held at mean levels).

When considering the ALAN value at the recorder sites rather than the mean ALAN value in the 3000 m buffer zones, the AICc of the best model was higher and artificialized surfaces had a greater SW than ALAN (Supplementary material D). The estimate (-0.014) and confidence interval (-0.020 ; -0.007) of ALAN when considering ALAN at the recorder sites were nonetheless similar to those obtained when considering the mean ALAN value in the 3000 m buffers zones (Table 2).

Moonlight also had a negative impact on relative abundance while there was no clear effect of cloud cover and interactions.

Besides variables reflecting light levels around sites, relative abundance increased with favourable meteorological conditions (high temperature, higher temperature than the previous days, less rain than the previous days), with Julian day and with habitats known to increase bat abundance (deciduous and conifer forests, habitat diversity and small woody features).

3.2.Timing of activity

Increased ALAN delayed the timing of activity, and this delay was increased by a higher cloud cover (Table 2, Figure 20,Figure N). For an average mid-sized town (mean radiance 7.8 nW.sr - 1 .cm -2 , Table M), activity was delayed by 6 minutes on a clear night and by 10 minutes on a night with a 50% cloud cover, compared to a site with no ALAN (radiance = 0 nW.sr -1 .cm -2 ; assuming all other variables held at mean levels). Where there was no ALAN, increased cloud cover provoked an earlier activity, whereas above an ALAN value of 31.04 nW.sr -1 .cm -2 , the cloud cover seemed to delay the timing of activity.

Table 2 : Model averaging results for a ∆AICc of six points for the "relative abundance" and "timing of activity" analyses: estimate, sum of weights (SW) and 95% confidence interval (CI) for each variable (apart from latitude and recorder type that were fixed for "relative abundance" analyses and latitude and the autocovariate that were fixed for "timing of activity" analyses) (estimates in bold when the 95% confidence interval did not overlap zero and the SW was above 0.60). All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response variable. ALAN (assuming all other variables held at mean levels). Above an ALAN value of 15.40 nW.sr -1 .cm -2 , the moonlight effect even seemed to shift the timing of activity earlier.

Relative abundance

When considering the ALAN value at the recorder sites rather than the mean ALAN value in 3000 m buffer zones, the AICc of the best model was higher and these two interactions no longer had any significant effect (Supplementary material D).

The timing of activity was not affected by any of the land-use variables, in particular, artificialized surfaces were not included in any models of the model set. The timing of activity was delayed by favourable meteorological conditions (higher temperature than the previous days, less rain than the previous days, less wind) and varied according to Julian day (Julian day led to an earlier activity until approximatively the two-third of the period considered, then it delayed activity) (Table 2). 

Discussion

This study is one of the first to test natural and artificial light effects on both the spatial and temporal distributions of an open-space-foraging bat species at their foraging sites, at landscape scale. Light pollution reduced E. serotinus relative abundance and delayed their timing of activity. The use of a seven-year citizen science database allowed us to consider a whole national territory and gave us the unique opportunity to show the impact of fine light intensity variations (moonlight, skyglow amplified by cloud cover) on E. serotinus spatiotemporal distribution.

4.1.Relative abundance

At landscape scale, ALAN was responsible for a decrease in E. serotinus relative abundance at their foraging sites. The obtained results when considering ALAN at local scale confirmed that this decrease in abundance was not the reflection of a localised avoidance behaviour. Such results are consistent with Azam et al. (2016) study results on open-space-foraging bat species.

Using a different dataset from the Vigie-Chiro program (data from one-hour car surveys), they found that E. serotinus abundance was lower when exposed to light pollution at landscape scale.

On the contrary, Laforge et al. (2019) found that E. serotinus had a positive response to light pollution at a city scale. The authors hypothesized that in their highly urbanized study sites, with few optimal foraging areas, streetlights might have become sub-optimal foraging areas;

this could explain the difference between their own results and those obtained by Azam et al. (2016).

Furthermore, we found that even the low light levels created by moonlight reduced E.

serotinus abundance. In South America, some authors found that moonlight affected bat abundance making it higher or lower depending on the species (Appel et al., 2017;Gomes et al., 2020;[START_REF] Vásquez | Species-specific effects of moonlight on insectivorous bat activity in central Chile[END_REF]. However, to our knowledge, this study is one of the first to show such an effect, called "lunar phobia", on the abundance of a European open-spaceforaging bat species. Ciechanowski et al., (2007) detected a decreasing abundance of Daubenton's bat (Myotis daubentonii, Kuhl 1817), an edge-space-foraging species, when exposed to moonlight but they did not detect any effect on E. serotinus. This result difference can be explained by the fact that they did not consider the hours of moonrise in their analyses.

Furthermore, they began to record bats 30 min after sunset. If moonlight impacted the early activity, it might therefore not have been detected. Overall, the effect we found of moonlight on abundance indicates that even low, occasional or periodic increases of light levels could result in lower E. serotinus abundance.

The decrease of an open-space-foraging species abundance when exposed to light, despite potential positive impacts locally, could be explained by several mechanisms. In the short-term, light might impact bat abundance by modifying prey availability. For instance, insect abundance has been shown to vary according to moonlight [START_REF] Bowden | The influence of moonlight on catches of insects in light-traps in Africa. Part II. The effect of moon phase on light-trap catches[END_REF][START_REF] Williams | Effect of Moonlight on Insect Activity[END_REF] and Lang et al. (2006) linked White-throated round-eared bat (Lophostoma silvicolum, D'Orbigny, 1836) higher abundance during new moon compared to full moon periods to a higher activity of the katydids they prey on. Furthermore, a perception of increased predation risks when exposed to light has also been suggested as a potential driver of bat responses to light (Jones & Rydell, 1994;Rydell et al., 1996). This may result in changes of the timing and duration of bat activity during bright nights to limit predation risks. In this context, the tolerance of open-space-foraging bat species to light pollution when foraging could only be the result of a local trade-off between their energetic needs and the risk of predation, the higher prey concentrations around light sources offsetting greater risks of being seen by predators.

When bright conditions are created by moonlight, bats may be able to compensate their lower activity during those bright nights by being more active during darker ones. But, when these bright conditions are due to ALAN, they are constant, and bats could then either not be able to reach their energetic needs in the long-term or be compelled to be active despite higher predation risks. It could result in lower individual fitness and dramatic disruptions of population dynamics.

Furthermore, in the medium-and long-terms, light pollution might not only impact bat fitness, but also the fitness of the insect they eat. Some authors suggested that ALAN may be a driver of insect population declines in light-polluted areas (Boyes et al., 2021;Grubisic et al., 2018;van Grunsven et al., 2020) or even globally (Owens et al., 2019). Therefore, light pollution may affect bat abundance by decreasing the overall available feeding resources at landscape scale.

Eventually, light pollution might not only disrupt bat foraging behaviours, but also their commuting ones. For instance, Hale et al. (2015) showed that P. pipistrellus movements were restricted in brightly lit gaps, ALAN creating a barrier effect impairing landscape connectivity.

Bats may hence have to find longer routes to reach their foraging sites with potential greater energetic costs that can affect their individual fitness and, in fine, their abundance (Stone et al., 2009). If the energetic costs of alternative routes are too high, ALAN might even result in a reduction of the accessible lands to forage for bats at landscape scale. 

4.2.Timing of activity

Increased ALAN delayed the timing of activity, and this delay was increased by higher cloud cover when considering ALAN at landscape scale. Firstly, the overall ALAN delaying effect we found is consistent with the few and localised studies focusing on edge-and narrow-spaceforaging bat species at foraging sites (Haddock et al., 2019;Stone et al., 2009) which also showed that ALAN delayed the timing of activity, our study expanding it to open-spaceforaging species at wide scale. Secondly, cloud cover amplifying the ALAN effect at landscape scale is consistent with studies showing that skyglow (i.e., diffuse light pollution glow at landscape scale, even affecting areas that are not directly lit (Kyba et al., 2017)) is amplified during overcast nights (Jechow et al., 2017;Kyba et al., 2015). By amplifying skyglow, cloud cover can thus increase the effects of ALAN on wildlife (van Hasselt et al., 2021). On the contrary, where there was no ALAN, cloud cover shifted the timing of activity earlier likely by darkening the night sky in rural locations [START_REF] Jechow | Evaluating the summer night sky brightness at a research field site on Lake Stechlin in northeastern Germany[END_REF]. Hence, dynamic and fine variations of light levels affect the timing of E. serotinus activity.

Interestingly, moonlight also delayed the timing of activity. However, this effect was weakened by increasing ALAN. Such results suggest that light pollution masks other luminous environmental cues. It also shows that even periodic or occasional increases of light levels could impact E. serotinus timing of activity.

The delayed timing of activity around light-polluted foraging sites could be explain by several hypotheses. First, bat emergence from roosts might be delayed because of ALAN, as

shown by a few studies on narrow-space-foraging species (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021;McAney & Fairley, 1988). Also, as light pollution is known to decrease landscape connectivity for bats (Hale et al., 2015;Laforge et al., 2019;Stone et al., 2009), a delayed timing of activity at foraging sites could be the result of longer flights to reach them.

Then, if bats arrive later, they might potentially suffer from a desynchronization with the peak of activity of their prey (Luo et al., 2021). It could result in a reduced efficient time-budget (i.e., a reduced period during which bats may feed on the prey their diets are mainly composed of) and/or in longer foraging durations to reach their energetic needs.

Delayed timing of activity could potentially lead to a reduced efficient time-budget to forage for bats and/or higher energetic costs to forage. If these delays are occasional, for instance because of brighter nights caused by moonlight, bats may be able to compensate potential harmful effects by taking advantage of darker nights to reach their energetic needs.

However, as light pollution is a constant stressor, delays caused by ALAN may eventually prevent bats from reaching their energetic needs in the medium-and long-terms, which could have cascading effects on individual fitness and population dynamics, and thus result in lower bat abundance at landscape scale when exposed to ALAN. For instance, Boldogh et al. (2007) showed that juveniles of narrow-space-foraging bat species were smaller in illuminated buildings, where bat emergence was delayed because of ALAN. However, our study only focuses on the gestation period and further investigations should be carried out for the lactation onewhen energetic needs are even higherto assess whether ALAN still has an effect on the timing of E. serotinus activity.

4.3.Management consequences

Abundant and widespread bats such as E. serotinus provide important ecosystem functions (Mathews et al., 2015). Tiede et al. (2020) showed that, among the most frequent taxa E.

serotinus fed on, there were many potential pests of forestry and agriculture, this bat species therefore contributing to biological control. More generally, they suggested that E. serotinus contributes to the stabilization of food webs and ecosystems, by exploiting seasonally abundant insect prey. Hence, ALAN impacts on E. serotinus spatiotemporal distribution may have dramatic consequences on the ecosystem services they provide and might, more generally, have harmful effects on ecosystem functioning.

These effects of light levels on the spatiotemporal distribution of an open-space-foraging bat species show that even species considered to be "light tolerant", that mainly roost in buildings [START_REF] Marnell | Protection of overground roosts for bats[END_REF], can suffer from light pollution. Because bat species of the same foraging guild tend to respond to ALAN in a similar way (Voigt et al., 2021), other open-space-foraging bat species are likely to suffer from similar impacts of light pollution on their abundance and timing of activity. Narrow-space-foraging species that are known to be particularly sensitive toward ALAN (Rydell, 1992;Voigt et al., 2021) and/or species that usually roost in trees may experience even more drastic effects. It stresses the urge to reduce light pollution to protect bats, and more generally biodiversity. Gaston et al., (2012) suggested five levers to reduce light pollution: prevent dark areas from being lit, limit the duration of artificial lighting, reduce light trespass, reduce light intensity and change ALAN spectral composition. Bats are known to present different responses to light with different spectra (Barré et al., 2021;Lewanzik & Voigt, 2017;Spoelstra et al., 2017;Straka et al., 2020). However, in this study, we could not assess how different spectral compositions would have affected our results, as the light pollution data available at landscape scale were not made of multiple spectral bands. Hence, further studies would particularly be necessary to explore how ALAN spectral composition may modify how light pollution affects the timing of bat activity at landscape scale.

Limiting the lighting duration might only be efficient if part-night lighting schemes overlap with the range of bat activity (for instance streetlights should be switched off during emergence and during the first and higher foraging peak), which is not the case today (Azam et al., 2015;Day et al., 2015). As even low light intensities (similar to moonlight) could disrupt bat spatiotemporal distribution, the intensity under which light stops affecting bats might be very low. Therefore, even if reducing light intensity might reduce light impacts on bats, it might not be a very efficient measure. Our study, by highlighting that, at landscape scale, bats suffer from light pollution and its intensity variation due to cloud cover, shows the need of lighting installations that reduce horizontally-and upward-directed lighting, and more generally light trespass.

Conclusion

This study highlights that the abundance and timing of activity of an open-spaceforaging bat species, at foraging sites, are both affected by light pollution at landscape scale. It stresses that even species often considered to be "light tolerant" could suffer from ALAN. The intensity under which light stops impacting bat activity could be very low as moonlight, cloud cover and the amplifying of skyglow during overcast nights seem to impact the spatiotemporal distribution of bats. By showing that the bat abundance was reduced and the timing of bat activity was delayed when exposed to light, our study raises the urge to investigate further how delayed timings of activity might affect individual fitness, reproduction success and eventually result in population dynamic disruptions.

Table L: Results of the model averaging for the "relative abundance" and the "timing of activity" analyses. Even if a lot of models were selected in these analyses, the differences between the AICc of the null model and the AICc of the best model were always high.

Table M: Mean of the mean radiances (in nW.sr -1 .cm -2 ) of the French municipalities according to their population size (only municipalities that are below 500 m above sea levels are considered). (2.2 nW.sr -1 .cm -2 being the mean radiance of French municipalities of 1000 to 5000 inhabitants and 7.8 nW.sr -1 .cm -2 being the mean radiance for municipalities of 5000 to 10,000 inhabitants, see Table M). -Delay effect due to both natural and artificial light on:

(1) the timing of activity of an open-space-foraging bat species,

(2) the timing of activity of a bat species at the landscape scale.

-Low intensities matter:

(1) moonlight negatively affected the abundance of an open-space-foraging bat species,

(2) moonlight, cloud cover and the amplification of skyglow during overcast nights negatively impacted the timing of activity of a bat species.

Results (Figure 22):

During gestation, ALAN, and to a lesser extent moonlight, reduced E. serotinus abundance at the landscape scale. ALAN delayed activity, and this delay was amplified during overcast nights. On the contrary, where there was no ALAN, the higher the cloud cover, the earlier the activity occurred. Cloud cover likely darkened the night sky in rural locations, whereas it amplified the skyglow in light-polluted places, thus increasing ALAN effects on bats.

Moonlight also delayed activity but this effect was weakened in light-polluted landscapes. Our study shows that even fine variations of light levels can affect the spatiotemporal distribution of a common species usually considered to be "light tolerant", with potential cascading effects on individual fitness and population dynamics.

Perspectives

In this second chapter, we showed that light levels, even at low intensities, negatively affect the abundance of an open-space-foraging bat species and delay its timing of activity.

Although this study highlights a potential new mechanism by which light pollution could be detrimental to bats (even those which are considered to be "light tolerant"), it raises many new questions.

Firstly, the reason for this delaying effect remains to be explained. One explanation may be that, because of the reduced landscape connectivity in light-polluted areas, bats have to travel longer to reach their foraging sites. According to previous studies on narrow-spaceforaging species (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021), a later arrival at foraging sites could also be a direct consequence of a later emergence from roosts. During this PhD, a field session was conducted to test this hypothesis on E. serotinus and on R.

ferrumequinum, the field issues and prospects it raised are presented in Box 5 (e.g. How to measure light pollution in the field? How to monitor bat emergence from roosts with passive acoustic devices?).

It has been suggested that bats may emerge later from their roosts when exposed to light because of an increased perception of predation risk, regardless to the real presence of a predator (Boldogh et al., 2007;Duvergé et al., 2000;Luo et al., 2021). Another explanation could be that, by masking natural light-dark cycles, ALAN alters the circadian clock of bats.

However, so far, this potential effect of light pollution the clock of bats has never been studied.

Secondly, the consequences of a delay in E. serotinus activity need to be investigated.

In particular, further studies should focus on whether this shift can be compensated for by bats by being active later in the night for instance, at times when they are not usually activeor whether it cannot be compensated for. From what we know so far about on E. serotinus, the latter seems the more likely hypothesis.

Indeed, as Jones and Rydell (1994) hypothesised, bat diel activity pattern is probably constrained by a trade-off between (1) avoiding predation and thus avoiding being active too early when predators can take advantage of light to locate bats, (2) exploiting the activity peak of the insects on which bats feed. Previous studies have shown that E. serotinus is a species feeding predominantly on Coleoptera (Jones and Rydell, 1994;[START_REF] Robinson | Food of the serotine bat, Eptesicus serotinus -is faecal analysis a valid qualitative and quantitative technique[END_REF]Ware et al., 2020, however see also Tiede et al., 2020 who found a less specialised diet). As shown in the first chapter of this PhD, the diel activity pattern of E. serotinus has the particularity to be concentrated in a single peak of activity at the beginning of the night (more than half of its activity occurs in the first third of the night) (Figure 23). Such a diel activity pattern is consistent with a specialised diet that would require this species to be active early in the night despite predation risks and to concentrate its main foraging bout during a relatively short period. Therefore, a shift of E. serotinus activity later at night could desynchronise their peak of activity with the peak of activity of their prey and reduce their efficient time-budget (i.e.

reduce the period during which E. serotinus can feed on the prey that mainly composed their diets). In the long term, it could then have a negative impact on individual fitness and population dynamics, and thus explain, at least partially, the lower abundance of E. serotinus at the landscape scale we found. This link remains to be proven and should be the focus of future studies.

Eventually, it should be noted that we focused on the gestation period of E. serotinus.

As a matter of fact, Catto et al., (1995) showed that while the timing of E. serotinus activity was unimodal to bimodal during gestation, it became more complex and multimodal during lactation. As we wanted to focus on a period during which the timing of E. serotinus activity would be consistent, we only studied gestation. However, in the first chapter of this PhD, we showed that despite variations in the peak amplitude, E. serotinus activity remains unimodal throughout the year. Thus, the study of the impact of light pollution on E. serotinus timing of activity during lactation would be of great interest.

Box 5: A field session initiating wider questions on bat monitoring methods and light data acquisition

Data acquisition in (a) Bretagne and Loire-Atlantique, (b) the Cher, with the collaboration of: the Groupe Mammalogique Breton, Bretagne Vivante, Amikiro, the Muséum d'histoire naturelle de Bourges.

How to design a sampling of roosts along a light pollution gradient?

The species the most commonly monitored by local associations are often those that roost in made-made structures and that present high conservation stakes. They are then often narrowspace-foraging species, such as Rhinolophus spp. and most Myotis spp., which are "light intolerant" and may not even roost in light-polluted areas, even if light levels are low. For example, we found almost not roost of R. hipposideros in light-polluted areas, which led to the abandonment of the project to focus on this species. E. serotinus has even been observed to leave its roosts when exposed to ALAN (Arthur and Lemaire, 2015). These observations suggest that the valuable bat roost locations collected by local associations can be used in the future to assess of roost (Arthur et al., 2014). Without this knowledge, we could only hypothesise that the roosts we selected were representative of the light pollution gradient tolerated by the studied species.

How to measure light levels around roosts?

As identified by [START_REF] Hölker | 11 Pressing Research Questions on How Light Pollution Affects Biodiversity[END_REF] the choice of a light measurement method when studying the effect of light pollution on biodiversity remains a major issue. In practice, the cost and complexity of sophisticated light measurement devices lead ALAN researchers to opt for more conventional devices in ecological studies, in particular lux meters [START_REF] Hölker | 11 Pressing Research Questions on How Light Pollution Affects Biodiversity[END_REF].

They measure illuminance in lux and are thus based on the sensitivity of the human eye and not on the organisms studied (see Box 1). They also have the disadvantage of low sensitivity and accuracy at low light levels [START_REF] Hänel | Measuring night sky brightness: methods and challenges[END_REF]. Nevertheless, as lighting engineers mainly used them, this facilitates the transfer of research to policy [START_REF] Hölker | 11 Pressing Research Questions on How Light Pollution Affects Biodiversity[END_REF]. They are also among the most affordable light measurement devices [START_REF] Hänel | Measuring night sky brightness: methods and challenges[END_REF]. We then measured local light levels using lux meters but, to overcome the often-limited temporal range of light measurement in ecological studies [START_REF] Hölker | 11 Pressing Research Questions on How Light Pollution Affects Biodiversity[END_REF], we used dataloggers that took a measure every 30 seconds during the monitored nights. As they were directional, we fixed them in such a way that they reflected what a bat might see when emerging from its roost.

To get a better overview of the levels of diffuse light pollution around three colonies that we monitored intensively, we also measured the night sky brightness at the zenith every minute using sky quality meters called "Ninox". These devices were used in Deverchère et al.

(2022) to design a statistical indicator of light pollution that they called NSB Dispersion Ratio.

Eventually, this field session brought us to face with the pressing need to standardise light measurement methods highlighted by [START_REF] Hölker | 11 Pressing Research Questions on How Light Pollution Affects Biodiversity[END_REF]. In particular, we felt the need for interdisciplinary collaborations as ecologists often lack the knowledge to understand radiometry and photometry and thus select appropriate measurement approaches and devices for their studies.

Box 5: A field session initiating wider questions on bat monitoring methods and light data acquisition

How to monitor when bat leave or enter their roost?

The previous studies on bat diel activity patterns at roost mainly used visual counts, 2020). During this field session, we used passive acoustic recorders that were placed: ( 1) not too close to the colony so as not to record activity inside the roost, ( 2) not too far from the exit so that bat exits and entrances were recorded. However, other limitations and possible biases remained. For instance, especially for common species such as P. pipistrellus, the recorder probably detected bats that were nearby but not from the targeted colony. For species like R.

ferrumequinum, circling and light-testing behaviours prior to emergence could be recorded although there were not true exits. As proposed by Revilla-Martín et al. ( 2020), to overcome this issue and determine whether bats are exiting or entering their roosts, the use of two microphones in stereo (Claireau et al., 2019) could be an interesting prospect that has not been explored yet.

How to determine the timing of activity at roosts? (case study of the first emergence)

Very few studies have used yet PAM to determine bat activity pattern at roosts, so defining a method and a metric that would be a robust proxy for the actual timing of activity was a methodological issue. At one roost, during three evenings, we thus simultaneously carried out visual counts, passive acoustic monitoring using one microphone ("mono" approach) and using two microphones ("stereo" approach). Bat activity was then estimated using "bat passes" (i.e. a single or several calls of the same bat species during 5-sec interval).

The "mono" approach was limited by the saturation of the number of bat passes per when a bat call recorded in a microphone can be associated with the same call in the other.

During emergence, as the bats' calls were emitted continuously, it was almost impossible, hence the very low number of exits detected in stereo. However, with regard to the characterisation of the timing of activity the "stereo" approach provided better results than the "mono" approach, with a better estimate of the time of the first pass.

These results show that traditional metrics of activity (e.g. bat passes) may not be suitable for studies at roosts and raise the need to test other metrics. For example, the Tadarida software provide, for each bat pass, the time at which the call starts inside the 5-sec file and at which it ends. It is then possible to calculate a duration of bat calls per minutes during emergence. By doing so, we thus assessed when bat calls start to be continuous for the 101 nights during which we monitored a R. ferrumequinum roost. For these nights, activity started to be continuous from 7 min before sunset, to 22 min after sunset (standard deviation = 6.7 min). This metric provided the best estimate of the time of the first exit in the example presented above (22:09). Thus, the design of metrics adapted to the particularities of bat activity at roosts is an encouraging prospect that should be the focus of further explorations.

Indeed, bats may show different responses to light pollution depending on the time of the year.

During pregnancy, female bats experience a greater wing loading which may affect their flight performance and make them more likely to be vulnerable to predation (Duvergé et al., 2000).

The potential trade-off between energy requirements and predation risks could then lead to delayed emergence because of light pollution. During lactation, reproductive female bats have many constraints: their energy requirements are the highest of the year (Racey and Speakman, 1987), they must divide their time between foraging and suckling their young and they must cope with short night length. They may then not be able to adapt their timing of activity to the presence of light pollution and be active despite predation risks.

Another limitation of this study is that it focuses on only one species. However, we

hypothesised that other open-space-foraging bat species are likely to suffer from similar impacts of light pollution on their abundance and timing of activity. Indeed, it has been shown that bat species of the same foraging guild tend to respond to ALAN in a similar way (Voigt et al., 2021). To test this hypothesis, we conducted preliminary analyses, similar to those of the paper we presented in this chapter, on eight open-and edge-space-foraging species during both gestation and lactation (see results Box 6). For four of the species studied, our preliminary results indicated that ALAN could negatively affect their abundance and/or delayed their timing of activity during gestation and/or lactation.

With regard to conservation, our results show that even a species usually considered to be light tolerant is negatively affected by ALAN. It has been shown that E. serotinus populations have declined by 30 % between 2004 and 2019, without any geographic variation on the national territory (Bas et al., 2020). This decline is therefore very worrying and protecting this bat species from anthropogenic pressures seems to be an urgent matter.

Reducing the duration of lighting so as not to switch on lights during the main activity peak of E. serotinus would mean starting PNL schemes very early, which would probably not be accepted by local people. Thus, other light pollution mitigation measures should be implemented where and when lights cannot be switched off.

In our study, E. serotinus was even affected by moonlight, suggesting that the intensity threshold below which ALAN ceases having an impact on this species may be very low.

However, E. serotinus responded to fine variations of light levels as the amplification of the skyglow during overcast nights. Thus, reducing light intensity might attenuate (but not eliminate) local impacts of ALAN, while, at the landscape scale, reducing light intensity and trespass could be beneficial by helping to reduce the intensity and the extent of the skyglow.

The last lever, would be to work on the emission spectrum of light sources and to choose the one that would be the least harmful for bats. In particular, nowadays, obsolete lighting equipment is being progressively phased-out and replaced by broad spectrum LEDs in developed countries. However, to date, few studies have investigated the effect of switching from old lighting technologies to LEDs. therefore part of two guilds of species usually considered to be "light tolerant" (Voigt et al., 2021). As a matter of fact, with the exception of M. daubentonii, locally these species are known to be able to feed on insect aggregation at light sources. However, at the landscape scale, their responses to ALAN appear to be more complex, and even dependent on the context or behaviour considered (Azam et al., 2016;Barré et al., 2021;Laforge et al., 2019;Mathews et al., 2015;Pauwels et al., 2019;Voigt et al., 2020).

While most of these species are considered common or even very common in France, it should be noted that N. noctula is classified as "vulnerable" in France, while E. serotinus, N. leisleri, P. nathusii and P. pipistrellus are classified as "near threatened" (UICN France et al., 2017). Thus, determining whether light pollution is likely to have a negative impact on their populations is a major issue. Studies conducted locally allow us to assess how ALAN can modify these species' behaviours, whereas considering the landscape scale allows to infer the possible impacts of light pollution on population dynamics (Azam et al., 2016).

Thus, using the Vigie-Chiro dataset, we assessed the impact of light pollution on the abundance and the timing of activity of these species at the landscape scale during two key periods for population dynamics but with different energy requirements: gestation and lactation. Considering the spatial and the temporal dimensions seems essential as it may highlight response mechanisms that may differ according to the niches of the different species studied (e.g. some species may not be able to adapt their timing of activity to light pollution and thus systematically avoid lit sites, while others may favour a temporal shift in their activity

Box 6: Impact of light pollution on the abundance and timing of activity of open-and edge-space-foraging bat species at landscape scale (in prep)

in order to continue to exploit the same specific foraging habitats).

Materials and Methods:

We 

See Appendix III for more details on the Materials and Methods

Preliminary results and discussion:

Our results are only preliminary as, despite our precautions, ( 1) some temporal and/or spatial autocollinearity remain for some species, ( 2) first checking of model assumptions showed that some assumptions could have been violated for some species, [START_REF] Hölker | Light pollution as a biodiversity threat[END_REF] we have not integrated yet interactions that can reflect small variations of light intensity. However, we believe that some findings are already of interest.

We found that the relative abundance of E. serotinus was negatively impacted by ALAN during both gestation and lactation. Only the relative abundance of M. daubentonii also responded to ALAN, it decreased in light polluted landscapes. It could then appear that the five-remaining edge-and open-space-foraging species were not sensible to ALAN. However, apart from P. pipistrellus, all the other species responded positively to artificialized surfaces during gestation and/or lactation. Due to our modelling approach, for these species it cannot be ruled out that ALAN had an effect on them, but it was not detected because the overall positive effect of artificialized surfaces was stronger. Interestingly, the negative effect of moonlight on the relative abundance of N. leisleri, P. nathusii and P. pygmaeus can suggest that these species are more sensible to light than what our results suggested at first sight, at least when their energetic needs are not as high as during lactation.

Regarding ALAN effect on bat timing of activity, we found a delaying effect on E. serotinus, N. noctula and P. pipistrellus but only during gestation. The disappearance of this effect during lactation suggests that bat timing of activity is partly driven by a trade-off between energetic needs and predation risks. During gestation higher vulnerability to predation due to greater wing loading might lead bats to avoid predation risks, and hence delay
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emergence when light levels are relatively high. Conversely, during lactation high energetic needs might lead bats to take risks even if light levels are relatively high. For M. daubentonii and P. nathusii artificialized surfaces were selected over ALAN.

We found that moonlight affected the timing of activity of many species. Surprisingly, for E. serotinus, we found that moonlight made activity earlier, contrary to what we found in Mariton et al. (2022). Such result will need to be explored. For the other species, when moonlight impacted the timing of activity, it was always to delay it. Interestingly, while the effect of moonlight occurred during at least gestation for the two Nyctalus and P. nathusii, for P. kuhlii and P. pipistrellus this delaying effect was only found for lactation. This might suggest that the effect of moonlight on bat timing of activity might not only be driven by a trade-off between predation risks and energetic needs, but also, by other mechanisms that we will have to explore.

Overall, these preliminary results suggest that open-and edge-space-foraging bat species might not really be "light tolerant". For four of the species studied we found that ALAN negatively affected their abundance and/or delayed their timing of activity during gestation and/or lactation. For the other four species, the absence of response to light pollution should be considered with caution. Indeed, they might not be impacted by ALAN, however, they might also not be able to adapt the choice of their foraging sites or their timing of activity to the presence of ALAN. Considering our results in the light of the specialisation of these eight species to given habitats or diets could therefore be a future perspective. 

Context

Once the use of ALAN has been restricted to areas and times when it cannot be switched off, three main levers should still be considered to reduce light pollution: reducing light trespass, reducing light intensity and choosing a light source whose spectrum of emission is the least detrimental for biodiversity. The phase-out and replacement of old lighting equipment in developed countries could be an opportunity to implement these three mitigation measures.

In particular, LEDs are widely used for new lighting equipment and for retrofitting old equipment. As this lighting technology have a high luminous efficacy (i.e. a measure of how well a light produces visible light, see Box 1), it has the potential to reduce expenditure and CO2 emissions associated with ALAN (Kyba, 2018;Sánchez de Miguel et al., 2022;Stone et al., 2012). However, warnings have been raised about a possible "rebound effect", that is to say that this efficacy is more likely to results in increased use of light as it becomes cheaper rather than in reduced energy consumption (Kyba, 2018;Sánchez de Miguel et al., 2022).

Furthermore, because LEDs have a broad emission spectrum (Figure 3), they can trigger a wide range of wavelength-specific biological responses. LEDs therefore have the potential to disrupt many biological processes and organisms (Sánchez de Miguel et al., 2022).

In particular, most LEDs used in outdoor lighting are rich in blue light (Kyba, 2018), to which many biological responses have been shown to be sensitive (Sánchez de Miguel et al., 2022).

For instance, terrestrial invertebrates have been shown to be more attracted by light sources emitting a high proportion of short-wavelengths (e.g. [START_REF] Bolliger | Contrasting impacts of street light shapes and LED color temperatures on nocturnal insects and bats[END_REF]Lockett et al., 2021;Pawson and Bader, 2014;Somers-Yeates et al., 2013), with potential cascading effects on their predators. Assessing the effect of replacing of old lighting technologies with LEDs on biodiversity should therefore be an urgent concern.

McNaughton et al. ( 2021) found that a switch from HPS lamps to LEDs resulted in alterations of the timing of dawn song in birds, modifications in the avian community composition, an increase in avian species richness and an increase in ground insect activity.

Likewise, Pawson and Bader (2014) found that LED light traps captured more insects than light traps fitted with HPS lamps. While some studies have shown a repulsive or attractive effect of LED lights on bats compared to dark sites [START_REF] Rowse | Effects of dimming light-emitting diode street lights on light-opportunistic and light-averse bats in suburban habitats[END_REF]Russo et al., 2019;[START_REF] Seewagen | Turning to the dark side: LED light at night alters the activity and species composition of a foraging bat assemblage in the northeastern United States[END_REF]Stone et al., 2012), to date, very few studies have focused on the impact of switching from old lighting technologies to LEDs on bats. Haddock et al. (2019) found that the activity of some bat species, in Australia, decreased when MV lamps were replaced by LEDs. MV lamps have the particularity of having a peak of emission in the ultraviolet (Figure 3), so they are likely to attract even more insects than LEDs, and thus be more attractive to "light-tolerant" bat species. Rowse et al. (2016) is the only study that focused on a type of lamp that was widely used in Europe, LPS lamps, which emit a narrow-band spectrum with a single energy peak in the yellow range (Figure 3). They found that switching from LPS lamps to LEDs had no impact on bat activity.

However, when old lighting equipment are replaced, the emission spectrum is usually not the only characteristic of lamps that changes. For instance, Rowse et al. (2016) , 2018), and even at low light levels (Azam et al., 2018;Lacoeuilhe et al., 2014). For the open-and edge-space-foraging species, which are usually considered to be "light tolerant", illuminance has also been shown to affect their activity, however results vary according to the species and lamp types. Overall, at the local scale, illuminance seems to have a positive effect on the activity of some of these species (HPS: Similarly, the studies presented in the second chapter of this PhD suggest that, at the landscape scale, even species usually considered to be light tolerant, may be sensitive to low light levels (Mariton et al., (2022) and Box 6).Therefore, when studying the replacement of old lighting equipment with new, it is necessary to take into account not only the change in the emission spectrum but also the changes in intensity.

Prior to 2020, Rowse et al. (2016) was the only study to investigate the switch from the widely used LPS lamps to LEDs. The dataset they used in this study was very valuable as it was based on a before-after-control-impact paired (BACIP) design on 12 sites in four counties across southern England. They focused on "real-life" switches in lighting technologies by local authorities and they took care to record bat activity at least seven days after the switch-over, to allow bats to adjust to the characteristics of the new lights. We therefore believed that it was of utmost interest to try to disentangle the relative effects of the emission spectrum from the effects of illuminance or power in their study. Thus, we conducted a retrospective analysis of their data to include these covariates in statistical models. We intended to answer the following questions:

(1) Does the switch from LPS lamps to LEDs impact bat activity?

We hypothesised that since LEDs emit a greater amount of short wavelengths than LPS lamps, the switch from LPS lamps to LEDs would lead to an increase in the number of insects attracted to the streetlights and thus result in an increase in the activity of "light tolerant" species (Figure 24).

(2) Is bat activity influenced by the interaction between light intensity and emission spectrum?

We hypothesised that light intensity would influence bat activity according to a tradeoff between the opportunity to exploit the insect biomass around streetlights and a perception of increased predation risks when exposed to light. There responses to light intensity could then vary according to the emission spectrum. Indeed, because LED light is closer to daylight characteristics than the light emitted by LPS lamps, an increase in light intensity under LED lamps could lead to greater perception of the potential risk of predation exposure than under LPS lamps. We thus hypothesised that bat activity would increase under LED lamps when light intensities were low, whereas it would decrease under high light intensities (Figure 24).

technologies to light emitting diodes (LEDs). Despite potential cascading impacts of such a shift on nocturnal fauna, few studies have so far dealt with the impact of the renewal of street lighting by new technologies. Specifically, only one study, by Rowse et al.2016, examined the effects of switching from widely used low pressure sodium (LPS) lamps to LEDs, using bats as biological models. This study was based on a before-after-control-impact paired design (BACIP) at 12 pairs in the UK, each including one control and one experimental streetlight. If Rowse et al. 2016 showed no effect of switching to LEDs streetlights on bat activity, the effects of respective changes in light intensity and spectrum were not disentangled when testing switch effects. Here, we conduct a retrospective analysis of their data to include these covariates in statistical models with the aim of disentangling the relative effects of these light characteristics.

Our re-analysis clearly indicates that the switches in spectrum and in intensity with replacement of LPS with LED lamps have significant additive and interactive effects, on bat activity. We also show that bat activity and buzz ratio decrease with increasing LED intensity while an opposite effect is observed with LPS lamps. Hence, the loss or the gain in bat activity when lamp types, i.e., spectrum, are switched strongly depends on the initial and new lamp intensities. Our results stress the need to consider simultaneously the effects of changes in the different lights characteristics when street lighting changes. Because switches from LPS to LED lamps can lead to an increase in light intensity, such technological changes may involve a reduction of bat activity in numerous cases, especially at high LED intensities. Since we are currently at an important crossroad in lighting management, we recommend to limit LED intensity and improve its spectral composition toward warmer colors to limit potential deleterious impacts on bat activity. global pressure on the ecosystem, affecting 23% of the global land surface (88% of Europe [1])

and expanding at an annual rate of 6% worldwide [2]. As ALAN alters the natural periodicity of day and night, it can disrupt the circadian and seasonal rhythms of both diurnal and nocturnal species. This pressure can affect individual fitness, sexual selection, and reproductive success [START_REF] Hölker | Light pollution as a biodiversity threat[END_REF][START_REF] Navara | The dark side of light at night: Physiological, epidemiological, and ecological consequences[END_REF][START_REF] Rich | Ecological Consequences of Artificial Night Lighting[END_REF]. In addition, species responses to ALAN are driven by repulsion/attraction behaviors, thereby artificial lighting can alter the movement and distribution of species at multiple spatial scales [START_REF] Azam | Disentangling the relative effect of light pollution, impervious surfaces and intensive agriculture on bat activity with a nationalscale monitoring program[END_REF][START_REF] Laforge | Reducing light pollution improves connectivity for bats in urban landscapes[END_REF][START_REF] Stone | Street Lighting Disturbs Commuting Bats[END_REF][START_REF] Stone | Conserving energy at a cost to biodiversity? Impacts of LED lighting on bats[END_REF]. Taken together, ALAN effects can dramatically affect biological communities [START_REF] Davies | Night-time lighting alters the composition of marine epifaunal communities[END_REF][START_REF] Minnaar | Stacking the odds: Light pollution may shift the balance in an ancient predator-prey arms race[END_REF] and ecosystem functions [START_REF] Bennie | Cascading effects of artificial light at night: Resource-mediated control of herbivores in a grassland ecosystem[END_REF].

ALAN also consumes 19% of total global electricity and accounts for 1900 Mt of CO2 emissions per year [2]. Thus, a current major challenge in land-use planning involves designing outdoor lighting strategies that save energy and reduce CO2 emissions while limiting negative effects on biodiversity [2]. In the European Union, the most widely used streetlamp types are sodium vapor lamps (high pressure sodium, HPS and low pressure sodium, LPS), metal halide (MH), and high pressure mercury vapor lamps (HPM), representing respectively 37%, 36%, and 27% sales for the period 2004-2007 [13]. However, since the European Eco-Design Directive (245/2009), and according to the recent evolution of light technologies, developed countries are experiencing a renewal of their lighting equipment that reaches its endof-life, from conventional lighting technologies to light emitting diodes (LEDs) [START_REF] Almeida | Offline Soft-Switched LED Driver Based on an Integrated Bridgeless Boost-Asymmetrical Half-Bridge Converte[END_REF].

Specifically, LEDs have a high luminous efficacy (i.e., amount of energy needed to produce visible light in lumen per watt), and thus offer great opportunities to save energy and limit CO2 emissions [START_REF] Kyba | Redefining efficiency for outdoor lighting[END_REF]. In addition, conventional lighting technologies are being progressively phased out from the market because of their lower energetic efficiency [13]. This change is occurring concomitantly with the increasing cost-effectiveness of energy-efficient LEDs, representing so far approximately 7% of the European market [16]. This "breakthrough" lighting technology is an opportunity to drastically reduce the energy consumption of lighting compared to existing conventional lighting technologies, while allowing a greater flexibility in the control of the light environment as well as reducing maintenance costs [START_REF] Almeida | Offline Soft-Switched LED Driver Based on an Integrated Bridgeless Boost-Asymmetrical Half-Bridge Converte[END_REF]. However, this technology shift is accompanied by a change in light intensity and spectrum [START_REF] Almeida | Offline Soft-Switched LED Driver Based on an Integrated Bridgeless Boost-Asymmetrical Half-Bridge Converte[END_REF][START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF]. Indeed, both warm and cold white LEDs (2700 K and 4000 K, respectively) present an important peak of emissions in blue and ultraviolet (UV) wavelengths, which induces physiological disruption affecting animals [START_REF] Aubé | Evaluating Potential Spectral Impacts of Various Artificial Lights on Melatonin Suppression, Photosynthesis, and StarVisibility[END_REF][START_REF] Dominoni | Long-Term Effects of Chronic Light Pollution on Seasonal Functions of European Blackbirds (Turdus merula)[END_REF][START_REF] Durrant | Constant illumination reduces circulating melatonin and impairs immune function in the cricket Teleogryllus commodus[END_REF], and is responsible for the flight-to-light behavior of insects [START_REF] Van Langevelde | Effect of spectral composition of artificial light on the attraction of moths[END_REF].

Thus, the expected massive deployment of this technology in public outdoor lighting raises major concerns regarding its potential impacts on biodiversity.

Strictly nocturnal animals such as microchiropteran bats are particularly likely to be affected by ALAN, since they may be exposed to it during their entire activity period. In addition, microchiropteran bats present contrasting responses to ALAN according to their flight abilities and foraging strategies [START_REF] Rydell | Exploitation of insects around streetlamps by bats in Sweden[END_REF]. While slow-flying gleaning bat species avoid illuminated areas [START_REF] Stone | Conserving energy at a cost to biodiversity? Impacts of LED lighting on bats[END_REF][START_REF] Azam | Is part-night lighting an effective measure to limit the impacts of artificial lighting on bats?[END_REF], common fast-flying aerial and hawking species such as Pipistrellus spp. forage for insects in open areas and are able to forage at the vicinity of streetlights that provide a more predictable insect biomass [START_REF] Rydell | Exploitation of insects around streetlamps by bats in Sweden[END_REF][START_REF] Azam | Is part-night lighting an effective measure to limit the impacts of artificial lighting on bats?[END_REF][START_REF] Lacoeuilhe | The influence of low intensities of light pollution on bat communities in a semi-natural context[END_REF]. It is known that HPS lights attract moths, because of the presence of UV wavelengths (Figure 26), while LPS lights of the same intensity (not producing UV light) attract less moths [START_REF] Eisenbeis | Artificial night lighting and insects: Attraction of insects to streetlamps in a rural setting in Germany[END_REF]. Such differences in bat prey attractiveness impact in turn bat behavior. However, bats also have to deal with a trade-off that includes the benefits of foraging close to streetlights and the drawback of increased predation risk by exposure to light [START_REF] Rydell | Bats and Their Insect Prey at Streetlights[END_REF].

Such a trade-off can also induce a light avoidance behavior, which was detected regardless of the lamp spectrum [27] and even at low level of light illuminance [START_REF] Lacoeuilhe | The influence of low intensities of light pollution on bat communities in a semi-natural context[END_REF][START_REF] Azam | Evidence for distance and illuminance thresholds in the effects of artificial lighting on bat activity[END_REF]. In this context, we hypothesize that a switch from conventional lighting technologies to LEDs may produce contrasted effects on moth attraction and in turn on predators such as fast-flying bat species.

Thus, the consequences of a renewal of street lighting on bat depend on changes in spectral composition and changes in the various components of light intensity (here, two aspects of intensity are considered: power (watts) and illuminance (lux), see Supplementary Material 1), it is thus not trivial to predict whether the renewal will conduct to an increase or a decrease in bat activity under streetlights. Thus, the consequences of a renewal of street lighting on bat depend on changes in spectral composition and changes in the various components of light intensity (here, two aspects of intensity are considered: power (watts) and illuminance (lux), see Supplementary Material 1), it is thus not trivial to predict whether the renewal will conduct to an increase or a decrease in bat activity under streetlights.

This renewal of street lighting by new technologies is happening worldwide. However, despite its potential cascading impacts on nocturnal fauna, few studies have so far dealt with the impacts of such a shift. Due to the lack of published studies, conducting a meta-analysis on this issue is not an option nowadays. Hence, all published works get close attention and the message conveyed can be viewed as a direct example to follow. In this context, Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] set up one of the first in situ experiments to investigate the effect of a switch from commonly used LPS to LED lamps on microchiropteran bat activity. LPS and LED lamps are in that case, as in common practices (i.e., common sense for practitioners), mainly distinguished according to the most important change in their characteristics, i.e., in their spectrum. LPS lamps emit narrow-band spectrum with a single peak of energy in the yellow range (~1807 K, Figure 26a), while LEDs used in this experiment were cool and neutral white emitting lamps (4000-5700 K), with a significant peak of blue emissions (Figure 26e,f). Thus, as insects are more attracted to short wavelengths such as blue and UVs than longer wavelengths such as yellow [START_REF] Van Langevelde | Effect of spectral composition of artificial light on the attraction of moths[END_REF], it would be expected to find a positive effect of a switch from LPS to LEDs on the foraging activity of so-called "light-attracted" fast-flying species. To test this hypothesis, the authors of this study did a before-after-control impact paired design (BACIP) at 12 pairs in four UK counties. Each pair consisted in two sites of existing streetlights, with one control site remaining LPS throughout the study, and one experimental site switching from LPS to LED ( [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] for complete description of the experiment). One of the strengths of this study lies in the fact that the authors monitored the effect of a real-life switch from LPS to LED streetlights performed by local authorities. Thus, their experiment corresponded to both ecological and public lighting realities. However, they did not control for lamp parameters that could potentially act as confounding effects in their study. In particular, although they intended to pair control and experimental streetlights at each site with similar height (m), and with similar lamp characteristics: light intensity (two metrics: output power (watts) and illuminance received by horizontal surface (lux)), there were still drastic differences in light illuminance and power output between the LPS lamps and the LEDs they were replaced by. It is, however, well known that light intensity is an important factor that can influence bat activity [START_REF] Lacoeuilhe | The influence of low intensities of light pollution on bat communities in a semi-natural context[END_REF][START_REF] Azam | Evidence for distance and illuminance thresholds in the effects of artificial lighting on bat activity[END_REF].

In their study, Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] did not detect any effect of the switch from LPS to LED lamps on bat activity. However, as several light intensity characteristics (i.e., power and illuminance) changed between the "before" and "after" phases, we believe it is necessary to include the influence of those characteristics in statistical models. In addition, we also believe that using generalized linear mixed-effects models (GLMMs) is a more robust approach than the non-parametric approaches used by Rowse et al. [17] because GLMMs can directly use the information of bat activity abundance (i.e., the response variable) through error distribution adapted for count data with potential over-dispersion [START_REF] Zuur | Mixed Effects Models and Extensions in Ecology with R[END_REF]. Hence, we conducted a retrospective analysis of Rowse et al.'s data [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] using an alternative approach aiming at disentangling the relative effects of light spectrum and intensity (i.e., power and illuminance) on bat activity following a switch from LPS to LED lamps.

According to the changes in spectrum composition, the switch from LPS to LED lamps will increase the amount of short wavelengths, and in return, contribute to attract much more insects [START_REF] Owens | The impact of artificial light at night on nocturnal insects: A review and synthesis[END_REF]. We thus hypothesize that it will increase the activity of light-tolerant bats.

However, bats are also sensitive to light intensity [START_REF] Azam | Evidence for distance and illuminance thresholds in the effects of artificial lighting on bat activity[END_REF] due to the potential risk of predation exposure [START_REF] Jones | Foraging strategy and predation risk as factors influencing emergence time in echolocating bats[END_REF][START_REF] Rydell | Timing of Foraging Flights of Three Species of Bats in Relation to Insect Activity and Predation Risk[END_REF]. In this context, we expect that differences in bat activity generated by the switch from LPS to LED lamps will also depend on light intensity. In addition, LED light being closer to daylight characteristics, the increase in light intensity under LED lamps could lead to greater perception of the potential risk of predation exposure than LPS. The net result on bat activity (increase or decrease) will depend on a trade-off between the risk of predation exposure and the increase in prey resource. Therefore, we hypothesize that bat activity will increase under LED lamps when light intensities are low, while it would decrease under high light intensities.

Material and Methods

Biological Model

Bats are increasingly threatened worldwide [START_REF] Mickleburgh | A review of the global conservation status of bats[END_REF]. At the very local scale (i.e., the streetlight scale), some bats are able to feed on moths and flies attracted by streetlamps, these species named "light-tolerant species" are mainly fast-flying aerial hawking species (i.e., those in the genera Eptesicus, Nyctalus, and Pipistrellus). These species may benefit locally from the amount of prey [START_REF] Rydell | Exploitation of insects around streetlamps by bats in Sweden[END_REF]. In contrast, some species systematically avoid lit areas when commuting [START_REF] Stone | Street Lighting Disturbs Commuting Bats[END_REF] and foraging [START_REF] Rydell | Exploitation of insects around streetlamps by bats in Sweden[END_REF]. These species, considered as "light-intolerant species", mainly include slow-flying bat species that avoid open areas such as Myotis spp. and Rhinolophus spp. Thus, artificial light may potentially intensify "interspecific competition for food" between rare species such as R. hipposideros and common species such as P. pipistrellus [START_REF] Arlettaz | Competition for food by expanding pipistrelle bat populations (Pipistrellus pipistrellus) might contribute to the decline of lesser horseshoe bats (Rhinolophus hipposideros)[END_REF].

Bat Activity

According to their foraging strategy during the reproduction period, (i.e., individuals foraging around maternity roost [START_REF] Robinson | Home range and habitat use by the serotine bat, Eptesicus serotinus, in England[END_REF][START_REF] Safi | Sex differences in population genetics, home range size and habitat use of the parti-colored bat (Vespertilio murinus, Linnaeus 1758) in Switzerland and their consequences for conservation[END_REF] using commuting corridors), the assessment of impact of anthropogenic pressures on bat relative abundance should favor in situ experiments that take into account landscape constraints. Acoustic recorders that allow users to measure bat activity, often considered as a proxy of relative abundance, were hence increasingly used over the last two decades in such studies, to test various anthropogenic pressures including artificial light at night at local scales [START_REF] Stone | Street Lighting Disturbs Commuting Bats[END_REF][START_REF] Azam | Is part-night lighting an effective measure to limit the impacts of artificial lighting on bats?[END_REF][START_REF] Spoelstra | Response of bats to light with different spectra: Light-shy and agile bat presence is affected by white and green, but not red light[END_REF]. Here, the proxy of bat activity was the number of bat passes over three consecutive nights [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF]. Because bat passes were not detailed for each night, this group of three consecutive nights referred to a categorical variable hereafter named "date". This measure of bat passes allowed deriving five bat activity measures: the total number of bat passes, the number of bat passes for a given species (P. pipistrellus, P. pygmaeus, and Nyctalus spp) and the feeding buzz ratio of P. pipistrellus. Before catching an insect, bats produce particular echolocation calls, named buzzes [START_REF] Obrist | Variability in echolocation call design of 26 Swiss bat species: Consequences, limits and options for automated field identification with a synergetic pattern recognition approach[END_REF]. The buzz ratio (i.e., the proportion of bat passes that included feeding buzzes) can reveal substantial information about capture success and can be used as an indirect proxy of bat's prey density [START_REF] Britton | Echolocation behaviour and prey-capture success in foraging bats: Laboratory and field experiments on Myotis daubentonii[END_REF].

Experimental Set-up and Variation in Power and Illuminance of Lamps at Experimental Sites

In order to investigate the impact of a switch from LPS to LED streetlights on bat activity, Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] performed a before-after-control-impact paired design (BACIP), at 12 pairs across southern England. Each pair include one experimental lighting column (switch from LPS to LED) and one control lighting column (remaining LPS throughout the study). Control lighting columns (hereafter named control) were selected in landscapes where LPS lights remained the dominant lighting type throughout the study. Experimental lighting columns (hereafter named experimental) were selected in landscapes where LPS lights were the dominant lighting type before the switch-over and where LED were the dominant lighting type after the switch-over (for more details on the characteristics of sampled lighting columns see [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF]). The LED lamps (hereafter name LED) studied were a combination of neutral and cool LED lights (4000-5700 K, see Figure 26e,f for spectrum composition). An exploration of landscape composition and streetlight column characteristics among sites using principal correspondence analysis confirmed the absence of the site with an obvious peculiar composition (see Supplementary Material 2)

Because bat activity measure is linked to prey invertebrate availability, and in turn, weather conditions [START_REF] Hayes | Temporal Variation in Activity of Bats and the Design of Echolocation-Monitoring Studies[END_REF][START_REF] O'donnell | Influence of season, habitat, temperature, and invertebrate availability on nocturnal activity of the New Zealand long-tailed bat (Chalinolobus tuberculatus)[END_REF][START_REF] Ciechanowski | Spatiotemporal variation in activity of bat species differing in hunting tactics: Effects of weather, moonlight, food abundance, and structural clutter[END_REF], weather conditions have to be consequently taken into account in the design of in situ experiments. In order to disentangle the effects of a switch from LPS to LED on bat activity from the effects of weather conditions, Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] sampled the two recording sites of a pair (treatment and control) during the same night. Recordings were made a minimum of seven days (mean 14.9 days, s.d. ± 5.3 days) after the switch-over, with the aim to enable the bats to adjust to the new lights [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF].

Table 3: Variations in power and illuminance at Rowse et al.'s study. Variations were computed as the differences between the power/illuminance of low pressure sodium (LPS) in experimental before the switch-over and the power/illuminance of LED after the switch-over.

Light intensity Mean (±SE)

Minimum Maximum Changes of power (watts) -10.6 ± 3.8 (-40%) -21 (-61%) +16 (+18%) Changes of illuminance (lux) +17.7 ± 8.5(+259%) -21 (-51%) +64 (+1800%)

As Rowse et al. [17] worked on the switch of streetlights from LPS to LED performed by local authorities, they could not define themselves (i) the date of switch-over, thus leading to a staggering of the recording period from May to October 2014; and (ii) the new lamp characteristics. Concerning the first point, the staggering of the recording period from May to October is not an optimal sampling because bat activity changes dramatically during this timeframe [START_REF] Newson | A novel citizen science approach for large-scale standardised monitoring of bat activity and distribution, evaluated in eastern England[END_REF]. Concerning the second point regarding new lamp characteristics, it is much more problematic, because, in addition to change in spectrum, the switch from LPS to LED resulted in drastic changes in light intensity (power and illuminance) of streetlamps (Table 3).

Consequently, we believe it is important to disentangle the effects of changes in these characteristics (illuminance and power) from changes in lamp type (spectrum) on bat activity to fully assess the effects of switching from LPS to LED.

Statistical Analyses

Preliminary Analysis 1: Analysis without Taking Account Changes in Light Intensity (Power and Illuminance)

Since we changed the conceptual framework of statistics (from non-parametric test to generalized linear modeling), firstly we performed similar analysis as Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] (i.e., without taking into account changes in light intensity). Using the generalized linear mixedeffects model (GLMM; function and R package glmmTMB [START_REF]Generalized Linear Mixed Models Using Template Model Builder[END_REF]), we also found qualitatively similar results as Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF] found using non-parametric tests, except for buzz ratio: our modeling allowed detecting a significant decrease in buzz ratio associated with the switch from LPS to LED occurring (see details in Supplementary Material 3).

Preliminary Analysis 2: Evaluation of the Influence of Intensity (Power and Illuminance) on Bats Activity

We assessed the relative importance of illuminance and power variables on bat activity compared to other explanatory variables (height, dist. wood, dist. water, dist. grass) using generalized linear modeling or hierarchical partition of the variance applied on the Rowse et al.'s dataset [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF]. We confirmed the correlation between bat activity and power and illuminance (see Supplementary Material 4).

Disentangling the Relative Effects of Light Spectrum and Intensity (i.e., Power and Illuminance) on Bat Activity Following the Switch from LPS to LED Lamps

According to the two preliminary findings, i.e., (i) the correlation between bat activity and power and illuminance, which is congruent with the literature [START_REF] Lacoeuilhe | The influence of low intensities of light pollution on bat communities in a semi-natural context[END_REF][START_REF] Azam | Evidence for distance and illuminance thresholds in the effects of artificial lighting on bat activity[END_REF]; and (ii) the changes in power and illuminance between the before and after stages for experimental lighting columns (Table 3), we believe that including illuminance and power covariates in the statistical analyses is necessary to assess the effects of the lamp type per se (LPS and LED, i.e., major changes in spectrum) on bat activity. When reanalyzing data, we performed GLMM using as response variable of the number of bat passes, as explanatory variables of the lamp type (LPS versus LED) and the intensity (power or illuminance) as well as the interaction between lamp type and illuminance or power. In addition, we used a nested random effect (date within pairs) to account for the structure of the data (each site, i.e., a pair, consisted of a control and an experimental recording site sampled the same date before and the same date after). It should be noted that date was a categorical variable used to group data recorded on the same date, but

was not informative as to the actual date of sampling. Because power and illuminance were obviously correlated (Spearman's rho = 0.64, [START_REF] Freckleton | On the misuse of residuals in ecology: Regression of residuals vs. multiple regression[END_REF]), we performed independent modelings: one included power while the second included illuminance. According to the nature of the response variable (count of bat passes) and potential over-dispersion, we performed modelings using a negative binomial distribution (link = log) [START_REF] Zuur | Mixed Effects Models and Extensions in Ecology with R[END_REF], except for feeding buzz ratios, for which we used a binomial distribution (link = logit). Thus, our statistical models were structured as follows:

Bat Activity ~ Lamp Intensity × Lamp Type + (1|Pair/Date) (1) where Bat activity was (i) the number of passes for a given species, (ii) the feeding buzz ratio or (iii) a total number of bat passes, Lamp intensity was either the power or the illuminance variable and Lamp type referred to the spectrum (LPS or LED).

It is worth noting that in the data of Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF], bat activity may have been strongly

influenced by the season (from May to October), which may have generated a high degree of heterogeneity in the results. However, the paired experimental design and the structure of the statistical model (random "pair" effect) make it possible to incorporate this variation without compromising the statistical power of the tests because the two measurements from the same pair (control and experimental sites) were always spatially close and were recorded simultaneously.

A total bat activity could be strongly driven by species identity (because of differences of local abundances between species or specific distances of detection [START_REF] Kerbiriou | Bat Pass Duration Measurement: An Indirect Measure of Distance of Detection[END_REF], some species can have more weight than another can). Instead of summing the activity of the different species, we thus added a nested random effect on the species to all models with total number of bat passes as the response variable. Finally, we checked for over-dispersion and for homogeneity of variance by visual inspection of residuals [START_REF] Zuur | A protocol for data exploration to avoid common statistical problems[END_REF].

Results

When the lamp type effect was modeled using power as the covariate, we found that LED lamps increased the total bat activity, the Nyctalus spp. activity, and the buzz ratio as compared to LPS. Overall, power has a negative effect on Pipistrellus pipistrellus activity and buzz ratio (Table 4). The relationship between bat activity and power significantly differed between LPS and LED lamps for total bat activity, the buzz ratio, and species activity measures except for Pipistrellus pygmaeus. Specifically, increasing power tended to increase bat activity with LPS lamps, while it tended to decrease bat activity with LED lamps (Table 4; Figure 27).

When the lamp type effect was modeled using illuminance as the covariate, we found that LED lamps increased buzz ratio and activity of P. pipistrellus as compared to LPS.

Overall, like power, the illuminance has a negative effect on P. pipistrellus activity and the buzz ratio (Table 4). The relationship between bat activity and illuminance significantly differed between LPS and LED lights for total bat activity, the buzz ratio, and species activity except for P. pygmaeus as well. As in the power analysis, increasing illuminance increased bat activity with LPS lamps, while it decreased it with LED lamps (Table 4; Figure 28).

Discussion

In contrast to the study of Rowse et al. [START_REF] Rowse | The switch from low-pressure sodium to light emitting diodes does not affect bat activity at street lights[END_REF], which concluded that the switch from LPS to LED lamps had no effect on bats, our analyses indicate that the switch from LPS to LED lamps (i.e., in spectrum) has a significant effect on bat activity, although this effect strongly depends on light intensity level. The main reason for such discrepancy between our conclusion and that of Rowse et al. (2016) comes from the inclusion of changes in light intensity in our statistical modeling. The loss or gain in activity that results from this switch in spectrum 4).

strongly depends on both initial and new lamp intensities: at the lowest intensities, bat activities were higher near LED than LPS, while for high intensities it was the opposite (i.e., bat activity and buzz ratio decrease with increasing LED intensity, while an opposite effect was observed with LPS lamps). Because switches from LPS to LED lamps can lead to an increase in illuminance, these results indicate that such technological changes may involve a reduction of bat activity in numerous cases, especially at high LED intensities.

According to the limited number of sites sampled, these results should be treated with caution and we encourage repeating such study. In addition, these results should also be used with caution as they are based on whole-night activity metrics, which do not provide information on the full range of possible impacts. Indeed, artificial light also disrupts the behavior, phenology, and physiology of individuals [START_REF] Dominoni | Artificial light at night as an environmental pollutant: An integrative approach across taxa, biological functions, and scientific disciplines[END_REF][START_REF] Polak | Differential effects of artificial lighting on flight and foraging behaviour of two sympatric bat species in a desert[END_REF][START_REF] Boldogh | The effects of the illumination of buildings on housedwelling bats and its conservation consequences[END_REF], which should be assessed with 4).

phenology, and physiology of individuals [START_REF] Dominoni | Artificial light at night as an environmental pollutant: An integrative approach across taxa, biological functions, and scientific disciplines[END_REF][START_REF] Polak | Differential effects of artificial lighting on flight and foraging behaviour of two sympatric bat species in a desert[END_REF][START_REF] Boldogh | The effects of the illumination of buildings on housedwelling bats and its conservation consequences[END_REF], which should be assessed with more accurate temporal resolution. Unfortunately, this information was not available.

The interaction between spectrum and intensity reveals a trade-off between foraging opportunities and risks of exposure to predation when bats forage in a lit environment. On one hand, streetlight made up of lamp types with important proportion of blue or UV wavelengths (cool white LED, HPM, MH, Figure 26), concentrate insects' preys [START_REF] Mickleburgh | A review of the global conservation status of bats[END_REF] and therefore can be attractive for light tolerant bat species, but on the other hand, the increase of intensity may be perceived as an increase of the risk of exposure to predation [START_REF] Mickleburgh | A review of the global conservation status of bats[END_REF][START_REF] Arlettaz | Competition for food by expanding pipistrelle bat populations (Pipistrellus pipistrellus) might contribute to the decline of lesser horseshoe bats (Rhinolophus hipposideros)[END_REF]. Thus, the trade-off between the increase in prey amount and the increase of predation risk, both linked to the increase in light intensity, appears to be more profitable for bats under LPS than LED lamps.

An assumption to explain this difference is that LED light is closer to daylight characteristics and is thus associated to a greater risk of predation exposure. Our results also confirmed the hypothesis that at low intensity, the direction of the effect of change in spectrum on bat activity-of light-tolerant bats-should depend on the amount of UV and of blue wavelengths as these parameters induce more phototaxis of flying insects [START_REF] Van Langevelde | Effect of spectral composition of artificial light on the attraction of moths[END_REF]. At the lowest intensities, the switch from LPS to LED and hence the increase in amount of UV and of blue wavelengths, resulted indeed in an increase of bat activity. This result is also congruent with the study performed by Stone et al. [51] on the impact of the switch from LPS to white metal halid lamps.

Such change resulted in an increase in the amount of UV and blue wavelengths emitted (Figure 26d) and led to an increase of light-tolerant bat activity (Pipistrellus pipistrellus, P. pygmaeus, and Nyctalus/Eptesicus spp.) [START_REF] Stone | The impacts of new street light technologies: Experimentally testing the effects on bats of changing from low-pressure sodium to white metal halide[END_REF]. In contrast, a decrease of light-tolerant bat activity should be expected for a switch from mercury vapor (MV) to LED lamps, because it will contribute to a decrease of the amount of UV and of blue wavelengths emitted (LED includes a lower amount of wavelengths attractive for insects (Figure 26e,f for LED compared to Figure 26b for MV)). This result was found by Lewanzik and Voigt [START_REF] Lewanzik | Transition from conventional to light-emitting diode street lighting changes activity of urban bats[END_REF] who detected a decrease in bat activity when mercury vapor (MV) lamps were switched to LED lamps.

However, the observed increase or decrease in bat activity under streetlights consecutively to the renewal of conventional lights to LED should be carefully interpreted. Firstly, whatever the type of spectrum or light intensity, some bats species systematically avoid lit environments, particularly slow-flying species adapted to prey on insects in cluttered vegetation, such as Rhinolophus spp. and Myotis spp. [START_REF] Stone | Street Lighting Disturbs Commuting Bats[END_REF][START_REF] Stone | Conserving energy at a cost to biodiversity? Impacts of LED lighting on bats[END_REF][START_REF] Azam | Is part-night lighting an effective measure to limit the impacts of artificial lighting on bats?[END_REF]. Secondly, even for light tolerant species such as Pipistrellus pipistrellus, spatial scale has to be considered for biological interpretation of light effect. At a local scale, some bats species can be concentrated in illuminated areas rather than surrounding dark places because streetlights offer new and predictable foraging opportunities by attracting a large portion of the surrounding insect biomass [START_REF] Eisenbeis | Artificial night lighting and insects: Attraction of insects to streetlamps in a rural setting in Germany[END_REF][START_REF] Perkin | Artificial light as a disturbance to lightnaïve streams[END_REF]. However, the impact of ALAN could be considered as negative on both nocturnal insects and bats at a larger scale because it reduces prey availability for bats in surrounding unlit landscapes by massively aggregating preys at light sources and inducing high mortality of insect (so-called "vacuum cleaner effect", [START_REF] Rich | Ecological Consequences of Artificial Night Lighting[END_REF][START_REF] Eisenbeis | Artificial night lighting and insects: Attraction of insects to streetlamps in a rural setting in Germany[END_REF][START_REF] Grubisic | Insect declines and agroecosystems: Does light pollution matter?[END_REF]). This is furthermore of particular concern as a national scale study in Great Britain showed that common species of moths have experienced rapid declines over the last 30 years [START_REF] Conrad | Rapid declines of common, widespread British moths provide evidence of an insect biodiversity crisis[END_REF]. This hypothesis of opposite effects of ALAN according to the spatial scale considered was confirmed by different studies (local scale: [START_REF] Azam | Is part-night lighting an effective measure to limit the impacts of artificial lighting on bats?[END_REF] vs. landscape scale: [START_REF] Azam | Disentangling the relative effect of light pollution, impervious surfaces and intensive agriculture on bat activity with a nationalscale monitoring program[END_REF][START_REF] Pauwels | Accounting for artificial light impact on bat activity for a biodiversityfriendly urban planning[END_REF]). The studies carried out at the landscape-scale revealed negative effects of ALAN on the activity and probability of occurrence of four common species of bats: P. pipistrellus, P.

kuhlii, E. serotinus, and N. leisleri, which are considered as "light attracted" species at the more local scale [START_REF] Rydell | Exploitation of insects around streetlamps by bats in Sweden[END_REF][START_REF] Azam | Is part-night lighting an effective measure to limit the impacts of artificial lighting on bats?[END_REF][START_REF] Lacoeuilhe | The influence of low intensities of light pollution on bat communities in a semi-natural context[END_REF]. These hidden negative effects of ALAN at a landscape scale could also be explained by the fact that artificial lighting does not only influence species foraging behavior, but also reproduction and commuting behaviors [START_REF] Hale | The ecological impact of city lighting scenarios: Exploring gap crossing thresholds for urban bats[END_REF], and landscape connectivity [START_REF] Laforge | Reducing light pollution improves connectivity for bats in urban landscapes[END_REF].

We are currently at an important crossroad in lighting management: (i) light pollution had been increasing drastically every year for several decades in developed countries and is expanding in developing ones [2,[START_REF] Bennie | Mapping artificial lightscapes for ecological studies[END_REF][START_REF] Sánchez De Miguel | Sky Quality Meter measurements in a colour-changing world[END_REF], and now (ii) lighting equipment reaches its end-oflife in developed countries. The increased cost-effectiveness of white-LEDs may contribute to an increase of ALAN through (i) the introduction of new artificial lighting sources in previously unlit areas, and (ii) the use of brighter light sources [START_REF] Kyba | Redefining efficiency for outdoor lighting[END_REF]16]. In this context, limiting the adverse impact of ALAN involves limiting the extent of lighting in natural habitats and sparsely urbanized habitats (removal of unnecessary light points), and maintaining areas of darkness in human-inhabited landscapes [START_REF] Kyba | Redefining efficiency for outdoor lighting[END_REF]. Such outdoor lighting planning requires to manage ALAN through five integrated levers of action. The two first levers raise the following questions: (i) within a landscape, which light points are necessary? (ii) during a night, what duration of lighting is necessary? Second, once areas and time periods that really need to be lit have been identifiedfor example for safety reasonsit should focus on (iii) the avoidance of unnecessary dispersion of light through precise directionality of the luminous flux, (iv) the drastic reduction of the proportion of UV and blue wavelengths in the spectral composition of the lamps [START_REF] Gaston | Reducing the ecological consequences of night-time light pollution: Options and developments[END_REF], and (v) the reduction of the illuminance of light sources.

Conclusion

Our re-analysis clearly showed that the switches in both spectrum and intensity associated with the replacement of LPS with LED lamps strongly affected bat activity. We showed that bat activity and buzz ratio decreased with increasing LED intensity, while an opposite effect was observed with LPS lamps. Hence, the loss or the gain in bat activity when lamp types, i.e., spectrum, are switched, strongly depends on the initial and new lamp intensities. In particular, we showed that when LPS lamps are replaced by LEDs with high illuminance (i.e., >25 lux), According to the current trend of renewal of lighting equipment, from conventional lighting technologies to LEDs that offer great opportunities to save energy and limit CO2 emissions, we recommend to pay close attention to reduce the amount of lowest wavelengths (i.e., blue) on the LED spectrum (for example warm white LED (2500 K) instead of cool white LED (5000 K)) and reduce the lamp illuminance since both constitute main drivers of impacts on bats and their preys [START_REF] Owens | The impact of artificial light at night on nocturnal insects: A review and synthesis[END_REF][START_REF] Spoelstra | Response of bats to light with different spectra: Light-shy and agile bat presence is affected by white and green, but not red light[END_REF].

Supplementary Materials

The pipistrellus at control (i.e., lit using LED lamps throughout both years of the experiment) and experimental sites (i.e., lit using LED lamps only the first year and LPS lamps only the second year) before and after the switch from LPS to LED lamps under experimental sites. Results come from the BACIP modeling, Figure S3. Percentage of total explained variance, Figure S4.

Relationship between bat activity (log-transformed of the number of bat passes) and illuminance (lux) at the 24 LPS streetlights in control and experimental sites before the switch, Table S1. Estimates, standard errors (SE) and p-value of the bat activity at control (i.e., without change of LPS lights) and experimental sites (i.e., with LPS lights switched to LED lights) before and after LPS lights were switched to LED lights. Here, the 'reference' category (i.e., the intercept) is 'control' and is identified as a category of comparison for the other categories (here 'experimental'), Table S2. Effect of environmental variables on bat activities (β is the estimate of GLM), p-values were calculated using an ANOVA with a F-test for expressed.

According to the need to adjust p-values for multiple comparisons, Bonferroni correction indicates that a α = 0.05 threshold level should be considered here as α = 0.008, thus significant p-values in regard to Bonferroni correction are indicated in bold, * indicated that error distribution used was a quasi-Poisson instead of a negative binomial due to problem of model convergence. Main novelties:

In short

-Effect of switching from sodium vapor lamps (here LPS lamps) to LEDs on bat activity.

-Existence of an interaction between the emission spectrum and light intensity on bat activity (i.e. the effect of light intensity on bats varies according to the emission spectrum of the lamp).

Results (Figure 29):

We showed that when switching from LPS lamps to LEDs, the change in the emission spectrum and light intensity (characterised either by illuminance or power) has significant interactive effects on four of the five bat activity metrics studied (total bat activity, P. pipistrellus activity, Nyctalus spp. activity and P. pipistrellus feeding buzz ratio). Thus, the positive or negative effect of the change in spectrum depends strongly on the intensity of the old and new lamps.

As expected, at low intensities, bat activity was higher around the LEDs than around the LPS lamps, while, at high intensities, is was the opposite. In other words, bat activity decreased with increasing light intensity around LEDs, while it increased with increasing light intensity around LPS lamps. Such results raise the need to consider not only the change in spectrum when retrofitting old lighting technologies, but also in light intensity, as, in many cases, the switch might result in a reduction of bat activity, especially when the intensity of the new LEDs is high.

Perspectives

In this study, we showed that when investigating the effects of the replacement of lighting technologies on biodiversity, not only changes in the emission spectrum should be taken into account, but also changes in other lighting parameters, such as illuminance or directivity of the luminous flux, and the possible interactions between these parameters.

It has been predicted that by 2027, 89 % of the world's streetlights will use LEDs (estimated over 125 counties by the Northeast Group, Zissis et al., 2021). Such a prediction may seem to be dramatic as we showed, in this chapter, that this could have important consequences for biodiversity despite its non-neglectable potential to reduce the carbon footprint of lighting. Indeed, this replacement of conventional lighting equipment with LEDs may be accompanied by an increase in light intensity and, as "broad white" LEDs are currently the most widely used, it will likely lead to a "whitening" of ALAN.

However, as the LED technology is highly flexible, it is possible to select the minimum required light intensity, and to adapt the light spectra to reduce emissions at wavelengths that alter biological processes and disrupt organisms (Sánchez de Miguel et al., 2022). Some studies have already investigated whether LEDs have a different effect on bats depending on their colour. Although some of them did not find different effects of LEDs depending on the colour in some contexts [START_REF] Bolliger | Low impact of two LED colors on nocturnal insect abundance and bat activity in a periurban environment[END_REF][START_REF] Spoelstra | No effect of artificial light of different colors on commuting Daubenton's bats ( Myotis daubentonii ) in a choice experiment[END_REF], others tend to show that red or amber lights might be less disturbing to bats than white or green ones (Barré et al., 2021a;Spoelstra et al., 2017;Straka et al., 2020). More generally, these less harmful effects of amber and red LEDs on biodiversity have been found for other taxa (e.g. birds: [START_REF] Aulsebrook | White and Amber Light at Night Disrupt Sleep Physiology in Birds[END_REF][START_REF] Kernbach | Broad-spectrum light pollution suppresses melatonin and increases West Nile virus-induced mortality in House Sparrows (Passer domesticus)[END_REF], insects: Davies et al., 2017;Owens et al., 2018). Thus, even if some counterexamples have been documented (e.g. [START_REF] Briolat | Artificial nighttime lighting impacts visual ecology links between flowers, pollinators and predators[END_REF], amber and red LEDs have been advocated in recent years, as they seem generally to be less damaging to biodiversity than white ones.

Furthermore, it should be reminded that the colour of a light source can be defined by the emission spectrum (i.e. the distribution of the wavelengths emitted) or by the CCT (the colour appearance of the light emitted by a light source) (see Box 1). These two measures are not equivalent, for instance, several lights that could be defined as "amber" according to their CCT can have a broader or narrower emission spectrum (e.g. the spectrum of the amber LED used in [START_REF] Briolat | Artificial nighttime lighting impacts visual ecology links between flowers, pollinators and predators[END_REF] is broader than that used in Straka et al. (2020) and both are wider than the spectrum of a conventional LPS lamp). Thus, besides preferring red and amber LEDs to those emitting shorter wavelengths, it would likely be less damaging to biodiversity to choose the narrowest possible emission spectrum (i.e. the least likely to trigger a biological response).

As shown in the precedent chapters of this PhD, when studying the impact of light pollution, researchers should consider multiple temporal and spatial scales. A study such as the one presented in this chapter, allows to show that light characteristics modulate bats' responses to ALAN and disrupt their behaviours. However, such a study does not allow to conclude whether local attraction is, for instance, beneficial for "light tolerant" bat species, hence the need to also focus on wider temporal and spatial scales which better reflect long-term effect of ALAN on populations.

Studying the effect of ALAN on biodiversity at the landscape scale requires to have access to light data covering the whole study area. Most studies conducted at this scale used the radiance data (in nW.sr -1 .cm -2 ) from the average radiance composite raster produced by the Earth Observation Group using night-time data from the Visible Infrared Imaging

Radiometer Suite (VIIRS) Day/Night Band (Elvidge et al., 2021) (e.g. Azam et al., 2016;Barré et al., 2021b;Froidevaux et al., 2017;Korpach et al., 2022;Laforge et al., 2019;Lewanzik et al., 2021;Mariton et al., 2022;Miller et al., 2017;[START_REF] Rodríguez | GPS tracking for mapping seabird mortality induced by light pollution[END_REF]. These radiance measurements are made in a spectral band of 500 to 900 nm (Kyba et al., 2017a).

However, the current switch to LEDs results in increased emissions in visible wavelengths, especially in the blue part of the spectrum, which is not detected by the satellite sensors used to produce the VIIRS dataset (Sánchez de Miguel et al., 2022). Then, a switch from old lighting technologies, such as LPS or HPS lamps, to LEDs might lead to a decrease in the radiance measured by the sensors (Kyba et al., 2017a). Thus, to study the effect of the development of LEDs at the landscape scale, other sources of data should be used. In particular, these data have already been used in Pauwels et al. (2019). They showed that the ISS pictures were the best predictors of the negative effect of ALAN on P. pispitrellus activity at the city scale compared to the VIIRS dataset and ground data (i.e. location of streetlights).

Sánchez de

These multispectral pictures could therefore offer the possibility of assessingor at least predicting (see Box 7)the impact of switching from conventional lighting technologies to LEDs at wide scales, which is an urgent need, especially for designing biodiversity-friendly lighting schemes.

Box 7: Flying through the city: new lighting technologies alter landscape connectivity for bats in urban areas (in prep)

Pauwels J., Le Viol I., Mariton L., Laforge A., Bas Y., Coulon A., Valet N., Besnard A., Fonderflick J., Kerbiriou C., (in prep) Questions of Pauwels et al (in prep) Context:

In many developing regions, lighting equipment is reaching the end of its life and conventional lighting technologies (e.g. LPS, HPS, HPM, MH), which are considered to be energy-consuming, are gradually being replaced by LEDs with much higher luminous efficiency [START_REF] Gaston | Environmental Impacts of Artificial Light at Night[END_REF]Kyba, 2018). Most LEDs currently in use have a broader spectrum and are richer in blue light (Kyba, 2018) compared to sodium vapour lamps (Figure 3). Some authors warn of a potential "rebound effect", as the increasing costeffectiveness of LEDs could lead to an increase number of light sources and/or an increase in light intensity [START_REF] Gaston | Environmental Impacts of Artificial Light at Night[END_REF]Hölker et al., 2010;Kyba, 2018). Conversely, LEDs have more directional flux and are generally implemented in fixtures that better concentrate light towards the area to be illuminated, thus limiting light trespass into areas that are not intended to be lit.

It is crucial to assess how this predicted large and rapid deployment of LEDs in public outdoor lighting impacts biodiversity. In particular, the broader emission spectrum of LEDs, with more blue wavelengths than conventional sodium lamps, raises concerns because of the wide range of processes or organisms it might disrupt [START_REF] Gaston | Environmental Impacts of Artificial Light at Night[END_REF]). However, very few studies have assessed the impacts of this change in lighting technology on biodiversity, almost all have been conducted at local scales and none considered possible changes in functional connectivity. Yet, being able to move across the landscape is essential to fulfil daily requirements (e.g. food, shelter) and to maintain population viability (Fischer and Lindenmayer, 2007). Laforge et al. (2019) showed that ALAN could disrupt the ability of bats to move across urban areas where landscapes are already highly fragmented, even for
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"light tolerant" species, with potential cascading effects on population dynamics. Thus, it is of utmost interest to assess whether the adoption of LEDs could lead to an even lower connectivity at city scale.

We investigated how changes in ALAN attributes (i.e. spectrum, radiance) due to the expected transition to LEDs will impact functional connectivity for bats in three major French cities (Paris, Lille, Montpellier). Our objectives were (i) to measure the current effect of ALAN on landscape connectivity for bats, (ii) to evaluate how the expected transition to LEDs will affect light pollution (i.e. spectrum, radiance) and landscape connectivity (iii) to determine

Study sites: Lille (A), Montpellier (B), and Paris (C).

Light levels are 20 to 40 times higher than natural light levels in Lille and Montpellier and over 40 times higher in Paris (Falchi et al., 2016). Light levels are 20 to 40 times higher than natural light levels in Lille and Montpellier and over 40 times higher in Paris (Falchi et al., 2016). The Blue/Green ratio in the original ISS picture was 0.38 in Paris, 0.36 in Lille and 0.30 in Montpellier. Tree cover represents 21% of the surface in Paris and Montpellier and 14% of the surface in Lille. Paris, the largest of the three cities (105 km 2 ), has 17 parks (mean size 0.13 km 2 ) in its center and two woodlands on its borders (10 and 8.5 km 2 ); Lille (35 km²) has a dozen parks (mean size 0.15 km 2 ); and Montpellier (57 km²) has a large number of parks of various sizes spread across the city, the largest one being 1 km 2 .
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whether this evolution of lighting technology will have different effects depending on the city considered (i.e. landscape context). We predicted that, due to LED important proportion of blue wavelengths, the change in lighting technology will have a negative impact on landscape connectivity for bats but that a better orientation of the light flux may help reduce this impact.

Abstract of the material and methods:

We used fine scale night-time pictures taken from the International Space Station (ISS), which became more accessible through the citizen science program Cities at Night (http://citiesatnight.org/) (Sánchez de [START_REF] Sánchez De Miguel | Colour remote sensing of the impact of artificial light at night (II): Calibration of DSLR-based images from the International Space Station[END_REF]. As they were composed of four colour bands (one blue, one red and two green), we had information on the spectral distribution of the emissions and we were able to simulate different outdoor lightning scenarios at the city scale.

We assessed and compared landscape connectivity for bats under four situations: 1) current state of lighting; 2) 'No Light scenario'; 3) 'LED scenario' reflecting the shift of lighting technology towards 3000 K LEDs, with the number of light sources and radiance level remaining unchanged; and 4) 'LED30 scenario', similar to the LED scenario but with a 30 % decrease in pixel radiance to simulate the more directional flux of LEDs that may reduce overall light emissions [START_REF] Aubé | Modelling the effects of phosphor converted LED lighting to the night sky of the Haleakala Observatory, Hawaii[END_REF]. Our workflow was the following one:

(1) We used data from the citizen science program Vigie-Chiro and data provided by the project "TRAME NOIRE" (Lille, Laforge et al., 2019). We only had sufficient data to perform the analysis in the three cities for P. pipistrellus, which is a "light tolerant" species often found in urban areas [START_REF] Russo | Sensitivity of bats to urbanization: a review[END_REF] and one of the most common species in France although its populations tend to decline (Bas et al., 2020). Bat activity was recorded using the setting of the Vigie-Chiro program between June and October 2008 to 2015. P.

pipistrellus passes recorded during the two first hours after sunset were used (282, 153 and 73 sites monitored for Paris, Montpellier and Lille respectively). Our connectivity modelling approach was based on the hypothesis that bat activity is a proxy of habitat suitability in terms of food resources and accessibility [START_REF] Frey-Ehrenbold | Landscape connectivity, habitat structure and activity of bat guilds in farmland-dominated matrices[END_REF][START_REF] Mimet | Contribution of private gardens to habitat availability, connectivity and conservation of the common pipistrelle in Paris[END_REF][START_REF] Pinaud | Modelling landscape connectivity for greater horseshoe bat using an empirical quantification of resistance[END_REF] and could be used to derive a resistance surface.
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(2) Using generalized linear mixted models (GLMMs), we estimated the relationship between bat activity and environmental covariates, including ALAN. Using the predictions from these GLMMs, we derived a resistance surface [START_REF] Cushman | Why Did the Bear Cross the Road? Comparing the Performance of Multiple Resistance Surfaces and Connectivity Modeling Methods[END_REF]. We then used the least-cost path (LCP) method to identify highly connected areas [START_REF] Balbi | Title: Ecological relevance of least cost path analysis: An easy implementation method for landscape urban planning[END_REF] within each city.

(3) We simulated the three lighting modification scenarios and assessed how theses alterations affect landscape connectivity compared to the current situation.

Workflow followed

Results and discussion:

We confirmed that light had a significant negative effect on both activity and landscape functional connectivity for P. pipistrellus. We validated our prediction that a switch to LEDs would further decrease landscape connectivity for bats by increasing radiance and light emissions at short wavelengths compared to the current, already heavily light-polluted situation. Yet, a reduced light intensity or a better orientation of the light flux as the one
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simulated through the "LED-30 scenario" may help to reduce the negative impact of light pollution; however, it would depend on the context of a given city (i.e. on the landscape composition).

The degree of impact of our outdoor lighting scenarios, simulating technological evolution, on landscape connectivity for bats varied considerably between cities. The negative effect of the "LED scenario" on landscape connectivity for P. pipistrellus was highest in Lille and lowest in Montpellier. The variation in overall connectivity across all scenarios was weak for Montpellier which may be due to the fact that initially 42% of the extended area was unlit (compared to 29% for Lille and 15% for Paris). It suggests that the switch from pressure sodium lamps to LEDs may have a weak influence on bats in urban areas with large proportions of unlit areas. Paris had an initial radiance with a Blue/Green ratio of 0.38 in the original ISS picture compared to 0.36 for Lille, which is closer to the ratio of 0.4 applied to mimic the spectrum of 3000K LEDs in this study. The transition to LEDs may thus have a greater negative impact on connectivity for bats in Lille than in Paris, because it involves greater changes in radiance compared to their respective initial situations. Our results therefore show that it is not straightforward to estimate the influence of a change in lighting technology, as it depends on many factors such as the initial level and characteristics of light pollution, the size and distribution of suitable habitat patches in the landscape and probably even more (e.g. the spatial distribution of light sources or the life-history traits of species).
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Change in overall landscape connectivity for the lighting scenarios compared to the current situation.
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It should not be forgotten that P. pipistrellus is a species usually considered to be "light tolerant", so more light sensitive bat species may suffer even greater impacts. This highlights the importance to account for biodiversity in lighting planning to help species maintain or recolonise cities (Laforge et al., 2019;Pauwels et al., 2019). Removing light points and avoiding lighting new areas are still likely the most effective measures to restore and not to alter functional connectivity for bats. Where lights have to be used, LEDs with warmer colours (i.e. amber or red light) should be preferred to protect bats from light pollution.

Results of Pauwels et al. (in prep)

General discussion

"And when a flock of bluebills, pitching pondward, tears the dark silk of heaven in one long rending nose-dive, you catch your breath at the sound, but there is nothing to see except stars."

-Aldo Leopold, A Sand County Almanac

Principal results

(Figure 30)

The main novelty of this research on the impacts of ALAN on biodiversity is to assess the potential effectiveness of various mitigation measures at multiple spatial scales (local: In particular, a major lever put forward in the literature to mitigate the negative impacts of light pollution on biodiversity is to limit the duration of lighting. However, current PNL schemes do not cover the activity peaks of most bat species and are therefore unable to fully reduce the impacts of ALAN on bats (Azam et al., 2015;Day et al., 2015;Hooker et al., 2022).

In order to cover, at least, the activity of the latest-emerging bat species, which are among the most light-sensitive species, they should start much earlier. However, such an earlier switchoff time would probably be difficult to implement because it also corresponds to the times when humans most need light for their activities. Switching off lights during the peak periods We therefore wondered about the sensitivity of the species that emerge earliest at night and that are for the most part considered to be "light tolerant". The responses of these species to light pollution vary according to the spatial scale considered, they seem to be favoured locally by the presence of ALAN but to be less abundant because of it at the landscape scale (Azam et al., 2016). We showed that considering the temporal scale could provide an explanation for these contrasted responses. We found that the activity of a "light tolerant"

species (E. serotinus, open-space-foraging species) decreased in illuminated landscapes (Mariton et al., 2022). E. serotinus activity was also delayed because of ALAN, and this delay was greater on overcast nights, probably because cloud cover increased skyglow in lightpolluted areas. By reducing the time-budget of bats to forage and/or by causing a desynchronisation with the activity peak of their prey, this delay could have important consequences for individual fitness and population dynamics, which could explain the lower abundance of this species at the landscape scale. The preliminary results presented in Box 6

indicate that at least four other species belonging to the edge-and open-space-foraging guilds (which are considered to be "light tolerant" guilds) may show lower abundance and/or delayed activity in light-polluted landscapes. These species may thus be wrongly described as "light tolerant" and it seems essential to also protect them from light pollution.

Where and when it is not possible to switch off the lights, technical parameters can be modified to reduce the impact of ALAN on biodiversity. Currently, in many countries, lighting equipment is reaching the end of its life and is being replaced by LEDs. Although this technology allows energy savings, it is a cause of concern for ecologists. Indeed, the most commonly used LEDs have a broad emission spectrum that can impact many biological processes and taxa (Sánchez de Miguel et al., 2022). In addition, the higher luminous efficacy of LEDs raises concerns about a "rebound effect" (Kyba et al., 2017a) leading to increased use of lighting both in terms of spatial extent and intensity. However, the effect of these equipment changes has been little studied to date and simultaneous consideration of changes in different lighting parameters is sometimes lacking.

We showed that switching from LPS lamps to LEDs with an increase in intensity had additive and interactive negative effects on bat activity (Kerbiriou et al., 2020). At the landscape scale, we showed that the adoption of LEDs would drastically reduce landscape connectivity for a "light tolerant" species, presaging even greater impacts for other species (Pauwels et al., (in prep) (Box 7)). However, better directionality (and thus lower radiance of ALAN at city scale) of the new lighting could help mitigate for this effect by reducing the amount of light contributing to the skyglow. Therefore, where light cannot be switched off, we recommended using LEDs with warmer colours (e.g. "amber" or "red" LEDs), reduced intensity and better directionality.

A prerequisite for designing and promoting mitigation measures: understanding and assessing the impact of ALAN on biodiversity

Understanding the mechanisms by which ALAN disrupts ecological processes and organisms is an essential prerequisite for combating light pollution. This knowledge can then be used as a basis for promoting action and constructing effective conservation measures. The multiscale and multidimensional studies presented in this PhD add to a growing body of literature on the impact of ALAN on bats. As a conservation biologist we can now ask ourselves to what extent this rich scientific literature might allow us to answer (or infer an answer to) the following question: can the new biotic and abiotic conditions resulting from the intrusion of ALAN threaten the persistence bat populations? Indeed, such knowledge could make it possible to better assess the importance of the contribution of light pollution to the decline of certain bat populations and could support the urgent need to implement multi-scale conservation measures.

Alteration of abiotic conditions by ALAN

Firstly, it should be remembered that light is a major abiotic cue for biodiversity. The alteration of the natural light levels and light-dark cycles could therefore directly affect bat species through different mechanisms. In Mariton et al., (2022) and in the Box 6, we found that some bat species tended to delay their activity in light-polluted landscapes. One explanation to this result is that ALAN, as an abiotic cue, could directly alter biological timings.

Indeed, at the day scale, natural light has been shown to be a major parameter entertaining circadian rhythms (Aschoff, 1989;Erkert, 1982). To date, no studies have investigated the effect of ALAN on the circadian rhythm of bats. However, ALAN could result in alterations in these rhythms and thus have cascading consequences on the physiology and behaviours of bats.

Furthermore, as it has been shown for other species (e.g. de Jong et al., 2015;Le Tallec et al., 2015;Senzaki et al., 2020), light pollution could alter bat phenology by masking natural variations in night lengths. However, to our knowledge, to date, almost no study has investigated this potential effect of ALAN.

In Kerbiriou et al. (2020), we found that bat activity decreased with increasing LED intensity while an opposite effect was observed with LPS lamps. We hypothesised that this difference in response could be explained by the fact that LED light was closer to daylight than LPS light, making bats fear greater risks of predation. However, this also raises the question of bats' vision and, in particular, how they perceive colours and whether they could be blinded or disoriented by lights (however, see [START_REF] Orbach | Vision Impairs the Abilities of Bats to Avoid Colliding with Stationary Obstacles[END_REF], especially if the intensity is high and/or the emission spectrum is similar to that of daylight. However, to date, we lack studies on bats' vision and their perception of colours (however, see for instance [START_REF] Müller | Bat Eyes Have Ultraviolet-Sensitive Cone Photoreceptors[END_REF].

A better knowledge of bats' vision could also make it possible to better evaluate whether the photometric measurements (e.g. illuminance in lux) commonly measured in the field can really constitute a good proxy for the intensity of the light perceived by bats (see questions raised Box 5).

Alteration of biotic conditions by ALAN

In the literature, alterations of biotic conditions are most often put forward to explain the observed responses of bats to light pollution. In particular, the most widely accepted hypothesis is that bats' reactions to ALAN would be driven by a trade-off between the availability of prey and the risk of predation (actual or perceived). As a matter of fact, as insects are attracted by light sources, bats might be willing to forage near ALAN to exploit this predictable insect biomass (Stone et al., 2015a) and perhaps to cope with a reduction in food resources in dark areas near lit ones (this depletion of insects from dark areas has been termed a "vacuum cleaner" effect (Eisenbeis, 2006)). However, ALAN could also increase the actual or at least perceivedrisk of predation for bats by increasing the efficiency of predators using vision and by allowing diurnal predators to be active later in the night (Jones and Rydell, 1994;Rydell et al., 1996). Therefore, bats would only take risks by being active under higher light levels if the nutrient gains outweigh the risk of predation. This hypothesis has gained credibility through its explanatory power for the results of studies such as those presented in this PhD. It would explain why the responses of bats to light pollution depend on:

(1) The species under consideration: at the local scale, edge-and open-space-foraging species would be attracted by light sources and the insects clustered at their vicinity because their fast and agile flight would lead to less risks of predation in contrast to narrow-space-foraging species, which have a low and slow flight (Rydell, 1992)).

Similarly, this would explain why most open-and edge-space-foraging species are active earlier in the night (when the activity of the insects they feed on is highest) than narrow-space-foraging species (Mariton et al., (accepted)), which would only start to be active when the risk of predation is lower.

(2) The behaviour under consideration: while edge-and open-space-foraging species are attracted to light locally when foraging, they avoid ALAN when commuting. This could be explained by the fact that when they forage, they are willing to take risks to exploit the insect biomass near light sources, whereas when they commute, they prefer dark (3) The time of the year: bat would be more willing to take risks when their energy requirements are higher, which would explain, for instance, the delayed activity of some bat species due to ALAN during gestation but not during lactation (Box 6).

(4) The light characteristics: the perception of increased predation would be likely to be stronger, for instance, when light levels are higher and when the light spectrum is closer to daylight (Kerbiriou et al., 2020).

However, although it has long been shown that "light tolerant" bat species do forage under streetlights (Rydell, 1992), the link between higher light levels and actual or perceived increased risk of predation has almost never been directly investigated. There is therefore an important gap to be filled by studying how ALAN might affect the interactions between bats and their predators (e.g. roost monitoring by local associations could be used to investigate whether lit roosts are more prone to predation by owls, PAM could be used to evaluate simultaneously the presence of bats and their avian predators, etc.). Furthermore, it should not be forgotten that ALAN has been shown to have a wide range of effect on insects (Owens et al., 2019) and could then lead, at least locally, to population declines (Boyes et al., 2021;Owens et al., 2019). At the landscape scales, light pollution could therefore be responsible for an overall decline in food resources for bats.

Another biotic condition that may be modified by ALAN, but which has not received yet much attention, is competition. As a matter of fact, it might be hypothesised that narrowspace-foraging species might actually be deterred from foraging around light sources because of the high abundance of other species such as Pipistrellus spp. around them (Spoelstra et al., 2017). Arlettaz et al. (2000) also suggested that light pollution might provide immediate benefits for abundant species able to forage near streetlights, which might be detrimental to others in the long term. ALAN might also increase competition for bats of the same foraging guild. Indeed, Salinas-Ramos et al. (2021) showed that while both P. kuhlii and P. pipistrellus showed a preference for light-polluted areas, these two species segregated habitats at a small spatial scale. In particular, the association of P. pipistrellus with ALAN was weakened by the presence of P. kuhlii. However, this study is one of the few to focus on the potential alteration of competition by ALAN, raising the need for further studies. For example, it could be interesting to assess whether the Vigie-Chiro dataset (Box 3)which consists of simultaneous recordings of several speciescould be used to further explore possible niche segregation between species in light-polluted landscapes.

Potential consequences for population dynamics

Overall, it appears that ALAN is having substantial impacts on both the biotic and abiotic environment of bats and might therefore create a set of conditions in which at least the populations of some bat species will not be able to persist. For narrow-space-foraging species, which have been shown to be negatively impacted by ALAN whatever the scale and behaviour under consideration, the straightforward hypothesis would be that light pollution could lead to a decrease in individual fitness and have cascading adverse effect on population dynamics (Figure 31). This prediction is fortified by studies showing that some narrow-space-foraging species (Myotis spp. and Plecotus spp.) are indeed less abundant in light-polluted landscapes than in dark landscapes (Barré et al., 2021b;Lewanzik et al., 2021) and a study that found that the colony size of R. ferrumequinum was lower in illuminated landscapes (Froidevaux et al., 2017).

For edge-and open-space-foraging species the effect of ALAN on population dynamics is more difficult to predict as light pollution appears to be beneficial in some contexts (e.g. by allowing them to forage on a predictable insect biomass around streetlights, however not At the landscape scale, several studies showed that for some edge-and open-spaceforaging species (P. kuhlii, P. pygmaeus, P. nathusii at low light levels, E. serotinus, N. leisleri), abundance is higher in light-polluted landscapes (Barré et al., 2021b;Laforge et al., 2019;Mathews et al., 2015), suggesting that ALAN may indeed have a positive effect on individual fitness and population dynamics in some contexts. However, these same studies and others, showed the opposite for other open-and edge-space-foraging species (P. pipistrellus, P. kuhlii, E. serotinus, M. daubentonii, P. pygmaeus, P. nathusii), with lower abundance in illuminated landscape (Azam et al., 2016;Barré et al., 2021b;Laforge et al., 2019;Lewanzik et al., 2021;Mariton et al., 2022;Mathews et al., 2015;Box 6). This suggests instead that ALAN may have a negative impact on individual fitness and population dynamics in some contexts. These inconsistent results for these two foraging guilds could have several explanations.

Firstly, as pointed out by Mathews et al., (2015) and Straka et al. (2019), the effects of light pollution on these species can be mediated by the amount of surrounding tree cover.

Similarly, Barré et al. (2021b) showed that landscape composition could drive the response of bats to light pollution. Therefore, a better consideration of the interaction between ALAN and landscape parameters could help to understand these different effects of light pollution at the landscape scale on open-and edge-space-foraging species.

Secondly, while the "guild approach" based on foraging habits is useful for understanding and studying bat responses to light pollution, other functional traits of bats belonging to the same guilds may be heterogeneous (e.g. E. serotinus and N. leisleri belong to the same guild but show substantial differences in their diel activity pattern (Mariton et al., (accepted)), Barbastellus barbastellus and M. daubentonii are classified as edge-spaceforaging species but they have a shorter echolocation range than most species in this guild (Voigt et al., 2021)), which could explain different responses to light pollution, raising the need to complement the guild approach with a species approach whenever possible .

Overall, the scientific literature on the impact of light pollution on bats is beginning to allow us to infer what the impact of ALAN on populations might be. The next step would therefore be to be able to measure directly this potential impact, which could be done thanks to datasets such as the one of the Vigie-Chiro program (initially designed to study bat species trends, Box 3) and large-scale data on light pollution such as the VIIRS satellite data which are now available annually (from 2012 to 2021) (Elvidge et al., 2021). (Rydell, 1992), c (Spoelstra et al., 2017), d (Voigt et al., 2021), e (Zeale et al., 2018), f (Azam et al., 2018), g (Stone et al., 2015a), h (Barré et al., 2020), i (Hale et al., 2015), j (Polak et al., 2011), k (Boldogh et al., 2007), l (Duvergé et al., 2000), m (Luo et al., 2021), n (McAney and Fairley, 1988), o (Haddock et al., 2019a), p (Arthur and Lemaire, 2015), q (Laforge et al., 2019), r (Pauwels et al. (in prep)), s (Mariton et al., 2022), t (Salinas-Ramos et al., 2021), u (Barré et al., 2021b), v (Lewanzik et al., 2021), w (Froidevaux et al., 2017), x (Mathews et al., 2015), y (Azam et al., 2016), z Box 6

Going beyond the model species

While the study of the impacts of light pollution on species and guilds is of utmost interest, the assessment of its impact on community structure and function remains an important issue. Due to the extent of light pollution and its different effects on different bat species, it could be assumed that ALAN would lead to a homogenisation of bat communities in favour of species with functional traits resulting in relatively low sensitivity to light pollution (either by allowing them to thrive in a light-polluted context or because of a great flexibility in the habitats and time periods they could exploit). However, to our knowledge, these possible impacts of ALAN on bat communities have almost never been studied. Besides studying how light pollution might affect taxonomic diversity (i.e. species richness and diversity), it would be of utmost importance to assess its effects on functional diversity (i.e. variability in ecological attributes) and phylogenetic diversity (i.e. evolutionary differences between species) as the former would allow to provides a mechanistic link to the resistance, resilience and functioning of ecosystems and the latter to assess the long-term evolutionary potential of the community in response to current and future modifications in the ecosystems [START_REF] Cisneros | Effects of human-modified landscapes on taxonomic, functional and phylogenetic dimensions of bat biodiversity[END_REF][START_REF] Laforge | Road density and forest fragmentation shape bat communities in temperate mosaic landscapes[END_REF].

Furthermore, as knowledge of ALAN-mediated perturbations across a wide range of taxa continues to grow, there is a need for holistic approaches, integrating the whole trophicchain and focusing on multiple spatiotemporal scales. For instance, we explained above that bats' responses to light pollution are likely to be strongly driven by the impacts of light pollution on their prey and predators both at the local scale (e.g. attraction/repulsion behaviour, possibility of increased predation efficiency of visual predators at the vicinity of lights) and at broader spatiotemporal scales (e.g. long-term reduction of insect populations in light-polluted landscapes, possible landscape scale mismatch between diel activity peak of bats and of their prey). Assessing the relative importance of top-down (grazer-, parasite-and predatorcontrolled) and bottom-up effects (resource-controlled) of ALAN on different levels of trophic chains would then help to better understand the long-term impact of light pollution on species (e.g. by highlighting how disturbances at the lower and/or higher trophic level could have significant demographic impacts on the species studied) and to predict cascading alterations of ecosystem functions [START_REF] Bennie | Artificial light at night causes top-down and bottom-up trophic effects on invertebrate populations[END_REF].

Developing a multiscale and multidimensional approach to design mitigation measures and assess their effectiveness

Despite some remaining gaps in knowledge, the evidences on the impacts of light pollution on biodiversity are now overwhelming, hence the need to implement mitigation measures. While not lighting new areas (and by extension, removing light points) is obviously the most effective measure, other measures commonly cited in the literature are reducing the duration of lighting, reducing light trespass into areas that are not intended to be lit, reducing light intensity and modifying the emission spectrum (Gaston et al., 2012).

The need to better take into account the temporal dimension

The first two chapters of this PhD can be seen as a plea for a better consideration of the temporal dimension in mitigating the impacts of light pollution on biodiversity. As a reminder, living organisms have developed endogenous circadian rhythms entertained by exogeneous influences (e.g. temperature, light-dark cycles) (Aschoff, 1989;Erkert, 1982). This allows them to occupy a given temporal niche and to coordinate their activity with that of other organisms with which they interact (e.g. conspecifics, predators, prey) (Aschoff, 1989;Erkert, 1982).

Thus, perturbation of diel activity patterns could have dramatic cascading consequences for fitness. It is therefore of utmost importance to identify species whose diel activity patterns may be disrupted by anthropogenic pressures and to determine important times to preserve.

Firstly, it appears that a better integration of the temporal ecology of species should help to guide choices aimed at reducing the duration of lighting. In the field, this lever is mainly reflected in the adoption of the PNL, however, according to Mariton et al. (accepted), in order to protect at least the late-emerging bats, which are among the most sensitive to light, the lights should be switched off earlier in the evening than what is done in most current PNL schemes.

Furthermore, as we showed in this PhD (Kerbiriou et al., 2020;Mariton et al., 2022; Box 6; Box 7), even early-emerging species that are usually considered to be "light tolerant" can be negatively affected by ALAN and should thus be protected from it. However, implementing a PNL scheme that would cover their range of activity would be almost equivalent to not switching on lights between sunset and sunrise, hence the need to find new ways of time-sharing between human light needs and non-human dark needs, such as on demand lighting (e.g. consisting in only switching on lights when movement is detected).

Interestingly, the effectiveness of PNL in mitigating the effect of ALAN on bats has so far only been assessed in terms of its ability to reduce the effect of light pollution on abundance (Azam et al., 2015;Hooker et al., 2022). Further studies should focus on assessing whether it could also mitigate the potential effect of ALAN on the disruption of bat diel activity patterns.

More generally, even the effectiveness of the other most frequently cited mitigation measures (reduction of light intensity, improvement of lighting directivity and modification of emission spectrum) in reducing ALAN effect on biodiversity has rarely been assessed, in the field, in terms of their potential to mitigate disturbance of the diel temporal patterns of target species.

For bats, at roost, [START_REF] Downs | The effects of illuminating the roost entrance on the emergence behaviour of Pipistrellus pygmaeus[END_REF], suggested that the effect of ALAN on the onset of emergence may depend on the intensity and the emission spectrum. Red also suggest that light intensity may play an important role in the magnitude of the ALANinduced activity delay, as even fine variations in light levels were detected to have an effect.

Furthermore, by showing that the skyglow probably contributed to the disruption of the diel activity patterns of bats, our results suggest that efforts to reduce the intensity of skyglow and its extent should not be neglected, firstly by reducing the number of light points and when this is not possible by limiting the intensity of the light and by directing light streams so that they do not shine above the horizontal. Therefore, the technological measures currently recommended to reduce the impacts of light pollution on biodiversity have the potential to reduce both the impact of ALAN on the spatial distribution of bats and their temporal distribution. However, the threshold for effectiveness as well as the relative importance of each of these measures could change depending on the dimension considered (time or space).

The need for multiscale approaches

Studying and understanding the effect of light pollution on biodiversity at various spatiotemporal scales seems to be an important prerequisite for producing recommendations. 2022); Box 6) therefore seems to be a necessity. Indeed, focusing on the landscape scale is of utmost importance to assess the contribution to ALAN to habitat loss and fragmentation as well as to predict its long-term consequences on population dynamics (Azam et al., 2016;Gaston and Bennie, 2014).

Conducting wide scale surveys is a major challenge as it can be very costly and timeconsuming. However, citizen science combined with technological developments (e.g. acoustic monitoring) offers great opportunities to monitor biodiversity at unprecedented spatial and temporal scales (Newson et al., 2015;van Klink et al., 2022). For instance, the citizen science program Vigie-Chiro (https://www.vigienature.fr/fr/chauves-souris, Box 3), whose data has been used in most of the studies presented in this PhD, has been active since 2006 and has approximately 600 participants, 16,000 sampled sites and 50,000 full nights of monitoring. It thus provides a formidable dataset to assess the impact of anthropogenic pressures on bats at wide spatiotemporal scales. Other bat monitoring programs, based on PAM and citizen science, in other countries, confirm the potential of these new monitoring approaches to provide a better understanding of large scale patterns in species' temporal and spatial distribution, abundance and their changes over time (Lewanzik et al., 2021;Newson et al., 2015;[START_REF] Roche | A car-based monitoring method reveals new information on bat populations and distributions in Ireland: Car-based bat monitoring in Ireland[END_REF].

The use of citizen science coupled with PAM also opens up new perspectives for monitoring other taxa such as insects (van Klink et al., 2022). For instance, using the recordings made in Overall, these considerations raise the need to rethink the scale at which the mitigation measures should be implemented. Because ALAN contributes to landscape fragmentation and habitat loss and because of the diffuse nature of light pollution (which is characterised by a skyglow that can extend even far away from directly illuminated surfaces), there is a need to move from local mitigation measures to territorial planning. The concept of "dark ecological network" or "dark infrastructure" has thus emerged (Challéat et al., 2021;[START_REF] Sordello | A plea for a worldwide development of dark infrastructure for biodiversity -Practical examples and ways to go forward[END_REF].

It should aim to provide the darkness necessary, both in terms of space and duration, for species We focused on the three largest wind energy producers among the 37 countries that ratified this agreement: the United-Kingdom (UK), Germany and France. By assessing the siting distances between woody edges and wind turbines, we showed that 61%, 78%, and 56%, respectively, of the installed wind turbines did not comply with UNEP/EUROBATS guidelines, with no improvement over time.

We identified possible causes for these results and provided recommendations for achieving We acknowledge that translating knowledge such as those presented in this PhD into practice will face obstacles. Despite initiatives such as the Conservation evidence database [START_REF] Sutherland | Building a tool to overcome barriers in research-implementation spaces: The Conservation Evidence database[END_REF], scientific evidences still frequently fail to filter through policies and guidance, for instance because of "circular referencing" (i.e. when an original guidance document references at least one other original guidance document) or the failure to incorporate new evidences into guidance [START_REF] Hunter | Evidence shortfalls in the recommendations and guidance underpinning ecological mitigation for infrastructure developments[END_REF]. Furthermore, even if scientific knowledge ends up being translated into legislation (e.g. the French order of 2018 on light pollution (Arrêté du 27 décembre 2018, 2018)) and recommendations (e.g. UNEP/EUROBATS guidelines), achieving compliance remains a major issue. Whenas in [START_REF] Barré | Over a decade of failure to implement UNEP/EUROBATS guidelines in wind energy planning: A call for action[END_REF] study on the compliance of wind turbine installation to UNEP/EUROBATS guidelines (Box 8, Appendix V)a low level of compliance is observed, it is necessary to question the obstacles that led to this situation and the levers that could be mobilised to change it.

From biological conservation to transdisciplinarity

In this PhD, we made recommendations for lighting management through the lens of conservation ecology. For us, the best light is the light that is not switched on, allowing darkness to reclaim its place in time and space. Thus, modifying the technical parameters of lighting (intensity, directivity, spectrum) can only be considered as a necessary measure to reduce the impacts of light pollution, but it cannot replace the removal of light points and the reduction of the duration of lighting.

However, these recommendations have to face with the "real world" whose interpretation requires a transdisciplinary approach in which, for instance, conservation biologists and wildlife managers have to interact with politicians and landscape planners [START_REF] Battisti | Habitat fragmentation, fauna and ecological network planning: Toward a theoretical conceptual framework[END_REF]. Indeed, ALAN has not only ecological but also health and socio-cultural implications. The introduction of ALAN has its origins in the desire of humans to push back the darkness and to extend their activity at night. Thus, ALAN is a spatial planning tool that responds to various social uses such as architectural aesthetics, advertising, support for nocturnal economic activities, security and safety of people and goods (Challéat et al., 2021).

Interestingly, disentangling the actual benefits of ALAN on safety and security from the perceived ones is still a concern (Sánchez de Miguel et al., 2022). While some authors showed that ALAN does reduce night-time outdoor crimes [START_REF] Chalfin | Reducing Crime Through Environmental Design: Evidence from a Randomized Experiment of Street Lighting in New York City[END_REF][START_REF] Painter | The influence of street lighting improvements on crime, fear and pedestrian street use, after dark[END_REF][START_REF] Welsh | Effects of Improved Street Lighting on Crime[END_REF], the adoption of LEDs and/or the implementation of mitigation measures (such as PNL and dimming) has not been linked to an increase in night-time road traffic collisions, crimes or thefts [START_REF] Steinbach | The effect of reduced street lighting on road casualties and crime in England and Wales: controlled interrupted time series analysis[END_REF][START_REF] Tompson | Absence of Street Lighting May Prevent Vehicle Crime, but Spatial and Temporal Displacement Remains a Concern[END_REF]. Dimming of lights has even been shown to tend to reduce crimes [START_REF] Steinbach | The effect of reduced street lighting on road casualties and crime in England and Wales: controlled interrupted time series analysis[END_REF] while PNL schemes have been associated with a reduction in thefts from vehicles at night [START_REF] Tompson | Absence of Street Lighting May Prevent Vehicle Crime, but Spatial and Temporal Displacement Remains a Concern[END_REF].

Furthermore, it should not be forgotten that the environmental impact of ALAN is not restricted to its harmful impacts on biodiversity, it is also an energetic issue. Indeed, as a reminder, ALAN accounts for 16.5 % of the world's annual electricity production and for 5 % of global annual greenhouse gas emissions (1150 Mt of CO2 per year) and could thus directly contribute to climate changes (Zissis et al., 2021). It is therefore a major issue in the current context of the need for an energy transition. By extension, it has also become an important financial issue, especially in light of the recent energy crisis. For instance, in France, ALAN is responsible for 41 % of the electricity consumption of municipalities and 37 % of their energy bill (Agence de la transition écologique -ADEME Expertises, n.d.).

In addition, indoor and outdoor ALAN has been associated with health issues in humans, including mental disorders [START_REF] Chen | Long-term exposure to outdoor light at night and mild cognitive impairment: A nationwide study in Chinese veterans[END_REF][START_REF] Tancredi | Artificial light at night and risk of mental disorders: A systematic review[END_REF], cancers [START_REF] Lai | Exposure to light at night (LAN) and risk of breast cancer: A systematic review and metaanalysis[END_REF] and obesity [START_REF] Lai | Exposure to light at night (LAN) and risk of obesity: A systematic review and meta-analysis of observational studies[END_REF]. Loss of darkness also alters cultural amenities (Challéat et al., 2021). For instance, by deteriorating darkness, it masks the starry sky (nowadays the Milky Way is hidden from more than a third of humanity (Falchi et al., 2016)). More generally, it deprives humans of a philosophical, touristic and artistic resource and disrupts their relationship with nature (Challéat et al., 2021).

As a consequence, light pollution mitigation is a complex issue that involves finding the best compromise between human needs and expectations for ALAN (e.g. improving quality of life, maintaining a high standard of living and nocturnal activities) and ecological, health and socio-cultural needs for darkness (Challéat et al., 2021;Franchomme et al., 2019). Overall, the shift from "lighting where and when it is possible" to the "right way of lighting" (e.g.

providing only the light necessary and no more) is increasingly advocated for [START_REF] Beaudet | Are citizens willing to accept changes in public lighting for biodiversity conservation?[END_REF]Challéat et al., 2021).

Based on the observation that the main reluctance of local authorities to change lighting practices was a potential rejection by citizens, [START_REF] Beaudet | Are citizens willing to accept changes in public lighting for biodiversity conservation?[END_REF] assessed the willingness of citizens to accept the transition to more environmentally-friendly lighting management.

They showed that citizens were generally open to changes toward more sustainable practices.

Such results are consistent with previous studies showing a fairly broad public acceptance for the implementation of mitigation measures to reduce light pollution (Franchomme et al., 2019;[START_REF] Lyytimäki | Voices for the darkness: online survey on public perceptions on light pollution as an environmental problem[END_REF][START_REF] Silver | Managing light pollution through dark sky areas: learning from the world's first dark sky preserve[END_REF]. In the study of [START_REF] Beaudet | Are citizens willing to accept changes in public lighting for biodiversity conservation?[END_REF], the most accepted measure was to change to colour of the light. A late-starting PNL scheme (starting at 1 a.m.) also seemed to be a measure that can be implemented quite easily, whereas advancing the switch off to midnight met more resistance.

The study of [START_REF] Beaudet | Are citizens willing to accept changes in public lighting for biodiversity conservation?[END_REF] was conducted in a French metropolis. In this country, local authorities' budget cuts and energy transition goals has led many municipalities to implement PNL and/or other mitigation measures (Challéat et al., 2021). However, these initiatives remain spatially scattered (Challéat et al., 2021). As we advocated in this PhD, from our point of view as conservation ecologists, light pollution reduction should not only be thought of at the local scale (e.g. streetlights or municipal scale), but also at the landscape or territorial scale.

However, in France, public lighting is managed by default at the municipal level, and compliance with French regulations on light pollution is mainly the responsibility of mayors.

Thus, there is a mismatch between the scales of ALAN management and those to be considered for biodiversity protection, particularly, with regard to the landscape fragmentation generated by light pollution. The fact that institutional management frameworks do not match the scale of ecological processes is not specific to light pollution and has been shown to be particularly pronounced in urban contexts [START_REF] Borgström | Scale Mismatches in Management of Urban Landscapes[END_REF].

However, since the recognition in the Grenelle I law that ALAN can generate "dangers or caus [e] excessive disturbance to people, fauna, flora or ecosystems", lead to "energy waste"

and prevent "observation of the night sky" (LOI n° 2009-967 du 3 août 2009 de programmation relative à la mise en oeuvre du Grenelle de l'environnement (1), 2009), France has developed a legislative package on light pollution and energy transition that wants to appear ambitious.

The consideration of energy and environmental concerns related to ALAN is increasingly being incorporated into territorial planning and, in particular, in the Regional schemes for development, sustainable development and territorial equality (Schémas régionaux d'aménagement, de développement durable et d'égalité des territoires, SRADDET) [START_REF] Lapostolle | Lutter contre la pollution lumineuse: Trois processus de valorisation de l'obscurité dans les territoires français[END_REF]. These schemes articulate the various territorial planning instruments at sub-regional levels, such as the territorial coherence schemes (Schémas de cohérence territorial, SCoT) or the charters of the regional natural Parks (Parcs naturels régionaux, PNR) (Article L4251-3, n.d.; [START_REF] Lapostolle | Lutter contre la pollution lumineuse: Trois processus de valorisation de l'obscurité dans les territoires français[END_REF]. Grenelle de l'environnement (1), 2009), it would be of utmost interest to have a panoptic vision on public lighting practices in municipalities, as well as to evaluate how such practices have emerged and been implemented. To do so, we chose to focus on municipalities located in particular French territories: the regional nature Parks (Parcs naturels régionaux, PNRs, 58 parks)

They are protected areas belonging to the category V of the IUCN protected areas management categories system. The main aim of the PNRs is to establish sustainable economic and social development, while preserving their landscape, natural and cultural heritage (Fédération des Parcs naturels régionaux, n.d.). A PNR is organised around a charter approved by the municipalities making up its territory. Therefore, the PNRs are key actors who could encourage their local partners to act on ALAN and support municipalities in their efforts to reduce light pollution.

We thus design a transdisciplinary project with the following objectives:

(1) Carry out an assessment of the public lighting practices in municipalities located in PNRs.

This assessment could then be used to compare actual practices with the current state of knowledge on the impact of light pollution on biodiversity.

( Because this study was to be conducted at the national scale, we built an online survey on the LimeSurvey software (Limesurvey GmbH, n.d.). this survey was addressed to elected or employed members of municipalities. We tested a first version of this survey with the PNR du Morvan in the end of 2021. It helped us to improve the survey, the final form of which was constituted of four parts: "Your municipality" (general information on the respondent and the municipality he/she represents), "Your public lighting equipment" (technological information), "Your lighting practices" (PNL, dimming, etc.), "Your territorial approach" (actors interested in the nocturnal environment and their involvement in changing practices).

Eventually, the survey consisted of 78 questions whose appearance depended on the previous answers. In its shortest version the survey was constituted of 21 questions and, in its longest version of 61 questions.

To disseminate this survey, we relied on the help of PNR project managers (chargés de mission) working on biodiversity or energy and the PNR directors, whom we asked to relay the survey to the municipalities in their territory. The survey was launched on 1 April 2022 and is still active, although reminders have not been sent since July to encourage municipalities to answer.

Rate of answers by PNR after the second reminding (204 answer).

Source: Gardella, 2022 disseminate our survey because they did not want to over-solicitate municipalities and/or as they feared that elected members would not be able to answer our questions.

Responses To the question: "Let's imagine you could do whatever you wanted. What do you think the ideal lighting park would be?", about half of the respondents (42 %) indicated that they would switch to LEDs while measures such as PNL or reduced intensity were much less mentioned. However, it should be kept in mind that many municipalities were already engaged in ALAN reduction measures, so they may not have mentioned them because they were already being implemented. perspective could be to extend this questionnaire to municipalities outside the PNRs in order to evaluate the extent to which territorial practices and dynamics are different there.

The remaining challenges will then be to reach the threshold of answers allowing to conduct robust analyses and to integrate, when possible, data from surveys already conducted in PNRs. Another challenge will be to take into account the fact that this study was conducted at a very particular time, since it was released after the lock-downs and curfews due to the COVID-19 pandemic which led to a change in lighting practices in some French municipalities (in particular, temporary PNL schemes seem to have been adopted by municipalities during curfews) and during the current global energy crisis, which could conduct some municipalities to test PNL schemes to reduce expenditures.

French PNRs have a mission of experimentation and research that places them, potentially, at the forefront of the implementation of territorial approaches against anthropic pressures such as light pollution. Some of these PNRs have thus integrated specific actions to combat light pollution and to implement dark ecological networks (trames noires) [START_REF] Busson | Intégrer les enjeux de biodiversité nocturne dans la planification et les outils opérationnels[END_REF], and have engaged in labelling procedures to enhance their work on the subject and to promote the quality of their night sky (e.g. International Dark Sky Reserves (International Dark-Sky Association, n.d.), Territoires de Villes et Villages étoilés (ANPCEN, 2021)).

However, the level of involvement of the PNRs on the issue of light pollution seems to vary. Thus, more than ten years after the inclusion of light pollution in the French legislative corpus, it seems necessary to assess communal lighting practices within these particular territories in France. Indeed, beyond the panoptic view that this could provide, it would also allow to highlight whether and to what extent territorial approaches have been at the origin of changes in practices. It would also allow us, as conservation biologists, to compare current practices with scientific knowledge on the impact of light pollution on biodiversity and to assess the extent to which the results of our research can contribute to debates and, possibly, to changes in practices. To answer these questions, we designed a transdisciplinary project in partnership with two geography researchers (Samuel Challéat -UMR GÉODE and Johan Milian -UMR LADYSS). The first phase of this project was developed by a geography intern (Olivia Gardella). The progress of this project, the first results obtained and the perspectives are presented in the Box 9. In particular, preliminary results tended to show that energy and financial savings remain a key driver for the evolution of lighting practices. It is therefore not surprising that municipalities have identified the transition to LEDs as one of the major steps towards an "ideal" lighting park. However, the protection of biodiversity also emerged in more than half of the responses analysed as a benefit of lighting reduction identified by municipalities.

More generally, because of the diffuse nature of light pollution, its extent and its wide range of negative effects on humans and non-humans, the need to act should no longer be limited to exceptional territories. To meet this challenge, dark ecological networks are essential tools, preserving both "remarkable" and "ordinary" biodiversity from light pollution. However, as advocated by Challéat et al., 2021 and as is now the case in some territories, dark ecological networks must go beyond the scientific concept to become action-oriented tools where the voice can be given back to the users of the territories.

In conclusion, it is the current and future collaborations between scientists, landscape managers, citizens, politicians and associations that will be able to bring back the ancestral day-night alternation that gives rhythm to the lives of humans and non-humans.

We found 44 studies, 34 (77 %) only provided information on the diel activity pattern of a single species studied in this paper, nine (20 %) provided information on the diel activity pattern of two to four species and only one provided information on the activity pattern of five species or more. P. pipistrellus and P. pygmaeus were well represented (11 studies between the two of them, 25 %), followed by Myotis daubentonii, Rhinolophus hipposideros and Nyctalus noctula (eight, six and five studies respectively). The other species were less studied:

six were in four studies, one in three studies, one in two studies and six in one study. We did not find any study (conducted in Europe) on the diel activity pattern of Pipistrellus kuhlii. representative of the distribution of habitats in France, we randomly sampled sites in a square grid (6000 m * 6000 m) in France and discarded sites that were above 500 m above sea level (as we only kept Vigie-Chiro sites that were below this altitude, see Appendix B 3) Data curation). For each of these randomly sampled sites [START_REF] Bennie | Cascading effects of artificial light at night: Resource-mediated control of herbivores in a grassland ecosystem[END_REF]252), we extracted the proportion of each land-use type in 3,000 m buffer zones and compared it to the proportion of each land-use type in the buffer zones around the studied sites of our dataset. Overall, the buffer zones around the sites of our dataset covered the same gradients of land-use type as the buffer zones around sites randomly sampled in France (Fig. B.2).

Volunteers were asked to carry out the sampling sessions when weather conditions were relatively favourable for bats, i.e. no rain was forecasted, windspeed below 30 km.h -1 (8.33 m.s - 1 ) and a relatively clement temperature at the beginning of the night (depending on the local context).

Species identification

Species identification was performed with the Tadarida software, which automatically detects and extracts sound parameters of recorded sound events (Figure B.1 2)). Using a random forest algorithm, it classifies them into classes according to a confidence index value (https://github.com/YvesBas/Tadarida-C/; Bas, Bas, & Julien, 2017). We considered bat passes, defined as the occurrence of a single or several bat calls during a 5-s interval (Millon et al., 2015) as a proxy for activity.

We discarded species for which there was not enough data (i.e. species that, after data curation, were found in less than 200 sites) and/or species for which we considered that lasiopterus, Plecotus macrobullaris, Rhinolophus euryale, Rhinolophus mehelyi and Vespertilio murinus. We chose to keep Myotis blythii and Myotis myotis despite their high acoustic similarity [START_REF] Barataud | Écologie acoustique des chiroptères d'Europe: identification des espèces, étude de leurs habitats et comportements de chasse, 4th ed, Inventaires & biodiversité[END_REF] by grouping them in a class named Great

Myotis. Eventually, we focused on 20 species or group of species (Table B.1).

Data curation

We only kept passes whose confidence index value was greater than 0.5, to obtain, for each species, a maximum error rate tolerance of 0.5 (minimisation of false positives while keeping a high number bat passes, Barré et al., 2019) 

(Figure B.1 3)).
For each species, we retained only the monitored nights with (1) at least one pass of the species with a high confidence index value (maximum error rate tolerance greater than or equal to 0.1), ( 2) at least a medium activity.

The thresholds used to characterise the level of activity for each species were those of the national reference scale developed with the Vigie-Chiro dataset (the quantile 0.25 of the total number of this species' passes per night being the threshold for having at least a medium activity, Table B.1) (Bas et al., 2020) (Figure B.1 4)). The objective of these filters was to consider only the sampling sessions during which the presence of the species was highly probable and high enough to be studied.

To avoid bias due to specific diel activity patterns near bat roosts (e.g. earlier activity at the beginning of the night), we excluded sampling sessions carried out near potential bat roosts.

We also discarded surveys carried out in mountain environments (defined as sites above 500 m above sea level) to avoid biases due potential particular behaviours in such environments (Cryan et al., 2000;McCain, 2007). To discard some of the remaining false positives, for each species, we excluded sites that where outside their known distribution range according to Arthur & Lemaire (2015) 

(Table B.1, Figure B.3) (Figure B.1 5 
)). To ensure result robustness against automated identification errors that could persist despite the precautions we took when filtering data, we chose to follow the approach of Barré et al. (2019) (Appendix C). We showed that our results were not sensitive to the error rates considered and were robust against automated identification errors.

The total number of passes, nights and sites eventually studied by species are presented 

Activity distribution throughout the night

To characterise the activity distribution throughout the night of each species, we estimated a density of activity (kernel density estimates, R function density). In previous studies (e.g. Day et al., 2015;Newson et al., 2015), some authors considered the number of bat passes during given time periods (e.g. every hours, every 15 min). In comparison, density estimation better accounted for the continuous aspect of our data. We chose a Gaussian smoothing kernel and the data-based bandwidth selection method proposed by [START_REF] Sheather | A Reliable Data-Based Bandwidth Selection Method for Kernel Density Estimation[END_REF] which has been widely recommended for its overall good performance [START_REF] Sheather | Density Estimation[END_REF]. We used the default setting (n = 512) for the number of equally spaced time points at which the density was to be estimated, ranging from the time of the earliest bat pass in our dataset to the latest (i.e.

from about -7 to 106 % of the night elapsed).

To estimate the activity distribution throughout the night of a given species, we used all its passes kept after data curation as, for rare species particularly, there were not enough passes by night to characterise their activity distribution by night. We had to account for the hierarchical structure of our dataset so that, for instance, the activity distribution throughout the night would not be based on a few nights with many passes or a few sites with many monitored nights. Thus, we attributed a weight to each pass so that:

(i) a site weight (Eq C.5) in the density calculation would be based on the mean number of passes of that site (Eq C.3), (ii) a night weight inside a site (Eq C.2) would be based on the number of passes during this night, (iii) each pass of a given night in a given site would have the same weight.

(Eq D.4) (Eq D.5)

We calculated a cumulative curve of weighted bat activity throughout the night using the cumulative weight of all passes ranked by increasing percentage of the night elapsed. For a given time period during the night (starting at time 1 and ending at time 2), the value of the cumulative curve at time 2 minus the value of the cumulative curve at time 1 corresponded to the percentage of weighted bat passes occurring during this time period in our dataset, hereafter called percentage of weighted activity.

To assess whether the weighted activity of a species was concentrated around activity peaks or more evenly distributed throughout the night, we searched for the 15 % interval of the night during which its weighted activity was maximum. To do this, we considered each pass of this species and we calculated the percentage of its weighted activity occurring during the 15 % interval of the night starting from the time of that pass. If the weighted activity was evenly distributed throughout the night, the maximum percentage of weighted activity occurring during a 15 % interval of the night would be close to 15 %. If the weighted activity was concentrated around peaks, the maximum percentage of weighted activity occurring during a 15 % interval of the night would be much higher than 15 % and this 15 % interval of the night would cover the time of an activity peak.

Clustering of the species

To determine whether species could be grouped according to similarities in their diel activity patterns, we performed a Hierarchical Clustering on the Principal Components (HCPC) of a Principal Component Analysis (PCA) (R package FactoMineR (Lê et al., 2008)) using the times of the key descriptor and the times of the activity peaks. As we did not detect activity peaks for some species (during the first part of the night and/or the second part), we imputed the missing values with the PCA model, so that the imputed values had no weight on the results of the PCA (R package missMDA [START_REF] Josse | missMDA : A Package for Handling Missing Values in Multivariate Data Analysis[END_REF]). We compared the average of each variable (mean time of key descriptors and times of activity peaks) for the species in each cluster with the overall average (i.e. the average for all species studied). We tested whether the average in each cluster was equal to the overall average (see test in Husson et al., 2010Husson et al., , 2009)). serotinus passes, it also led us to take into account less nights and sites. We may therefore have lost too much statistical power to detect any effect of ALAN.

Table E:

To check it, we performed a power analysis to assess, with a 0.5 MERT, the minimum number of passes needed to detect an effect of ALAN on the timing of activity. To do so, we generated subsets of our dataset with a 0.5 MERT based on a selection of 1000 to 22,750 E. serotinus passes. For each number of passes, we generated 200 subsets, we removed nights with less than 10 passes and recalculated the time of the median pass for each night. Then, on each subset, we ran our best model to extract ALAN estimate and p-value (Anova II). Finally, we computed the percentage of the 200 models, for each number of passes, for which ALAN estimate was positive with a significant p-value. When more than 80% of ALAN estimates were positive with a significant p-value, we concluded that the statistical power was strong enough to detect an ALAN effect on the timing of activity. We draw this percentage according to the number of E. serotinus passes in the dataset (Figure A.1). We concluded that a minimum of roughly 13,500 passes should be included in the analyses to detect an effect of ALAN on the timing of activity, thus explaining why it was not detected with a 0.1 MERT which strongly restricted the number of E. serotinus passes to analyse. Sites are ordered by increasing mean radiance value, this value being represented by the solid line. The grey ribbon upper limit corresponds to the mean radiance value in the buffer zone plus the standard deviation in the buffer zone. The lower limit is equal to zero if the mean radiance is lower than the standard deviation, and to the mean radiance minus the standard deviation otherwise. The green dots represent the coefficient of variance of the radiance in each 3000 m buffer zone (equal to 0 if the mean radiance and the standard deviation within the buffer are equal to 0).

Analyses with the ALAN value at the recorder sites

We carried the same analyses as those presented in the main text, but with the ALAN value of the VIIRS raster cell (~351 m * 351 m) in which the sites were, instead of the mean ALAN value in 3000 m buffer zones around sites.

Interestingly for both the "relative abundance" and "timing of activity" analyses, the AICc (second order bias correction for Akaike Information Criterion) was lower when considering the mean ALAN value in buffer zones rather than the ALAN value at the sites (Table D.2). For the "relative abundance" analyses, the results with the ALAN value at the sites were quite similar to those obtained with the mean ALAN value in the buffer zones, the same estimates had a 95% confidence interval that did not overlap zero (Table D.3). However, with the ALAN value at the sites, artificialized surfaces had a much higher sum of weights (SW = 0.87) than ALAN (SW = 0.13). For the "timing of activity" analyses, the results with the ALAN value at the sites were quite similar to those obtained with the mean ALAN value in the buffer zones, the same estimates had a 95% confidence interval that did not overlap zero, apart from the interactions (Table D.4). As a matter of fact, when considering the ALAN value at the site, the estimates of the interactions between ALAN and moonlight, and ALAN and cloud cover overlapped zero. Azam et al. (2016) showed that E. serotinus abundance at landscape scale was negatively impacted by light pollution. However, locally, E. serotinus can forage near streetlight to benefit from the high densities of insect they attract (Stone et al., 2015) but at a slighter higher scale (from 25 to 50 m from streetlights) an avoidance behaviour might be observed (Azam et al., 2018). Hence, we hypothesised that ALAN would reduce E. serotinus abundance at landscape scale but we did not have strong hypotheses on what would be the local effect of light pollution on abundance. Furthermore, the mean ALAN value in the 3000 m buffer zones around sites was highly correlated to the ALAN value at the sites (PCC = 0.87 for the "relative abundance" dataset) but also to the percentage of artificialized surfaces in the 3000 m buffer zones (PCC = 0.88). Hence, the artificialized surfaces effect might also reflect the ALAN effect at landscape scale.

In the "timing of activity" analyses, we did not find any effect of the interactions between ALAN and moonlight, and ALAN and cloud cover when we considered the ALAN value at the recording sites. These two interactions were put in the model to evaluate how diffuse light pollution might interact with other environmental factors. Hence, it is not surprising that, when considering light pollution locally, these interactions did not have any effect any more. Moonlight affect the whole landscape (i.e., the whole E. serotinus vital domain) and thus, its effect might be weaker if globally there is a high light pollution intensity. 

Calculation of windspeed

For windspeed data, we used R package RNCEP (Kemp et al., 2012) to extract data from the NCEP/NCAR Reanalysis dataset (Kalnay et al., 1996). Data spatial resolution was 2.5 deg and we associated each site to the grid cell whose centre was closer. Data temporal resolution was high (6 hours) and we chose to extract data at 6 PM the day when the night began. We extracted the U-Wind Component [East/West] (in m.s -1 ) and the V-Wind Component [North/South] (in m.s-1) and defined windspeed (in m.s -1 ) as followed:

𝑊𝑖𝑛𝑑_𝑠𝑝𝑒𝑒𝑑 = √(𝑈_𝑤𝑖𝑛𝑑_𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡) 2 + (𝑉_𝑤𝑖𝑛𝑑_𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡) 2

Correlations

The precipitations of the day when the night began and the difference between the precipitations of the day when the night began and previous days (as defined in Eq. (B.2)) were correlated (Pearson Correlation Coefficient (PCC) = 0.62 for the "relative abundance" dataset and PCC = 0.56 for the "timing of activity" dataset), we therefore only kept the difference (it allowed to obtain a better AICcsecond order bias correction for Akaike Information Criterionwhen used in our full models for the timing of activity).

The windspeed of the day when the night began and the difference between the windspeed of the day when the night began and previous days (as defined in equation ( 2)) were highly correlated (PCC = 0.77 for the "relative abundance" dataset and PCC = 0.79 for the "timing of activity" dataset), thus we only kept windspeed of the day (it allowed to obtain a better AICc when used in our full models for the timing of activity).

Eq. (E.3)

Eq. (E.4)

Weather filter

To avoid exceptional weather conditions, we only selected nights with a windspeed below 12.5 m.s -1 and a sum of precipitations below 20 mm on the day when the night began and the five previous days.

Land-use

Landscape representativity

The Vigie-Chiro program was originally design to study population trends for French bats. It should therefore be based on the representativeness of the sample design and, in particular, the representativeness of the habitat distribution in France. Thus, when a volunteer wanted to take part in the "stationary points protocol", he was encouraged to survey sites that were randomly sampled near a municipality that he chose. However, if he wanted to, he could also choose where he wanted to carry out surveys.

Despite these precautions, the selection of sites might have been driven by unknown criteria, as the closeness to where the volunteers lived. To ensure that it was not an issue for our study, we compared the gradients of proportions of each land-use type in the 3000 m radius buffer zones around the monitored sites with what would have been found if the sites had strictly been randomly selected. To do so, we randomly sampled sites in a square grid (6000 m * 6000 m) in

France and removed sites that were above 500 m above sea level (to fit with the altitude filter applied on our datasets). For each of the 12,252 randomly sampled sites, we calculated the proportion of each land-use type in 3000 m buffer zones and compared it with the proportion of each land-use type in the buffer zones around the studied sites of our datasets. Overall, the buffer zones around the sites of our datasets covered the same land-use type gradient as buffer zones around sites randomly selected in France. (Figure E.1).

3.2.Correlations

Even though road density could be a relevant variable (Claireau et al., 2019), it was not included in the analyses due to multi-collinearity issues: it was correlated with both artificialized surfaces (PCC = 0.68 for the "relative abundance" dataset and PCC = 0.63 for the "timing of activity" dataset) and ALAN (PCC = 0.59 for the "relative abundance" dataset and PCC = 0.50 for the "timing of activity" dataset).

Crops were the most frequent land-use type around sites and also led to multicollinearity issues: it was correlated with conifer forest (PCC = -0,66 for the "relative abundance" dataset and PCC = -0.73 for the "timing of activity" dataset). As land-use impacts on bat abundance and timing of activity was not the focus of this study, we chose not to consider crops. However, we kept in mind that other habitat effects might reflect those of this land-use type.

ALAN and artificialized surfaces were highly correlated (PCC = 0.88 for the "relative abundance" dataset, PCC = 0.83 for the "timing of activity" dataset). *include random effects for "relative abundance" and "timing of activity" analyses, include the weight on the logarithm of the number of E. serotinus passes for "timing of activity" analyses.

Timing of activity

When we did not consider interactions including ALAN, ALAN still was a better predictor of the median time of activity as its SW was equal to 0.997 (it was in 99.2% of the models of the model set), compared to artificialized surfaces whose SW was equal to 0.003 (it was in 0.8% of the models of the model set) (Table J.3) (see Table J.2 for details on the model averaging results). Furthermore, both ALAN and artificialized surfaces estimates were positive, with ALAN one being even greater (0.218) than the artificialized surfaces one (0.171). 

Timing of activity

The best model obtained with the dredge (i.e., the one with the lowest AICc) was the following one: As shown in Table K.2, the estimates (standardized) of the best model were highly similar to those obtained with the model averaging. The covariates that had a sum of weights (SW) above 0.60 and whose 95% interval did not overlap zero were all in the best model and their p-value was significant. Hence, the model averaging and the model selection approaches were consistent. Our conclusions would have been the same whatever the approach chosen.

Timing
Table K.2: Comparison between the result obtained with a model selection approach (model with the best AICc) and the model averaging approach for the "timing of activity" analyses.

In bold, in the column "estimates best model", are the estimate whose p-value was below 0.05 (Anova II). In bold, in the column "estimates model averaging", are the estimates whose SW were above 0.6 and whose 95% confidence interval did not overlap 0. (In this table we did not put latitude and the autocovariate that were fixed for "timing of activity" analyses However, Richards et al. (2011) parsimonious approach could potentially change the sum of weights (SW) and confidence interval of these variables. Nonetheless, for the "relative abundance" analyses, almost all variables which had an effect according to our model averaging approach (SW > 0.60 and a 95% confidence interval that did not overlap 0), were in all the models of the models set (373 models) and their p-value was significant in all these models.

The exceptions were (1) small woody features but it was in 99.5% of the models and its p-value was significant in all these models; (2) habitat diversity which was a variable that was not discussed in the main text, it had just been added to control potential effect of landscape structure on bat abundance; (3) and ALAN but the models in which this variable was not were those with artificialized surfaces, with no model containing neither of these two variables, ALAN was significant in all the models in which it was included (Table K.3).

Likewise, for the "timing of activity" analyses, almost all variables that had effect with our model averaging approach were also included in all the models selected in the model set used for the model averaging and their p-value was significant in all these models. The exceptions were difference of precipitations and the interaction between cloud cover and ALAN, but there were nonetheless in a high percentage of models (respectively 87.3% and 92.3%) and their p-values were significant in all the models in which they were included (Table K.4).

Moreover, as shown in Figure K.2 and K.3 of the third part of this Supplementary material (Multicollinearity effect on coefficient estimates), the estimates of the variables which had an effect according to our model averaging approach were quite similar in all the models selected in the model set of the model averaging for both analyses. For both analyses, in all the models including ALAN, the absolute value of its estimate was greater than those of the other variables. Hence, we are confident that Richards et al. (2011) approach would have resulted in the same variable selection, in similar estimates, and that ALAN would have stayed the variable whose estimate was the greater in absolute value. 

Multicollinearity effect on coefficient estimates

According to Cade (2015), the presence of multicollinearity leads to different scaling of units for the regression coefficient of a given predictor variable across candidate models with different combinations of predictor variables. To solve this issue and ensure that multimodel inferences are sound, he suggested to standardize estimates based on partial standard deviations.

By excluding predictor variables that were responsible for multicollinearity (difference of windspeed, sum of precipitations of the day, crops, road density) and by never including artificialized surfaces and ALAN in the same models, we ensured that the variance inflation factor (VIF) of our predictor variables and the mean VIF of our models would stay very low.

However, Cade (2015) suggested that even when the VIFs are low, there might be changes in the scaling of predictors under different model covariance structures.

Hence, as suggested by Cade (2015), we decided to standardised estimates based on partial standard deviations for their variables. As this method was not implemented in the Table K.5: Comparison of the obtained coefficient estimates with the model averaging with a "classical" standardisation of the coefficient estimates and with a standardisation based on partial standard deviations for the "relative abundance" and "timing of activity" analyses (estimates are in bold when the 95% confidence interval did not overlap zero and the SW was above 0.60). (In this table we did not put latitude and recorder type that were fixed for "relative abundance" analyses and latitude and the autocovariate that were fixed for "timing of activity" analyses) The left panels correspond to all the models in which ALAN was selected and the right panels correspond to all the models in which artificialized surfaces were selected. There was no model with neither ALAN nor artificialized surfaces. The upper panels correspond to "classical" standardised estimates and the lower panels correspond to standardised estimates based on partial standard deviations. M).

between the Luminous Flux over the Input Electrical Power in the lamp, is known as the Luminous Efficacy of the light source, , and is expressed in lumens per watt (lm.W -1 ).

When a part of the flux (radiant or luminous), d(e or v), is directed towards a specific direction within a beam defined by a sold angle d (expressed in steradians, sr), the ratio d(e or v)/d is called either Radiant Intensity, Ie (expressed in W.sr -1 ) in radiometry, or luminous Intensity, Iv (expressed in lm.sr -1 , or, in candelas -cd-which is the official unit) in photometry.

When a part of the flux (radiant or luminous), d(e or v), irradiates/illuminates a surface element dS, the ratio d(e or v)/dS is called either Irradiance, Ee (expressed in W.m -1 ) in radiometry, or Illuminance, Ev (expressed in lm.m -1 , or, in lux -lx-which is the official unit) in photometry.

When a part of the flux (radiant or luminous), d(e or v), originating from a single direction defined by a sold angle d, hits a surface element dS the quantity dI(e or v)/dS is called either Radiance, Le (expressed in W.sr -1 .m -1 ) in radiometry, or, Luminance, Lv (expressed in lm.sr -1 .m -1, or, in cd.m -2 which is the official unit) in photometry. In some case, in photometry, the term Brightness or Luminosity are also used to define that quantity, but the second is obsolete and must be avoided. Luminance is a very important quantity for photometry because it is the attribute of a visual sensation according to which an area appears to emit more or less light.

All the defined quantities above, radiometric or photometric, are integrated among wavelength, but, in some cases, we may need to use them for specific wavelengths, in that cases the qualificative "spectral" has to be added to the quantity name to differentiate it from integral quantities. For our study, the integral quantities are more relevant.

Photometric quantities are relevant to define indoor/outdoor artificial lighting systems performance and design the system. However, there are fully meaning less for animals for whose visual response could be different from that of human beings.

In most cases basic photometric instruments (lux-meters and luminance-meters) are designed and calibrated to measure photometric quantities (respectively, illuminance and luminance) under Photopic conditions. Hence, when light level is not sufficient (mesopic or even scotopic conditions) the values obtained are not representative of the reality even for the human eye. This can be the case in outdoor lighting especially in remote areas. Further, all lighting standards for indoor and outdoor lighting assume photopic conditions only. In addition to the regression modelling that informed on the significance of each effect one by one, we used the Hierarchical Partition of the variance (R package hier.part) to identify the most likely causal factors while alleviating multicollinearity problems (Mac Nally, 2000). and goodness-of-fit was assessed using the marginal R² (variance explained by the fixed effects)

and conditional R² (variance explained by both fixed and random factors) values [START_REF] Nakagawa | A general and simple method for obtaining R2 from generalized linear mixed-effects models[END_REF]. Results are displayed in Table S2 and2. All the analyses were conducted in R v. 4.1.0 (R Development Core Team, 2021).

Table S3. Summary per year of the total number of operating wind turbines (WT), the total number of operating WT at less than 200 m from woody edges and the total number of operating WT at more than 200 m from woody edges, in France for which our analyses were based on an exhaustive dataset. Prise en compte des effets de la pollution lumineuse sur la biodiversité dans les mesures de conservation : défis et perspectives Résumé :

Year

Ce dernier siècle, les lumières électriques ont proliféré, modifiant l'environnement nocturne. Des études scientifiques alertent sur les effets négatifs de la lumière artificielle nocturne (LAN) qui perturbe de nombreux processus écologiques et taxons. Notre objectif a ainsi été de combler des manques de connaissances afin d'aider à une meilleure considération des effets de la pollution lumineuse sur la biodiversité dans les mesures de conservation. Nous avons utilisé les chiroptères comme modèles biologiques car ce sont de bons bioindicateurs de l'effet des pressions anthropiques sur la biodiversité et, étant nocturnes, ils sont directement exposés à la LAN.

Nous avons préconisé de considérer la distribution temporelle des espèces dans les mesures de conservation, un prérequis étant de connaître leur écologie temporelle. Nous avons utilisé les données d'un programme national de suivis acoustiques des chiroptères (Vigie-Chiro) pour étudier leur rythme d'activité nocturne (9807 nuits, 20 espèces). Nous avons montré que les espèces pouvaient être séparées en trois groupes ayant une activité crépusculaire, en coeur de nuit ou intermédiaire, avec des variations des rythmes d'activité selon les saisons. La prise en compte de ces rythmes complexes aiderait à concevoir des mesures de conservation efficaces, par exemple, en définissant des extinctions partielles de la LAN adaptées à des espèces cibles.

La plupart des chiroptères émergeant tôt sont des espèces « tolérantes à la lumière » pouvant se nourrir sous les lampadaires. Cependant, à l'échelle du paysage, ces espèces semblent moins abondantes à cause de la LAN. Cela pourrait s'expliquer par des perturbations de leur rythme d'activité influant possiblement les dynamiques de population. A l'aide des données Vigie-Chiro, nous avons testé si la LAN induisait de telles perturbations pour une de ces espèces (Eptesicus serotinus). La LAN, et dans une moindre mesure la lumière de la lune, réduisaient son abondance. La LAN retardait son activité, ce décalage était amplifié par la couverture nuageuse, possiblement à cause de son effet amplificateur du halo lumineux. Des analyses complémentaires ont suggéré que la LAN retardait l'activité de deux autres espèces « tolérantes à la lumière ». Ainsi, même ces espèces devraient être protégées de la LAN.

Lorsqu'éclairer est nécessaire, changer l'intensité, la direction ou le spectre des éclairages sont des mesures de réduction possibles. Nous assistons à une modernisation des éclairages avec des diodes électroluminescentes (LEDs). Malgré des impacts potentiels sur la biodiversité, peu d'études se sont intéressées à cette évolution. En réanalysant les données d'une étude publiée, nous avons montré que les changements de spectre et d'intensité accompagnant cette évolution avaient des effets additifs et interactifs sur les chiroptères. Quand l'intensité des LEDs augmentait, leur activité décroissait. Avec les données Vigie-Chiro, nous avons montré que les LEDs pouvait réduire la connectivité du paysage pour les chiroptères, cet impact étant atténué en orientant mieux les lumières. Nous avons recommandé d'utiliser des LEDs avec des couleurs plus chaudes et de moindre intensité.

Evaluer l'effet de la LAN sur la biodiversité implique des approches spatio-temporelles multiéchelles. Malgré les manques, il y a désormais suffisamment de preuves de l'impact de la LAN sur les écosystèmes. Les mesures de réduction étant en développement, évaluer leur efficacité et les améliorations possibles est indispensable. Penser la réduction de la LAN à l'échelle du paysage est une évolution impérative, d'où l'émergence du concept de trame noire. Un projet transdisciplinaire sur les pratiques communales d'éclairage et leurs évolutions a été initié pendant cette thèse. En effet, puisque la LAN n'a pas que des implications écologiques, mais aussi sanitaires et socio-culturelles, une perspective transdisciplinaire est indispensable pour changer nos façons d'éclairer.

Mots clés : Pollution lumineuse, Chiroptères, Mesures de conservation, Suivis acoustiques passifs, Rythmes d'activité

Taking light pollution effects on biodiversity into account in conservation measures: challenges and prospects

Abstract:

Electric lights have proliferated rapidly over the last century and have changed the night-time environment globally. Over the past decades, scientific studies have shown the effects of artificial light at night (ALAN) on biodiversity. Light pollution has been shown to disrupt a wide range of ecological processes and taxa. In this PhD, we aimed to fill some of the knowledge gaps that could prevent the effects of light pollution on biodiversity from being effectively addressed by mitigation measures. We used bats as model species because they are considered good indicators of the effect of anthropogenic pressures on biodiversity and because, being nocturnal, they are directly exposed to ALAN.

We advocated considering the temporal distribution of species in conservation measures, a prerequisite being to have access to knowledge on their temporal ecology. We used data from a national bat monitoring program (Vigie-Chiro) based on acoustic monitoring to characterise bat diel activity patterns (9807 nights monitored, 20 species). We found that bat species could be separated into three functional groups characterised by a crepuscular activity, an activity that occurs when it is completely dark or an intermediate activity. We showed variations of diel activity patterns depending on the season. Accounting for these complex diel activity patterns would help to design efficient mitigation measures. For instance, it would allow the design of part-night lighting schemes covering the range of activity of the target species.

Early emerging bats are mostly "light tolerant" species known to feed on insects attracted to lights. However, at the landscape scale, these species tend to be less abundant because of ALAN. This could be explained by disruptions in the diel activity patterns of bats due to ALAN, with potential consequences for population dynamics. Using the Vigie-Chiro dataset, we tested whether ALAN was responsible for such disruptions on a "light tolerant" species (Eptesicus serotinus). ALAN, and to a lesser extent moonlight, reduced its abundance. ALAN delayed activity, this delay was amplified during overcast nights, probably because cloud cover amplified skyglow. Further analyses suggested that two other "light tolerant" species might delay their activity because of ALAN. Thus, even "light tolerant" species should be protected from light pollution.

Where it is not possible to switch off lights, other mitigation measures include changing the intensity, directionality and spectrum of light. Many countries are retrofitting lighting equipment with light emitting diodes (LEDs). Despite potential impacts on biodiversity, few studies have focused on this shift. By reanalysing the data from a previously published study, we found that changes in light spectrum and intensity during such a shift have additive and interactive effects on bats. Bat activity decreased with increasing LED intensity. Using the Vigie-Chiro dataset, we showed that the adoption of LEDs would decrease landscape connectivity for bats, with this impact possibly being mitigated by better orienting the light flux. We recommended using LEDs with warmer colours and reduced light intensity.

Multiscale spatiotemporal approaches are needed to assess ALAN effect on biodiversity. Although some knowledge gaps remain, there is overwhelming evidence of the impact of light pollution on ecosystems. Mitigation measures are being developed, so there is a need to assess their effectiveness and possible improvements. Considering the reduction of ALAN at the landscape scale is a necessary next step, hence the emergence of the concept of dark ecological networks. A transdisciplinary project on lighting practices and their evolution in municipalities was initiated during this PhD. Indeed, as ALAN has not only ecological but also health and socio-cultural implications, a transdisciplinary perspective is needed to shift the paradigm from conventional lighting to new forms of lighting. 

  Un projet transdisciplinaire sur les pratiques communales d'éclairage et leurs évolutions a été initié pendant cette thèse. En effet, puisque la LAN n'a pas que des implications écologiques, mais aussi sanitaires et socio-culturelles, une perspective transdisciplinaire est indispensable pour changer nos façons d'éclairer. -En premier lieu, je tiens à remercier les membres de mon jury, M. Laurent Godet, M. Thierry Tatoni, Mme Emmanuelle Baudry, Mme Sandra Luque et M. Kamiel Spoelstra d'avoir accepté d'évaluer mes travaux de thèse. Je remercie également l'Institut de la transition environnementale de l'alliance Sorbonne Université (SU-ITE) pour avoir financé cette thèse. Un très grand merci à Isabelle Le Viol et Christian Kerbiriou pour m'avoir permis de me lancer dans l'aventure de la recherche et pour m'avoir fait confiance. Vos conseils avisés tout au long du parcours et vos retours toujours constructifs ont permis à ces travaux d'émerger et de prendre forme. Votre bienveillance et vos encouragements m'ont poussée à surmonter les obstacles. Ce fut une très grande chance de pouvoir travailler à vos côtés. Merci à Brigitte Zanda d'avoir accepté d'être ma directrice de thèse, d'avoir été à l'écoute et d'avoir répondu présente à mes sollicitations malgré l'éloignement taxonomique entre chiroptères et météorites. Je tiens à remercier Yves Bas, Nathalie Machon et Jean Secondi pour avoir accepté de faire partie de mon comité de thèse et pour m'avoir prodigué de précieux conseils et encouragements. Un grand merci au Groupe Mammalogique Breton, notamment à Josselin Boireau et Thomas Dubos, ainsi qu'à Bretagne Vivante, notamment à Arnaud Le Houédec, pour avoir partagé leurs riches données de suivis de gîte afin de rendre mon terrain dans le Grand Ouest possible. Un grand merci à toutes les personnes qui ont pris le temps de m'accompagner lors de la pose des détecteurs ainsi qu'à toutes celles qui ont accepté d'accueillir des « petites boîtes vertes » sur leur propriété. Je tiens notamment à remercier Victor Guillou, Christian Lioto, Guillaume Masset et Matthieu Ménage pour m'avoir permis de réaliser des suivis longue durée en sortie de gîtes. Merci à Laurent Arthur, Michèle Lemaire et Amélie Chrétien pour avoir partagé leurs précieuses données de localisation de gîtes de Sérotines pour des relevés de terrain dans le Cher et pour m'avoir prodigué de multiples conseils pour les réaliser. Un grand merci à Laurie Burette pour avoir pris en charge la réalisation de cette phase de terrain accompagnée de Margot Jodet et Ghislain Durassier (et tout cela en dépit des acrobaties et de l'ingéniosité que cela requérait). Je tiens à remercier chaleureusement tous les participants du programme Vigie-Chiro pour leur investissement. Sans eux, les travaux présentés dans cette thèse n'auraient pas pu voir le jour. Je tiens tout particulièrement à remercier toutes les personnes et les structures ayant répondu à mes appels à participation pour avoir pris de leur temps de me faire des retours. Merci à Olivia Gardella pour avoir accepté de relever le défi d'un stage transdisciplinaire, je ne pouvais pas espérer une première stagiaire plus investie et appliquée. Je tiens également à remercier Johan Milian et Samuel Challéat pour avoir accepté d'encadrer avec moi ce stage, mais également pour nos nombreux échanges qui m'ont permis de concevoir le problème de la pollution lumineuse bien au-delà de la sphère écologique. Je tiens à remercier tous les membres de l'équipe chiro avec qui les échanges ont toujours été riches et constructifs. Ce fut un plaisir pour moi de faire connaissance avec tous les non-concarnois d'entre vous -Yves Bas, Fabien Claireau, Thiphaine Devaux, Alexandre Haquart, Jean-François Julien, Julie Marmet, et Charlotte Roemerque ce soit au cours d'échanges aux rencontres de Bourges, dans le Cantal ou à d'autres occasions ! Une pensée toute particulière pour Tiphaine, notre co-doctorante de Strasbourg : courage pour cette dernière ligne droite ! Merci également à tous les membres du l'IMPCM et du CESCO que j'ai pu croiser au cours de mes trop rares voyages à Paris. Merci notamment à Emmanuelle Porcher pour sa disponibilité et sa réactivité. Les Rochetons, YMCA et Café scienti furent de riches opportunités pour élargir mes horizons de questionnement. Mes remerciements vont également à toute l'équipe de gestion CESCO pour son aide et notamment à Chiu-Jung Corbière pour son investissement qui nous a sortis de bien des mauvaises passes. Une petite pensée de soutien pour Ludovic Crochard, notre co-doctorant parisien dont la soutenance approche à grands pas.
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Figure 1 :

 1 Figure 1: Daily circadian clock (left) and seasonal photoperiodic timer (right). The circadian clock cycles on a day-to-day basis. The photoperiodic timer can be seen as a "go/no-go physiological switch" that, once flipped, results in cascading events leading to season-specific physiology and behaviours. Inspired from: Bradshaw and Holzapfel, 2010b

Figure 2 :

 2 Figure 2: Maps of Europe's artificial sky brightness, in twofold increasing steps, as a ratio to the natural sky brightness (assumed to be 174 μcd.m -2 ) (see definitions Box 1). Source: Falchi et al., 2016 (CC BY-NC 4.0)

Figure 3 :

 3 Figure 3: Spectra (visible domain 360-780 nm) of some conventionally lamp types used for outdoor lighting. Luminous intensities are normalized to the maximum value: (a) LPS lamp; (b) MV lamps; (c) HPS lamps; (d) ceramic MH lamps; (e) warm white LED (2700 K); (f) cool white LED (4000 K). Spectral data were measured by LAPLACE laboratory. Source: Kerbiriou et al., 2020 (CC BY 4.0)

Figure 4 :

 4 Figure 4: Effects of ALAN on the diel activity patterns of Common swifts (Apus apus). Multi-night mean of the number of acoustic recording containing swift calls per 10-min bins. The bar at the top depicts day/night (sunrise/sunset) cycle (yellow = day, black = night). At the three low-ALAN sites (Desert, TLV, BI) swift activity ended around sunset, while at the high-ALAN site (Wall) activity continued throughout the night. Source: Amichai and Kronfeld-Schor, 2019 (CC BY 4.0)

Figure 5 :

 5 Figure 5: Probability of singing at dawn and dusk according to the day of the year for European robin (Erithacus rubecula) at dark and lighted sites. The points and lines represent the observed and the predicted daily probability of singing at dawn (left panel) and dusk (right panel) respectively. Sites with ALAN are in grey and dark sites in black. Robins are more likely to sing at dawn and dusk earlier in the season at lighted sites. Source: Da Silva et al., 2015 (CC BY 4.0)

Figure 6 :

 6 Figure 6: Overall bat activity around lights of with different emission spectra. Mean number of passes (a proxy for bat activity) made by (a) Myotis spp. and (b) Pipistrellus spp. on the lit side of hedgerows during dark control and light treatment nights. Letters identify treatments that differ significantly from each other. Red light had no effect on any species. Myotis spp.(slow, narrow-space-foraging species) avoided orange, white and green light, while Pipistrellus spp. (fast, edge-space-foraging species) were more active at these light types compared to dark controls. No effect of light was found for Nyctalus and Eptesicus spp.Source:Zeale et al., 2018 (CC BY 4.0) 

Figure 7 :

 7 Figure 7: Proportion of moth flight responses to bat echolocation calls under LED-lit and unlit conditions. Columns are proportional to sample size. The number of powerdives (i.e.evasive flight behaviours) is significantly higher under the "LED-bat" treatment than under the "LED" treatment but lower than under the "bat" treatment. LED streetlights thus reduce the anti-predator behaviour of moths. Source:Wakefield et al., 2015 (CC BY 4.0) 

1 Box 3 :

 13 Data acquisition As shown in the figure above, most of the studies presented in this PhD were conducted thanks to the French national bat monitoring program Vigie Chiro. This citizen science program based on acoustic recordings has been coordinated by the French National Museum of Natural History since 2006 (https://www.vigienature.fr/fr/chauves-souris). It was set up to determine bat population trends in France. It is composed of three different protocols,

  ) focusing on three French cities, which aims to answer the following questions: How the predicted transition from conventional lighting equipment to LEDs will affect landscape connectivity for bats? Will this change in lighting technology have different impact according to the city considered? Can the dimming of streetlights (i.e. better directing the light flux of the LEDs) help reduce the potential negative impact of LEDs on bats?

Figure 8 : 1 :Figure 9 :

 819 Figure 8: Plan of the PhD: objectives and questions
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 10 Figure 10: Graphical abstract of Mariton et al. (accepted)

Figure 11 :

 11 Figure 11: Schematic process for the calculation of the times of key descriptors. Preliminary information (1-2), method implemented (3-5), example of the mean values for Nyctalus noctula (6). * j = site ID; i = i th night of a site; k = k th pass in a night; S = number of sites; Nj = number of surveyed nights at the sitej, Pj,i = number of passes of the nightj,i; descr = time of the descriptor; Pj = "mean" number of passes of the sitej = [∑ 𝑃 𝑗,𝑖 × 𝑙𝑜𝑔 (1 + 𝑃 𝑗,𝑖 )]

Figure 12 :

 12 Figure 12: Schematic process of the characterisation of the activity distribution throughout the night: calculation of a density (1-2), calculation of the confidence bands (S being the number of sites in the dataset for the species considered), (3) example: activity pattern of Nyctalus noctula (4), extraction of the time of the activity peaks (5), example: peak detection for N. noctula (6). * see legend Figure11 ** For local maxima and score calculation, window of temporal neighbours = 129 (i.e. 1/4 of the night); x = percentage of night elapsed discretised; scorex = densityxmean ( density of the temporal neighbours )

Figure 13 :

 13 Figure 13: TFirst, TPeakP1 and TMedianP1 for each bat species.On the left are the codes of the species studied (correspondence between the codes and the full Latin and English names in TableF), followed by the cluster in which they were classified according to the HCPC (C: crepuscular species, I: intermediate species, L: late species). On the right is the number of sites monitored by species. Species are ranked by increasing value of mean TFirst. For Pipistrellus pygmaeus (Pippyg) and Pipistrellus nathusii (Pipnat) the mean TPeakP1 and TFirst were almost equal.

Figure 14 :

 14 Figure 14: Activity distribution throughout the night for six species in black, estimated density of activity according to the percentage of the night elapsed. In Iblue, cumulative curve of weighted bat activity. The dashed lines represent the 95 % confidence bands for the estimated density. Symbols represent the mean times of the key descriptors and the times of the activity peaks detected.

Figure 15 :

 15 Figure 15: Activity distribution throughout the night for six species according to season, in percentage of the night elapsed. Top right, number of sites considered for each season.

Figure 16 :

 16 Figure 16: Results of Mariton et al. (accepted)
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 217 Figure 17: Questions of the second chapter

  on the potential impacts of light pollution on the timing of activity of the locally "light tolerant" open-foraging-space species. Therefore, in this chapter, we first assessed the impact of direct and indirect light pollution, at the landscape scale, on the spatiotemporal distribution of an open-space-foraging species (E. serotinus) during gestation. This species has been shown to present a complex and contrasting responses to light pollution at different scales (see Box 4 for details on the known consequences of ALAN on E. serotinus). It is therefore a particularly interesting species to explore the mechanisms explaining the responses of open-space-foraging bat species to ALAN.

Box 4 :➢

 4 Overview of the studies on the effects of light pollution on the Serotine bat (Eptesicus serotinus)Local scale:➢ Forage around/are attracted to streetlights(Robinson and Stebbings, 1997; Stone et al., 2015a) Positive effect of light intensity on activity(Lacoeuilhe et al., 2014) ➢ Activity peaking between 1 and 5 lx(Azam et al., 2018) ➢ No effect of streetlights[START_REF] Pauwels | Adapting street lighting to limit light pollution's impacts on bats[END_REF]; at 0 and 10 m:Azam et al., 2018) ➢ Negative effect of illuminance below 1 lx and over 5 lx(Azam et al., 2018) ➢ Negative effect of streetlights at 25 m and 50 m(Azam et al., 2018) ➢ Lower activity at PNL sites compared to unlit sites(Azam et al., 2015) Landscape scale:➢ Positive response to ALAN(Laforge et al., 2019) ➢ Negative effect of ALAN on activity(Azam et al., 2016) 2022, Environmental Pollution 305, 119267MARITON Léa: e-mail: lea.mariton@mnhn.fr KERBIRIOU Christian: e-mail: christian.kerbiriou@mnhn.fr BAS Yves: e-mail: yves.bas@mnhn.fr ZANDA Brigitte: e-mail: brigitte.zanda@mnhn.fr LE VIOL Isabelle: e-mail: isabelle.le-viol@mnhn.fr Even low light pollution levels affect the spatial distribution and timing of activity of a "light tolerant" bat species Léa Mariton a,b,c,* , Christian Kerbiriou a,b , Yves Bas a,d , Brigitte Zanda c , Isabelle Le Viol a,b a Centre d′Écologie et des Sciences de la Conservation (CESCO), Muséum national d′Histoire naturelle, Centre National de la Recherche Scientifique, Sorbonne Université, CP 135, 57 rue Cuvier, 75005 Paris, France. b Centre d′Écologie et des Sciences de la Conservation (CESCO), Muséum national d′Histoire naturelle, Station de Biologie Marine, 1 place de la Croix, 29900 Concarneau, France. c Institut de Minéralogie, de Physique des Matériaux et de Cosmochimie (IMPMC), Sorbonne Université, Centre National de la Recherche Scientifique, Muséum national d'Histoire naturelle, Institut de recherche pour le développement, 61 rue Buffon, 75005 Paris, France. d Centre d'Écologie Fonctionnelle et Evolutive (CEFE), Centre National de la Recherche Scientifique, Université de Montpellier, Université Paul Valéry Montpellier 3, École Pratique des Hautes Études, Institut de recherche pour le développement, Montpellier, France.* Corresponding author: Léa Mariton, e-mail: lea.mariton@mnhn.frHighlightsLight pollution decreases bat abundance and delays their timing of activity.Even low light levels affect bat abundance and timing of activity.Skyglow enhanced by cloud cover increases light impact on the timing of activity.Light pollution can even affect "light tolerant" open-space-foraging bat species.Reducing direct and indirect light pollution at landscape scale is an urgent need.Abstract (Figure18)By disrupting nocturnal landscapes worldwide, light pollution caused by Artificial Light At Night (ALAN) is recognised as a major threat to biodiversity. As even low light intensities might affect some taxa, concerns are arising about biological responses to widespread low light levels. We used data from a French citizen science bat monitoring program (1,894 full-nights monitored on 1,055 sites) to explore the landscape-scale effects of light on an open-spaceforaging bat species, the Serotine bat (Eptesicus serotinus). We assessed this species' abundance and timing of night-time activity (median time of activity) at foraging sites. ALAN, and to a lesser extent moonlight, reduced E. serotinus abundance. ALAN delayed activity, and this delay was amplified during overcast nights. On the contrary, where there was no ALAN, the higher the cloud cover, the earlier the activity occurred. Cloud cover likely darkened the night sky in rural locations, whereas it amplified skyglow in light-polluted places, increasing ALAN effects on bats. Interestingly, moonlight also delayed activity but this effect was weakened where there was ALAN. Our study shows that even fine variations of light levels could affect the spatiotemporal distribution of a common species usually considered to be "light tolerant", with potential cascading effects on individual fitness and population dynamics. It stresses how urgent it is to preserve and restore dark areas to protect biodiversity from light pollution while working on light intensity and directivity where ALAN is needed.
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 18 Figure 18: Graphical abstract of Mariton et al. (2022)

  species' temporal distribution by changing natural light regimes, inducing shifts in the timing of activity of many taxa. For instance, it might disrupt the timing of activity of nocturnal taxa (e.g., arthropods: Lynn et al., 2021; amphibians: Secondi et al., 2021; mammals: Rotics et al., 2011), expand the timing of activity of diurnal taxa through the night and disrupt their sleep (e.g., birds:Alaasam et al., 2021; Amichai & Kronfeld-Schor, 2019;[START_REF] Raap | Light pollution disrupts sleep in free-living animals[END_REF], change timings of activity by inducing photoperiod-dependent behaviours outside of usual periods (e.g., birds:Kempenaers et al., 2010; mammals: Le Tallec et al.

  Haddock et al. (2019) highlighted that the first recording of Little forest bats (Vespadelus vulturnus, Thomas 1914, edge-space foraging) was delayed because of light pollution at forest edges andStone et al., (2009) showed that the onset of commuting behaviour of the Lesser horseshoe bat (Rhinolophus hipposideros, Borkhausen, 1797, narrow-space-foraging species) was delayed by ALAN. Such shifts in the timing of activityobserved at foraging sitesmight result in a desynchronization of bats with the peak of activity of their prey, a reduced timebudget to forage(Luo et al., 2021; Stone et al., 2015), and eventually it might impact their fitness and reproduction success. However, such studies are scarce, they focus on local scale and direct light pollution. Furthermore, there is a lack of studies on potential impacts of light pollution on the timing of activity of open-foraging-space species.

(

  Saldaña-Vázquez & Munguía-Rosas, 2013). Because the skyglow maintains low light pollution levels in previously dark areas far from urban centres, it is crucial to determine if low intensities might disrupt bat spatiotemporal distribution.

Figure 19 :

 19 Figure 19: Data processing and construction of the biological metrics.

Figure 20 :

 20 Figure 20 : Interaction between ALAN and cloud cover. Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e., all variables equal to their mean, as they were previously scaled) apart from ALAN and cloud cover. This graph represents the median time of activity according to ALAN (radiance back transformed in nW.sr -1 .cm -2 ) for three values of cloud cover (see to visualise the median time of activity according to cloud cover for three values of ALAN).

Figure 21 :

 21 Figure 21 : Interaction between moonlight and ALAN. Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e., all variables equal to their mean, as they were previously scaled) apart from moonlight and ALAN. This graph represents the median time of activity according to moonlight (back transformed in %) for three values of ALAN (2.2 nW.sr -1 .cm -2 being the mean radiance of French municipalities of 1,000 to 5,000 inhabitants and 7.8 nW.sr -1 .cm -2 being the mean radiance for municipalities of 5,000 to 10,000 inhabitants, see Table M) (see Figure O to visualise the median time of activity according to ALAN for three values of moonlight).

Further

  research would be needed to determine if this decrease in abundance at landscape scale when exposed to ALAN results from a redistribution of E. serotinus populations in darker places at a wider scale and/or from lower individual fitness which might lead to population declines. In particular, it is worth noting thatBas et al. (2020) showed that E. serotinus population declined by -30% between 2006 and 2019 in France. It raises the question of the causes of such a strong decline and, what role light pollution could be playing.

Figure N :

 N Figure N: Interaction between cloud cover and ALAN: Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e., all variables equal to their mean, as they were previously scaled) apart from cloud cover and ALAN. This graph represents the median time of activity according to cloud cover (back transformed in %) for three values of ALAN

Figure O :Figure 22 :

 O22 Figure O: Interaction between ALAN and moonlight: Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e., all variables equal to their mean, as they were previously scaled) apart from ALAN and moonlight. This graph represents the median time of activity according to ALAN (radiance back transformed in nW.sr -1 .cm -2 ) for three values of moonlight.

Figure 23 :

 23 Figure 23 : Activity distribution throughout the night for E. serotinus. In black, estimated density of activity according to the percentage of the night elapsed. In blue, cumulative curve of weighted bat activity. The dashed lines represent the 95 % confidence bands for the estimated density. The symbols represent the mean times of the key descriptors and the times of the activity peaks detected. Source: Mariton et al. (accepted)

  roost selection and to determine the light pollution gradient tolerated by bat species around their roosts. Indeed, to date, most studies dealing with roost selection have focused on roost intrinsic characteristics, whereas few studies have investigated the spatial distribution of roosts in order to identify how habitat selection could drive bats' choice

  radiotracking devices or infra-red cameras (see Appendix A ofMariton et al. (accepted), in the Appendix I of this PhD thesis). Although providing very accurate data, these methods are often limited by the price of the devices, the high effort of on-site survey required and/or the time needed to process the data after acquisition. Conversely, passive acoustic monitoring (PAM) requires minimum on-site survey effort while the time required to process the collected data is reduced thanks to the development of automated identification software(Revilla-Martín et al., 

  minutes (according to the time division of the sound files, saturation occurred when about 60 / 5 = 12 bat passes per min were found). The stereo recordings were processed according to the methodology of Claireau et al. (2019) which allows the detection of bat crossings based on an acoustic flight path reconstruction approach. However, it was only designed for situations Box 5: A field session initiating wider questions on bat monitoring methods and light data acquisition Monitoring the emergence of R. ferrumequinum at roost during one night: a bat pass recorded (a) at a foraging site, (b) at the roost exit, (c) estimation of the number of exits per minute according to the different methods (the visual count not considering bats that immediately re-entered the roost is considered as the reference), (d) estimated time of the first exit.

Box 6 :

 6 Impact of light pollution on the abundance and timing of activity of open-and edge-space-foraging bat species at landscape scale (in prep) Context: In this study, we intended to assess the impact of light pollution on the spatiotemporal distribution of eight bat species (E. serotinus, N. noctula, N. leisleri, M. daubentonii, P. kuhlii, P. nathusii, P. pipistrellus and P. pygmaeus), among the most common in France, at the landscape scale. These species are open-(E. serotinus, N. noctula and N. leisleri) and edgespace-foragers (M. daubentonii, P. kuhlii, P. nathusii, P. pipistrellus, P. pygmaeus), and are

  applied a method similar to the one used in Mariton et al. (2022), with slight variations on the data curation and the statistical analyses. The main difficulty in this study, as in Mariton et al. (2022), was to disentangle the effect of ALAN from the effect of artificialized surfaces despite their high correlation, hence the choice to use model averaging.

Chapter 3 :Figure 24 :

 324 Figure 24: Hypotheses ofKerbiriou et al., (2020) 

  Azam et al., 2018, LPS and MV: Lacoeuilhe et al., 2014, MV and LED: Lewanzik and Voigt, 2017, LED: Rowse et al., 2018). However,Azam et al. (2018) found a mixed effect of illuminance on E. serotinus, and they showed that, for P. pipistrellus and N. leisleri, the positive effect of illuminance peaked between 1 and 5 lx and then decreased.Lacoeuilhe et al. (2014) even found a negative effect of illuminance of N. leisleri andHale et al. (2015) showed that the barrier effect of ALAN on P. Pipistrellus was stronger with increasing illuminance.

Figure 25 :

 25 Figure 25: Graphical abstract of Kerbiriou et al. (2020)

Figure 26 :

 26 Figure 26 : Spectra (visible domain 360-780 nm) of some commonly used lamps for outdoor lighting systems. Luminous intensities are normalized to the maximum value: (a) low pressure sodium (LPS) lamp (under ban due to eco-conception rules); (b) mercury high pressure lamp (MV) (under ban); (c) high pressure sodium lamp (HPS); (d) ceramic metal halide lamp (MH); (e) warm white light emitting diodes (LED) (2700 K); (f) cool white LED (4000 K). Spectral data are measured by LAPLACE laboratory (private communication).

Figure 27 :

 27 Figure 27 : Predicted bat activity as a function of the light power according to the lamp type (light emitting diodes (LED) and low pressure sodium (LPS)) (total bat activity (A), Nyctalus spp. Activity (B), Pipistrellus pipistrellus activity (C) and P. pistrellus buzz ratio (D)). Results come from interactions presented in the light power modeling (right side of Table4).

Figure 28 :

 28 Figure 28: Predicted bat activity as a function of the light illuminance according to the lamp type (light emitting diodes (LED) and low pressure sodium (LPS)) (total bat activity (A), Nyctalus spp. Activity (B), Pipistrellus pipistrellus activity (C) and P. pistrellus buzz ratio (D)). Results come from interactions presented in the light illuminance modeling (left side of Table4).

  bat activity and foraging activity are dramatically reduced. Such results stress the need to consider simultaneously the effects of changes of different light characteristics when a switch of street lighting occurs. Because switches from LPS to LED lamps can lead to an increase in light intensity, such technological change may involve a reduction of bat activity in numerous cases, especially at high LED intensities.

  Figure S1. Principal component analysis (R Pacakge ade4, function dudi.pca, Chessel D. & Dufour AB) performed on landscape variables and streetlight column characteristics among sites (Ac: control lighting column of the pair A, Ae: experimental lighting column of the pair A). The streetlight characteristics included characteristics that did not change such as the lighting height (Height) and characteristics that changed during the switch such as power and illuminance: PowerBefore is the power (Watts) in site before the switch, PowerAfter, power after the switch (same typology for illuminance), ChangePower is the difference between the power of LPS in experimental site before the switch and the power of LED after the switch (same definition for the Changeilluminance). Landscape variables included the distance to a wooded area (m), Dist_Wood, the distance to freshwater (m) Dist_Water and the distance to grassland (m), Dist_Grass. (a) eigenvalues of the PCA, Figure S2. Predicted buzz ratios of P.

Figure 29 :

 29 Figure 29: Results of Kerbiriou et al. (2020)

  [START_REF] Sánchez De Miguel | Colour remote sensing of the impact of artificial light at night (II): Calibration of DSLR-based images from the International Space Station[END_REF] advocated the use of the night-time images taken with the Digital single-lens reflex camera (DSLR) from the International Space Station (ISS) as they are the only current visible multispectral data available to date. After substantial processing and calibration of these images, the intensities and ratios of the RGB channels can be exploited.

  Kerbiriou et al. (2020), city scale: Pauwels et al., (in prep) (Box 7), national scale: Mariton et al., 2022, (accepted) and Box 6) but also temporal scales (Mariton et al., 2022, (accepted) and Box 6).To our knowledge, to date, conservation measures aimed at mitigating the impacts of anthropogenic pressures on biodiversity often fail to take into account the temporal niche of species, which is sometimes poorly known. The development of citizen science programs coupled with PAM allows the collection of large-scale data that could provide new information on the ecology of species. Using such data, we characterised the diel activity patterns of 20 bat species and illustrated how this knowledge of the temporal ecology of target species, in this case bats, could contribute to the improvement of existing mitigation measures and help create new ones (Mariton et al., (accepted)).

Figure 30 :

 30 Figure 30: Principal results of this PhD

  areas to avoid predation (explaining lower functional connectivity for bats in lightpolluted landscapes as shown in Hale et al., 2015; Laforge et al., 2019; Pauwels et al., (in prep)).

  always, see Kerbiriou et al., (2020)) while being detrimental in others (e.g. by reducing landscape connectivity (Hale et al., 2015; Laforge et al., 2019; Pauwels et al., (in prep) (Box 7)) or by delaying activity (Mariton et al., 2022; Box 6) (Figure 31).

Figure 31 :

 31 Figure 31: Potential effects of ALAN on the population dynamics of bat species according to their guild. a (Lacoeuilhe et al., 2014), b(Rydell, 1992), c(Spoelstra et al., 2017), d (Voigt et al., 2021), e(Zeale et al., 2018), f(Azam et al., 2018), g(Stone et al., 2015a), h(Barré et al., 2020), i(Hale et al., 2015), j(Polak et al., 2011), k(Boldogh et al., 2007), l(Duvergé et al., 2000), m(Luo et al., 2021), n (McAney and Fairley, 1988), o(Haddock et al., 2019a), p (Arthur and Lemaire, 2015), q (Laforge et al., 2019), r(Pauwels et al. (in prep)), s(Mariton et al., 2022), t (Salinas- Ramos et al., 2021), u(Barré et al., 2021b), v (Lewanzik et al., 2021), w(Froidevaux et al., 2017), x(Mathews et al., 2015), y(Azam et al., 2016), z Box 6

  lights and low intensities appeared to be the least impactful choice, with light intensity being more important than colour in determining the onset of bat emergence. The results of Mariton et al. (2022)

  Studies conducted at the local scale, such as Kerbiriou et al. (2020), can allow to identify and evaluate technological levers, those at the streetlight scale, that can contribute to reduce the impacts of ALAN on biodiversity. Indeed, they are valuable in understanding how ALAN can alter individual behaviours. However, it can be difficult to predict, from these studies, whether the observed individual behaviours may be detrimental, neutral or beneficial for bat populations at wider scales and in the long-term. For instance, based on Kerbiriou et al. (2020), we could not predict whether the stronger attraction of bat species with increasing LED intensity was a positive or negative change in behaviour. Indeed, for instance, some individuals could benefit, in the short term, from the aggregation of insects around these lights, but this could also lead to a reduced food resource in the long term by inducing an over-mortality of insects attracted by the light sources (by exhaustion or predation). Putting things into perspectives by considering larger scales (e.g. city scale as Pauwels et al. (in prep) (Box 7), national scale as Mariton et al. (

  the framework of theVigie-Chiro program, Jeliazkov et al. (2016) detected temporal decline of bush-crickets, thus demonstrating the potential of existing programs to open up to a greater diversity of taxa.Assessing the effectiveness of mitigation measures to reduce the impact of ALAN on biodiversity is thus now possible. Although few studies have done so to date,Laforge et al. (2019) showed that reducing light intensity could improve landscape connectivity in urban areas for bats. In Pauwels et al., (in prep), we showed that the transition to LEDs will decrease landscape connectivity even for a common "light tolerant" bat species. By predicting that improved light flux orientation or reduced light intensity may mitigate the effect of such a transition, we reaffirmed that, at the landscape scale, such technological levers could be effective.

Box 8 :

 8 populations to survive in landscapes fragmented by light pollution, for instance by providing dark corridors between dark cores. At even wider scales, studies as Mariton et al. (2022) and the one presented in Box 6, which show an effect of light pollution on biodiversity at the scale of France, could help inform national policies. Over a decade of failure to implement UNEP/EUROBATS guidelines in wind energy planning: A call for action Barré, K., Froidevaux, J.S.P., Leroux, C., Mariton, L., Fritze, M., Kerbiriou, C., Le Viol, I., Bas, Y., Roemer, C., 2022. Conservation Science and Practice 4, e12805. https://doi.org/10.1111/csp2.12805 In this study, we sought to assess the extent to which an international recommendationbased on the best available science and formulated as a precautionary principlehas been implemented in Europe. We focused on the UNEP/EUROBATS agreement which recommends, since 2008, to site wind turbines at least 200 m away from woody edges to reduce bat fatalities risks.

  better compliance:(1) the implementation of the UNEP/EUROBATS guidelines in national legislative framework, (2) the updating of national and regional guidances to explicitly mention the recommendations made in the UNEP/EUROBATS guidelines, (3) the better notification of the environmental authorities and (4) the consideration of ecological impacts early in the planning process.Cumulated proportion of wind turbines in operation since 2009 in relation to siting distance to woody edges in France. Vertical black dashed lines represent the minimum distance of wind turbine siting to woody edges according

Box 9 :

 9 Transdisciplinary project: public lighting practices in the municipalities of the French regional nature Parks Partnership: Geography: Samuel Challéat (Researcher, UMR GÉODE), Olivia Gardella (intern, Université paris Cité) Johan Milian (Researcher, geography, UMR LADYSS) Ecology: Léa Mariton (PhD student, UMR CESCOsupervisors: Christian Kerbiriou, Isabelle Le Viol). This box is a synthesis of the work presented in Gardella (2022) (report) (Olivia Gardella's internship was supervised by Samuel Challéat, Léa Mariton and Johan Milian) Context and objectives: More than ten years after the first recognition of the negative effect of ALAN in French law (LOI n° 2009-967 du 3 août 2009 de programmation relative à la mise en oeuvre du

Box 9 :

 9 ) To assess whether and to what extent territorial approaches have been able to initiate changes in practices. This knowledge could then help to understand what role scientific knowledge can play: does it contribute to debates, and if so, to changes in practices? Transdisciplinary project: public lighting practices in the municipalities of the French regional nature Parks Material and methods:

Box 9 :

 9 Transdisciplinary project: public lighting practices in the municipalities of the French regional nature ParksPreliminary results and perspectivesTo date, 227 full responses from almost half of the PNRs have been provided, most of which were collected between April and June 2022. We exchanged with three other PNRs that have already conducted surveys on lighting practices in their territories, and they agreed to share their data (mainly technological) with us. Eventually, three other parks did not wish to

Box 9 :

 9 Transdisciplinary project: public lighting practices in the municipalities of the French regional nature ParksTo the question: "In your opinion, in your municipality, what are the benefits and/or drawbacks of reducing light pollution?, most respondents mentioned benefits. The most cited benefit (almost cited in 90% of the 87 answers to this a question) was energy savings, suggesting that energy and financial savings remain a main driver for changing lighting practices. Interestingly, the protection of biodiversity was cited in almost 60% of the responses, which suggest an awareness of ecological issues within these municipalities. Other benefits such as tourism or the protection of the starry sky were much less mentioned. About 25% of the respondents identified drawbacks, the main concerns being the security of the persons and goods and road safety.The next step will be to carry out further analyses on the totality of the questions, the relationship between the answers and, if possible, the difference between PNRs. This could then allow us to determine, for example, whether territorial approaches are emerging (e.g. by assessing the potential driving role of the PNRs working on light pollution in changing the practices of their municipalities), what means have been implemented to bring about changes in practice (e.g. financing, possible triggers, actors involved, etc.), or to attempt to evaluate what part the preservation of the nocturnal environment plays in the debates. Another

Fig. B. 2 :

 2 Fig. B.2: Gradients of the proportions of each land-use type in 3000 m buffer zones around randomly sampled sites in France (every 6000 m, below 500 m above sea level) and the sites of the Vigie-Chiro dataset (below 500 m above sea level)

  automatic identification was not robust enough: Eptesicus nilssonii, Myotis alcathoe, Myotis bechsteinii, Myotis brandtii, Myotis capaccinii, Myotis dasycneme, Myotis punicus, Nyctalus Table B.1: After data curation, by studied species: number of passes recorded, nights monitored and sites monitored. In the column "Medium activity": medium activity thresholds in number of passes per night (Bas et al., 2020) used for data curation. In the column "Departments": distribution range according to Arthur & Lemaire, (2015), the numbers are the official geographical codes of the French departments (see Figure B.3 for a spatial representation of the distribution range of each species according to Arthur & Lemaire, (2015)). Species are ranked according to their number of sites in the dataset after curation.

Fig. B. 3 :

 3 Fig. B.3:Sites monitored by species (black dots) after data curation. In grey, mountain environments (defined as areas above 500 m above sea level), sites in these areas were discarded. In white, French departments where the species is absent (has never been found) according toArthur & Lemaire (2015), sites in these departments were discarded. In blue, departments where the species has been found at least once according to Arthur & Lemaire (2015) (including departments where the species may have disappeared since, departments where the species is present but little known, departments where the species is exceptionally observed, departments where the species is rare or fairly rare, departments where the species is uncommon or locally common and departments where the species is fairly common to very common).

  Mean time of the key descriptor s and time of the activity peaks in percentage of the night elapsed. Species are named with their species codes (correspondence between codes and full Latin and English names in Table F). Species are ranked by increasing value of TFirst. "Sd" is the weighted standard deviation of the times of the key descriptors calculated by site. For TFirst and TMedianP1, the ealier the time, the yellower the cell, and the later the time, the greyer the cell. For TLast and TMedianP2, the later the time, the yellower the cell, and the earlier the time, the greyer the cell. The clusters into which the species were classified according to the HCPC (C: crepuscular species, I: intermediate species, D: late species) are in the column "Cl.".

Fig. G :

 G Fig. G: TLast, TPeakP2 and TMedianP2 for each bat species. On the left are the codes of the species studied (correspondence between the codes and the full Latin and English names in Table F), followed by the cluster in which they were classified according to the HCPC (C: crepuscular species, I: intermediate species, L: late species). On the right is the number of sites by species. Species are ranked by increasing value of mean TLast.

Fig. H :Fig. J. 2 :Fig J. 3 :

 H23 Fig. H: Activity distribution throughout the night for the twenty species studied: in black, estimated density of activity according to the percentage of the night elapsed. In blue, cumulative curve of weighted bat activity. The dashed lines represent the 95 % confidence bands for the estimated density. Symbols represent the mean times of the key descriptors and the times of the activity peaks detected.

Fig. K :

 K Fig. K: Activity distribution throughout the night for the 20 species studied according to season, in percentage of the night elapsed. Top right, number of sites considered for each season.

Figure A. 1 :

 1 Figure A.1: Power analysis results: for each number of E. serotinus passes (from 1000 to 22,750), percentage of subsets that resulted in a positive and significant estimate for ALAN. The dotted line represents the minimum 0.8 threshold below which the statistical power become insufficient. The solid curve represents the result of a binomial regression on the percentage of subsets that resulted in a positive and significant estimate for ALAN according to the number of E. serotinus passes.

Figure B. 1 :

 1 Figure B.1: Resampling procedure followed to check how many samples are needed for the timing of the median pass during the first half of the night to stabilize.

Figure B. 2 .

 2 Figure B.2.: Boxplots synthesizing the mean difference between the known value of the median during the first half of the night and the calculated one after resampling according to a given number of E. serotinus passes 300 times (for the 100 nights with the highest number of E. serotinus passes). The solid curve represents the result of a GAM fitted to the data. The dashed line represents a 5% threshold for the absolute difference with the real median value.

Figure B. 3 .

 3 Figure B.3.: Boxplots synthesizing the benefit in precision obtained when adding one more E. serotinus pass. The solid curve represents the result of a GAM fitted to the data. The dashed line represents a benefit of 1.75% in precision when adding one more E. serotinus pass.

Figure C. 2 :

 2 Figure C.2: Comparison of the French radiance gradient (radiance values of each cell of the VIIRS in France, which is below 500 m above sea level) with the radiance gradient of the studied sites in the "relative abundance" dataset (the radiance value considered is the mean radiance value across 3000 m buffer zones around sites).

Figure C. 3 :

 3 Figure C.3: Comparison of the French radiance gradient (radiance values of each cell of the VIIRS in France, which is below 500 m above sea level) with the radiance gradient of the studied sites in the "timing of activity" dataset (the radiance value considered is the radiance of the raster cell in which the site is located).

Figure C. 4 :

 4 Figure C.4: Comparison of the French radiance gradient (radiance values of each cell of the VIIRS in France, which is below 500 m above sea level) with the radiance gradient of the studied sites in the "timing of activity" dataset (the radiance value considered is the mean radiance value across 3000 m buffer zones around sites).

Figure D. 2 :

 2 Figure D.2: ALAN variation in each 3000 m buffer zone for the "timing of activity" dataset.

  of activity metric ~ Julian_day + Julian_day² + Moonlight + ALAN + Cloud_cover + Difference_precipitations + Difference_temperature + Wind_speed + Latitude + autocov + Moonlight : ALAN + ALAN : Cloud_cover + (1 | site)

  model.avg and the dredge functions (R package MuMIn) for models fitted with the function glmmTBM (R package glmmTMB), we did it by following the procedure shown in Figure K.1. As shown in Table K.5, Figure K.2 and Figure K.3, such standardisation did not change our conclusions: ALAN still was the covariate whose estimate was the highest in absolute value for both analyses. For the "relative abundance" analyses, ALAN estimate was higher than the estimate of artificialized surfaces. Furthermore, even if the standardisation based on partial standard deviation reduced the absolute values of the estimates, their values remained close to those obtained with a "classical" standardisation such as the one used in the main text.

Figure K. 1 :

 1 Figure K.1: Procedure followed to standardised estimates based on partial standard deviations in the model averaging(Cade, 2015) 

Fig K. 2 :

 2 Fig K.2: For the "relative abundance" analyses, variations of the values of the estimates in the 373 models within a ∆AICc of six points compared to the best model. Only the variables which had an effect according to the model averaging approach are represented. Their estimates are represented according to the ∆AICc of the model in which they have been estimated. The solid curves represent the result of generalized linear models fitted to the data.

Fig K. 3 :

 3 Fig K.3: For the "timing of activity" analyses, variations of the values of the estimates in the 142 models within a ∆AICc of six points compared to the best model. Only the covariates which had an effect according to the model averaging approach are represented. Their estimates are represented according to the ∆AICc of the model in which they have been estimated. The solid curves represent the result of generalized linear models fitted to the data.ALAN was selected over artificialized surfaces in all models. The upper panels correspond to "classical" standardised estimates and the lower panels correspond to standardised estimates based on partial standard deviations.

Figure N :

 N Figure N: Interaction between cloud cover and ALAN: Predicted values and 95% confidence intervals of the timing of activity (i.e., the time of the median E. serotinus pass during the first half of the night) with all variables equal to zero (i.e,. all variables equal to their mean, as they were previously scaled) apart from cloud cover and ALAN. This graph represents the median time of activity according to cloud cover (back transformed in %) for three values of ALAN (2.2 nW.sr -1 .cm-2 being the mean radiance of French municipalities of 1000 to 5000 inhabitants and 7.8 nW.sr -1 .cm -2 being the mean radiance for municipalities of 5000 to 10,000 inhabitants, see TableM).

Figure S2 .

 S2 Figure S2. Predicted buzz ratios of P. pipistrellus at control (i.e. lit using LED lamps throughout both years of the experiment) and experimental sites (i.e. lit using LED lamps only the first year and LPS lamps only the second year) before and after the switch from LPS to LED lamps under experimental sites. Results come from the BACIP modelling.

Figure S3 :

 S3 Figure S3: Percentage of total explained variance.
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ALAN alters the functional connectivity for bats across urban areas

  

	• Kerbiriou, C., Barré, K., Mariton, L., Pauwels, J., Zissis, G., Robert, A., Le Viol, I.,
	2020. Switching LPS to LED Streetlight May Dramatically Reduce Activity and
	Foraging of Bats. Diversity 12, 165. https://doi.org/10.3390/d12040165
	Furthermore, as

Key descriptors Average cluster Overall average Diff in % Diff in min p.value

  

		TLast	91.5	83.7	7.8	42.2	0.0016
		TMedianP2 78.2	72.7	5.5	30.0	0.0034
	Crepuscular	TPeakP2 TPeakP1	92.7 5.2	85.8 9.7	6.9 -4.5	37.2 -24.2	0.0368 0.0097
		TMedianP1 18.3	23.4	-5.1	-27.5	0.0081
		TFirst	4.9	12.1	-7.2	-39.1	0.0072
	Intermediate TMedian	37.0	41.7	-4.7	-25.3	0.0078
		TFirst	15.9	12.1	3.8	20.7	0.0007
		TMedianP1 26.0	23.4	2.6	14.0	0.0013
	Late	TPeakP1 TMedian	12.0 45.6	9.7 41.7	2.3 3.9	12.4 21.3	0.0016 0.0023
		TLast	80.8	83.7	-3.0	-15.9	0.0046
		TPeakP2	81.5	85.8	-4.4	-23.6	0.0016

  Laforge et al. (2019) found that, at landscape scale, E. serotinus responded positively toALAN, and Mathews et al. (2015) found that the Lesser noctule (Nyctalus leisleri, Kuhl, 1817) was more frequent in light-polluted environments. Conversely,Azam et al. (2016) showed that, at landscape scale, E. serotine abundance decreased because of light pollution andVoigt et al. (2020) showed that the spatial use of the Common noctule (Nyctalus noctula, Schreber, 1774) was largely constrained by ALAN. Hence, bat responses to ALAN may be driven by different mechanisms according to the considered spatial scales.

	Several mechanisms might explain ALAN-mediated declines in bat abundance at landscape
	scale: (1) ALAN could disrupt bat commuting behaviours by decreasing landscape connectivity
	(Hale et al., 2015; Laforge et al., 2019; Stone et al., 2009; Voigt et al., 2020), (2) ALAN may
	interfere with insect development, reproductive success, movement behaviours and foraging

showed that Serotine bats (Eptesicus serotinus, Schreber, 1774) experienced an avoidance behaviour from 25 to 50 m from streetlights probably because of a perception of higher predation risks. Few studies focus on ALAN effects on bats at landscape scale and they are not consensual regarding the responses of open-space-foraging species. behaviours

(Boyes et al., 2020; Owens et al., 2019)

, it could therefore contribute the decline of insect populations (at local scale:

Boyes et al., 2021; van Grunsven et al., 2020, possibly at global scale: Owens et al., 2019) 

and deplete landscapes of feeding resources for bats,

[START_REF] Hölker | Light pollution as a biodiversity threat[END_REF] 

Table 2 ,

 2 Figure 21, Figure O). Compared to a night with no moonlight (0%), a moonlight of 50% delayed activity by 4 minutes at the average mid-sized town, and by 9 minutes at a site with no

	Timing of activity

  noted that illuminance and power were modified during the real-life replacement they studied. Such a modification should not be overlooked as bat responses to light pollution has been shown to depend on light intensity. At the local scale, it has been shown the activity of narrow-space-

foraging species (i.e. "light intolerant" species) was negatively affected by illuminance regardless to the emission spectrum of the lamps (HPS:

Azam et al., 2018, LPS and MV: Lacoeuilhe et al., 2014, LED: Rowse et al.

:

  Indicate whether your municipality is currently engaged in one or more of these approaches to reduce ALAN Sources:[START_REF] Gardella | Les pratiques communales en matière d'éclairage public au sein des Parcs Naturels Régionaux Français[END_REF] 

		Number Percentage (in %)
	Lighting on demand (SMS, application)	0	0
	Unknow information	4	3
	Presence detector	8	6
	Currently, we do not practice any of these approaches 17	13
	Removal of light points	18	14
	Relamping with reduction of the installed power	28	22
	Variation of light intensity	30	24
	Part-night lighting	83	65
	The first analyses of this survey were carried out on the results collected before May
	16 2022, on 127 answers from municipalities in 20 PNRs. The municipalities represented in
	this first group of respondents correspond to municipalities that are mostly in direct
	management of their public lighting (50%) or that have delegated this responsibility to an
	energy syndicate (35%). The majority (84%) were involved in one or more ALAN reduction
	initiatives (see table above).		

Table A .1: Overview of the scientific literature on the diel activity patterns of the 20 species studied in this paper. Species are named with their species codes (correspondence between codes and full Latin and English names in Table F). "Myossp" means Myotis spp. "Yes" in "Roost" means that the study provided information on diel activity patterns at roosts, "Yes" in "For. site" means that the study provided information on diel activity patterns at foraging/commuting sites.

 A Different methods were regularly used simultaneously to provide information on bat diel activity patterns. Visual observations were used in 18 studies (41 %), acoustic monitoring in 17 studies (39 %), radiotracking in 14 studies (32%), other methods used were, for instance, infrared devices, cameras traps or GPS. Ten, 19 and 15 studies (23 %, 43 % and 34%) provided information on diel activity patterns at foraging/commuting sites, at roosts and at both roost and foraging/commuting sites respectively. There was hence a bias toward roost monitoring, with many studies focusing on the time of emergence. Almost all studies were conducted at local scales (41 studies, 93 %) with only three studies at the regional scale or more. The studies were unevenly distributed across Europe. For instance, 19 studies were conducted in the United-Kingdom (43 %) and six in Germany (14 %) while only one was conducted in France.

Table B .

 B 1. 

Table F : Correspondence between species codes (first three letters of the Latin genus name and first three letters of the Latin species name) and Latin and English full names.

 F 

				TFirst	TPeakP1 TMedianP1 TMedian TMedianP2 TPeakP2	TLast
	Species		Cl.		
				Mean Sd	/	Mean Sd Mean Sd Mean Sd	/	Mean Sd
	Pippip	C 2.55 4.33 Species code Latin name 6.06	20.81 8.95 36.55 18.39 74.08 10.19 91.34 92.56 7.08 English name
	Pipkuh	I 4.84 4.77 Barbar Barbastella barbastellus 7.61 20.94 9.31 34.73 18.77 72.74 10.56 90.45 89.58 7.85 Western barbastelle
	Pippyg	C 4.89 5.44 Eptser Eptesicus serotinus 4.96 20.20 9.68 39.82 20.75 75.97 11.51 92.66 91.82 7.52 Serotine bat
	Nycnoc	C 7.14 8.42 Hypsav Hypsugo savii 4.52	13.86 10.96 42.12 32.94 84.70 12.35 94.21 90.24 10.11 Savi's pipistrelle
	Hypsav	I 8.58 6.55 Minsch Miniopterus schreibersii 9.60 17.93 9.87 29.34 20.86 74.32 12.51 91.12 83.67 11.71 Common bent-wing bat
		Myodau	Myotis daubentonii	Daubenton's bat
	Nyclei	I 8.98 8.59 Myoema Myotis emarginatus 8.05 21.16 11.10 42.02 23.86 74.89 11.84 92.00 86.99 10.66 Geoffroy's bat
	Eptser	I 9.12 7.00 MyoGS Myotis myotis/blythii 7.83 21.27 9.83 30.72 17.77 69.60 11.01 Great myotis	NA	81.94 11.66
	Pipnat		I 10.68 6.42 -Myomyo -Myotis myotis 10.70 24.47 9.37 36.41 17.17 68.97 9.01 -Greater mouse-eared bat	NA	83.54 9.26
	Myodau	I 10.99 8.69 -Myobly -Myotis blythii 8.27 25.12 9.61 41.60 17.70 70.22 8.84 -Lesser mouse-eared bat	NA	84.51 9.74
	Myomys L 11.78 9.08 Myomys Myotis mystacinus NA 26.01 10.35 46.86 19.46 72.03 9.63 Whiskered bat	NA	85.68 8.90
	Barbar	L 13.50 9.84 Myonat Myotis nattereri 9.16	25.75 10.99 44.21 18.85 69.23 9.69 Natterer's bat	NA	80.28 10.44
		Nyclei	Nyctalus leisleri	Lesser noctule
	Myonat	L 14.26 10.97 12.69 25.29 10.73 44.30 19.54 71.16 10.30 83.83 80.96 11.28 Nycnoc Nyctalus noctula Common noctule
	Tadten	L 14.38 11.58 12.69 28.58 11.49 53.21 20.51 72.15 9.99 Pipkuh Pipistrellus kuhlii Kuhl's pipistrelle	75.87 85.19 10.68
	Minsch	L 14.71 9.60 Pipnat Pipistrellus nathusii 10.92 25.42 10.18 45.95 19.00 70.92 9.12 Nathusius's pipistrelle	72.78 80.96 10.09
	Rhifer	I 14.95 12.54 Pippip Pipistrellus pipistrellus 6.06 22.07 12.56 44.07 24.47 75.34 12.53 92.00 81.89 13.26 Common pipistrelle
	Rhihip	L 15.44 12.01 Pippyg Pipistrellus pygmaeus 8.27 22.90 12.04 44.89 23.49 74.41 10.79 82.06 81.66 11.63 Soprano pipistrelle
	Myoema L 16.89 11.50 11.36 25.98 11.21 48.11 20.51 72.32 10.29 85.59 81.29 11.23 Pleaur Plecotus auritus Brown long-eared bat
		Pleaus	Plecotus austriacus	Grey long-eared bat
	Pleaus	L 17.33 10.89 12.91 27.00 10.84 43.81 19.02 69.52 9.86 Rhifer Rhinolophus ferrumequinum Greater horseshoe bat	NA	78.76 11.00
	MyoGS	L 19.43 10.50 14.46 25.07 10.59 41.09 21.13 70.31 10.30 Rhihip Rhinolophus hipposideros Lesser horseshoe bat	NA	75.87 11.24
	Pleaur	L 21.61 12.17 Tadten Tadarida teniotis NA 27.77 10.25 43.64 21.36 71.15 11.94 European free-tailed bat	NA	77.03 12.94

Table J .1: Description of the clusters: "Average in cluster" and "Sd in cluster" correspond respectively to the average and the standard deviation of the variables (mean times of the key descriptors or times of the activity peaks) for the species in the cluster, "Overall average" and "Overall sd" correspond respectively to the overall average and the standard deviation of the variables for all species. In the columns "v.test" and "p.value", the following hypothesis was tested: "the average of the cluster is equal to the overall average": the sign of the v.test indicates if the average of the cluster was greater or lower than the overall average and a value of the v.test > 1.96 corresponds to a p-value < 0.05. The "Cluster" column indicates according to which cluster the variable was considered (C: crepuscular species, I: intermediate species, L: late species). Only variables for which the p-value was lower than 0.05 for the cluster are shown.

 J 

	Key descriptors	v.test	Average in cluster	Overall average	Sd in cluster	Overall sd p.value	Cluster
	TLast	3.1524	91.5432 83.7215	0.9669	4.5433	0.0016	C
	TMedianP2	2.9308	78.2486 72.7010	4.6240	3.4660	0.0034	C
	TPeakP2	2.0884	92.7357 85.8413	1.1736	6.0449	0.0368	C
	TPeakP1	-2.5868	5.1786	9.6639	0.6504	3.1750	0.0097	C
	TMedianP1	-2.6466	18.2917 23.3792	3.1399	3.5200	0.0081	C
	TFirst	-2.6873	4.8600	12.1035	1.8755	4.9356	0.0072	C
	TMedian	-2.6583	36.9832 41.6701	5.3433	5.6393	0.0079	I
	TFirst	-2.6598	36.9832 41.6724	5.3433	5.6390	0.0078	L
	TMedianP1	3.3827	15.9338 12.1035	2.7818	4.9356	0.0007	L
	TPeakP1	3.2153	25.9757 23.3792	1.4885	3.5200	0.0013	L
	TMedian	3.1553	11.9622	9.6639	2.4694	3.1750	0.0016	L
	TLast	3.0422	45.6081 41.6724	3.1213	5.6390	0.0023	L
	TPeakP2	-2.8332	80.7684 83.7215	2.9510	4.5433	0.0046	L
	Bibliography:							
	Husson, F., Josse, J., Pagès, J., 2010. Principal component methods-hierarchical clustering-
	partitional clustering: why would we need to choose for visualizing data? (Technical
	Report of the Applied Mathematics Department). Agrocampus.		
	Kassambara, A., Mundt, F., 2020. factoextra: Extract and Visualize the Results of Multivariate
	Data Analyses.						

Table A .

 A 1: Best model estimates and p-values (Anova II) for the "relative abundance" dataset with a MERT of 0.5 and 0.1. Latitude and recorder type are not represented as they were fixed terms in the dredge. All quantitative fixed effects were scaled.

	MERT		0.5		0.1
		Estimate	p-value	Estimate	p-value
	Conifer_forest	0.3523	9.776e-06 ***	0.5109	1.048e-07 ***
	Deciduous_forest	0.2659	0.0001009 ***	0.2725	0.0007871 ***
	Julian_day	0.3330	2.792e-08 ***	0.4641	7.438e-10 ***
	Moonlight	-0.1641	0.0019158 **	-0.2748 1.486e-05 ***
	Small_woody_features	0.1945	0.0050122 **	0.1867	0.0261389 *
	Habitat_diversity	0.1938	0.0109567 *	0.3240	0.0004355 ***
	ALAN	-0.4374	1.481e-06 *** -0.6077 1.476e-07 ***
	Cloud_cover	0.0719	0.1155775	0.0004	0.9943969
	Difference_precipitations	-0.1643	0.0006891 *** -0.2604 1.457e-05 ***
	Difference_temperature	0.3077	5.430e-07 ***	0.3816	8.046e-08 ***
	Temperature	0.2659	8.719e-05 ***	0.2289	0.0045416 **
	2. Timing of activity				
	The best model obtained with the dredge (i.e., the one with the lowest AICc) was the following
	one:				
	Timing of activity metric ~ Julian_day + Julian_day² + Moonlight + ALAN + Cloud_cover +
	Difference_precipitations + Difference_temperature + Wind_speed + Latitude + autocov + Moonlight : ALAN + ALAN : Cloud_cover + (1 | site)	Eq. (A.2)
	In Table A.2, we can see that, apart from ALAN, results were highly consistent whether the
	MERT chosen was 0.5 or 0.1. The variables which were significant in the best model with the
	0.5 MERT remained significant with the 0.1 MERT, estimates that were negative remained
	negative and estimates that were positive remained positive.		

Table A .

 A 2: Best model estimates and p-values (Anova II) for the "timing of activity" dataset with MERT of 0.5 and 0.1. Latitude and autocov are not represented as they were fixed terms in the dredge. All quantitative fixed effects were scaled.

	MERT		0.5		0.9
		Estimate	p-value	Estimate	p-value
	Julian_day	-86.20	0.5302259	328.18	0.0884699 .
	Julian_day²	354.78	0.0005707 ***	489.54	0.0008973 ***
	Moonlight	291.01	0.0087162 **	334.29	5.815e-06 ***
	ALAN	734.67	0.0001537 *** -321.00	0.2231442
	Cloud_cover	-481.49	1.411e-12 *** -410.73 1.852e-09 ***
	Difference_precipitations	-164.92	0.0243367 *	-299.76	0.0027053 **
	Difference_temperature	378.70	5.571e-08 ***	304.23	0.0006953 ***
	Windspeed	-292.33	2.300e-05 *** -306.21 0.0001368 ***
	Moonlight : ALAN	-264.33	0.0016276 ** -1233.08 3.010e-08 ***
	ALAN : Cloud_cover	178.24	0.0174029 *	457.85	0.0001788 ***
	Despite being highly significant with a 0.5 MERT, ALAN became not significant with
	a 0.1 MERT. By choosing a low MERT, we only kept 11,513 E. serotinus passes instead of
	22,998 with a 0.5 MERT (i.e., -50% of passes) (Table A.3). The calculation of the timing of

activity (i.e., the time of the median E. serotinus pass during the first 4 h 30 min of the night) may hence have been be less precise, and, as we only considered nights with at least 10 E.

Table A

 A 

	.3: Number of sites, nights and sounds kept for a 0.5 and a 0.1 MERT for the "relative
	abundance" and the "timing of activity" datasets.
	MERT Number

of passes all night Number of passes first half of night

  

	Relative	0.5	21,452	/
	abundance	0.1	10,117	/
	Timing of	0.5	22,998	19,489
	activity	0.1	11,513	9,901

Table D .

 D 2: Results of the model averaging for the "relative abundance" and the "timing of activity" analyses. Even if a lot of models were selected in these analyses, the differences between the AICc of the null model and the AICc of the best model were always high.

			Number of	AICc of	AICc of	AICc null
			models in a	the best	the null	model* -AICc
			∆AICc of 6	model	model	best model
	Relative abundance	ALAN site	128	10,545	10,796	251
	dataset	ALAN buffer	373	10,542	10,796	254
	Timing of activity	ALAN site	350	27,844	27,991	147
	dataset	ALAN buffer	142	27,831	27,991	160
	*include the random effects for "relative abundance" and "timing of activity" analyses,
	include the weight on the logarithm of the number of E. serotinus passes for the "timing of
	activity" analyses.					

Table D .

 D 4: Model averaging results for a delta AICc of six points for the "timing of activity" analyses: estimate, sum of weights (SW) and 95% confidence interval (CI) for each variable (apart from latitude and the autocovariate that were fixed) (estimates in bold when the 95% confidence interval did not overlap zero and the SW was above 0.60). Results with the ALAN value at the recorder sites as the ALAN metric and with the mean ALAN value in the 3000 m buffer zones as the ALAN metric are both represented so that they might be compared. All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response variable.In the "relative abundance" analyses, the selection of artificialized surfaces over ALAN when considering ALAN value at local scale might be explained by several mechanisms. First,

		With the ALAN value at the	With mean ALAN value in the 3000
		sites as the ALAN metric	m buffer zones as the ALAN metric
	Variables	Estimates SW	CI (95%)	Estimates SW	CI (95%)
	Temperature	0.034 0.28 -0.044 ; 0.112	0.031	0.31 -0.047 ; 0.110
	Difference_temperature	0.113 1.00 0.062 ; 0.164	0.114	1.00 0.064 ; 0.165
	Windspeed	-0.092 1.00 -0.135 ; -0.048	-0.093	1.00 -0.136 ; -0.050
	Difference_precipitations -0.051 0.89 -0.097 ; -0.004	-0.053	0.91 -0.099 ; -0.006
	Julian_Day	-0.013 1.00 -0.099 ; 0.074	-0.031	1.00 -0.119 ; 0.057
	(Julian_Day)²	0.152 1.00 0.074 ; 0.231	0.142	1.00 0.061 ; 0.223
	Cloud_cover	-0.157 1.00 -0.201 ; -0.113	-0.155	1.00 -0.199 ; -0.110
	Artificialized_surfaces	0.169 0.12 0.053 ; 0.285	NA	NA	NA
	Grassland	-0.019 0.16 -0.132 ; 0.095	0.012	0.18 -0.111 ; 0.135
	Deciduous_forest	-0.077 0.31 -0.205 ; 0.052	-0.059	0.26 -0.189 ; 0.072
	Conifer_forest	-0.026 0.18 -0.144 ; 0.092	-0.017	0.18 -0.138 ; 0.104
	Habitat_diversity	0.020 0.18 -0.087 ; 0.127	0.017	0.18 -0.090 ; 0.123
	Min_distance_freshwater 0.027 0.17 -0.121 ; 0.176	0.041	0.20 -0.107 ; 0.190
	Small_woody_features	-0.044 0.25 -0.157 ; 0.068	-0.067	0.36 -0.181 ; 0.047
	ALAN	0.167 0.88 0.060 ; 0.273	0.235	1.00 0.117 ; 0.354
	Moonlight	0.076 0.99 0.016 ; 0.135	0.092	1.00 0.032 ; 0.152
	Difference_temperature :Temperature	-0.011 0.04 -0.053 ; 0.031	-0.024	0.09 -0.066 ; 0.019
	Cloud_cover:Moonlight	-0.007 0.17 -0.050 ; 0.035	-0.013	0.21 -0.055 ; 0.030
	ALAN:Cloud_cover	-0.004 0.14 -0.053 ; 0.046	0.059	0.95 0.011 ; 0.106
	Moonlight:ALAN	-0.044 0.39 -0.107 ; 0.020	-0.073	1.00 -0.12 ; -0.027

  Absolute measures of temperature may be misleading if E. serotinus populations adapt to local climatic conditions: a given temperature may represent a mild day for one population but a cold day for another. We therefore chose to transform temperature in temperature anomalies, defined as followed:

	2010	
	𝐴𝑛𝑜𝑚𝑎𝑙𝑦 𝑌𝑌𝑌𝑌/𝑀𝑀/𝐷𝐷 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑌𝑌𝑌𝑌/𝑀𝑀/𝐷𝐷 -( ∑ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖/𝑀𝑀/𝐷𝐷	) /30
	𝑖=1980	
	With: YYYY/MM/DD: Day during which the surveyed night began (Year: YYYY, Month: MM,
	Day: DD)	
	Likewise, cloud cover might amplify diffuse light pollution at landscape scale whereas it should
	not have any effect on the local light pollution level directly created by several localised
	streetlights.	
	Bibliography	
	Azam, C., Le Viol, I., Bas, Y., Zissis, G., Vernet, A., Julien, J.-F., & Kerbiriou, C. (2018).
	Evidence for distance and illuminance thresholds in the effects of artificial lighting on
	bat activity. Landscape and Urban Planning, 175, 123-135.	
	https://doi.org/10.1016/j.landurbplan.2018.02.011	
	Azam, C., Le Viol, I., Julien, J.-F., Bas, Y., & Kerbiriou, C. (2016). Disentangling the relative

effect of light pollution, impervious surfaces and intensive agriculture on bat activity with a national-scale monitoring program. Landscape Ecology, 31

(10), 2471-2483. 
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Table J .

 J 2: Results of the model averaging for the "relative abundance" and the "timing of activity" analyses without interactions including ALAN. Even if a lot of models were selected in these analyses, the differences between the AICc of the null model and the AICc of the best model were always high.

	Habitat_diversity	0.0070 0.80 0.0005 ; 0.0134	0.0068 0.82 0.0005 ; 0.0132
	Min_distance_freshwater -0.0039 0.37 -0.0115 ; 0.0037 -0.0039 0.37 -0.0116 ; 0.0037
	Small_woody_features	0.0082 1.00 0.0026 ; 0.0138	0.0082 1.00 0.0026 ; 0.0138
	ALAN	-0.0186 0.84 -0.0268 ; -0.0104 -0.0186 0.89 -0.0268 ; -0.0104
	Moonlight	-0.0064 1.00 -0.0104 ; -0.0024 -0.0065 1.00 -0.0105 ; -0.0025
	Difference_temperature :Temperature	0.0009 0.26 -0.0026 ; 0.0045	0.0009 0.24 -0.0026 ; 0.0045
	Cloud_cover:Moonlight 0.0015 0.21 -0.0017 ; 0.0048	0.0015 0.21 -0.0017 ; 0.0047
	ALAN:Cloud_cover			-0.0011 0.14 -0.0056 ; 0.0035
	Moonlight:ALAN			-0.0006 0.19 -0.0048 ; 0.0036
		Number of models in a ∆AICc of 6	AICc of the best model	AICc of the null model	AICc null model* -AICc best model
	Relative abundance	216	10,542	10,796	254
	Timing of activity	130	27,840	27,991	151

Table J .

 J 3: Model averaging results for a delta AICc of six points for the "timing of activity" analyses: estimate, sum of weights (SW) and 95% confidence interval (CI) for each variable (apart from latitude and the autocovariate that were fixed) (estimates in bold when the 95% confidence interval did not overlap zero and the SW was above 0.60). Results without and with interactions including ALAN are both represented so that they might be compared. All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response variable

		Without interactions including	With interactions including
			ALAN			ALAN
	Variables	Estimates SW	CI (95%)	Estimates SW	CI (95%)
	Temperature	0.042	0.36 -0.037 ; 0.12	0.031	0.31 -0.047 ; 0.110
	Difference_temperature	0.112	1.00 0.059 ; 0.165	0.114	1.00 0.064 ; 0.165
	Windspeed	-0.089	1.00 -0.133 ; -0.046 -0.093 1.00 -0.136 ; -0.050
	Difference_precipitations -0.052	0.90 -0.098 ; -0.005 -0.053 0.91 -0.099 ; -0.006
	Julian_Day	-0.017	1.00 -0.104 ; 0.071	-0.031 1.00 -0.119 ; 0.057
	(Julian_Day)²	0.154	1.00 0.077 ; 0.231	0.142	1.00 0.061 ; 0.223
	Cloud_cover	-0.155	1.00 -0.199 ; -0.111 -0.155 1.00 -0.199 ; -0.110
	Artificialized_surfaces	0.171	0.00 0.061 ; 0.28	NA	NA	NA
	Grassland	0.004	0.17 -0.115 ; 0.123	0.012	0.18 -0.111 ; 0.135
	Deciduous_forest	-0.057	0.26 -0.186 ; 0.072	-0.059 0.26 -0.189 ; 0.072
	Conifer_forest	-0.025	0.20 -0.145 ; 0.095	-0.017 0.18 -0.138 ; 0.104
	Habitat_diversity	0.023	0.19 -0.082 ; 0.128	0.017	0.18 -0.090 ; 0.123
	Min_distance_freshwater 0.031	0.20 -0.116 ; 0.177	0.041	0.20 -0.107 ; 0.190
	Small_woody_features	-0.057	0.32 -0.169 ; 0.056	-0.067 0.36 -0.181 ; 0.047
	ALAN	0.218	1.00 0.102 ; 0.335	0.235	1.00 0.117 ; 0.354
	Moonlight	0.076	0.99 0.016 ; 0.136	0.092	1.00 0.032 ; 0.152
	Difference_temperature :Temperature	-0.008	0.05 -0.05 ; 0.034	-0.024 0.09 -0.066 ; 0.019
	Cloud_cover:Moonlight	-0.008	0.18 -0.05 ; 0.035	-0.013 0.21 -0.055 ; 0.030
	ALAN:Cloud_cover				0.059	0.95 0.011 ; 0.106

Table K .

 K 1: Comparison between the result obtained with a model selection approach (model with the lowest AICc) and the model averaging approach for the "relative abundance" analyses. In bold, in the column "estimates best model", are the estimates whose p-value was below 0.05 (Anova II). In bold, in the column "estimates model averaging", are the estimate whose SW were above 0.6 and whose 95% confidence interval did not overlap 0. (In this table we did not put latitude and recorder type that were fixed for "relative abundance" analyses).All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response variable

	Variables	Estimates best model	p-value	Estimates model averaging	SW > 0.60 and 95% interval did not overlap 0
	Temperature	0.0101	8.7e-05***	0.0098	Yes
	Difference_temperature	0.0117	5.4e-07***	0.0118	Yes
	Windspeed	NA	NA	-0.0025	No
	Difference_precipitations	-0.0063	6.9e-04***	-0.0061	Yes
	Julian_Day	0.0127	2.8e-08***	0.0124	Yes
	(Julian_Day)²	NA	NA	-0.0023	No
	Cloud_cover	0.0027	1.2e-01	0.0026	No
	Artificialized_surfaces	NA	NA	-0.0156	No
	Grassland	NA	NA	-0.0047	No
	Deciduous_forest	0.0101	1.0e-04***	0.0096	Yes
	Conifer_forest	0.0134	9.8e-06***	0.0124	Yes
	Habitat_diversity	0.0074	1.1e-02*	0.0068	Yes
	Min_distance_freshwater	NA	NA	-0.0039	No
	Small_woody_features	0.0074	5.0e-03**	0.0082	Yes
	ALAN	-0.0167	1.5e-06***	-0.0186	Yes
	Moonlight	-0.0063	1.9e-03**	-0.0065	Yes
	Difference_temperature :Temperature	NA	NA	0.0009	No
	Cloud_cover:Moonlight	NA	NA	0.0015	No
	ALAN:Cloud_cover	NA	NA	-0.0011	No
	Moonlight:ALAN	NA	NA	-0.0006	No

  ). All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response variable

					Eq. (K.2)
	Variables	Estimates best model	p-value	Estimates model averaging	SW > 0.60 and 95% interval did not overlap 0
	Temperature	NA	NA	0.031	No
	Difference_temperature	0.120	5.6e-08***	0.114	Yes
	Windspeed	-0.093	2.3e-05***	-0.093	Yes
	Difference_precipitations	-0.052	2.4e-02*	-0.053	Yes
	Julian_Day	-0.027	5.3e-01	-0.031	No
	(Julian_Day)²	0.140	5.7e-04***	0.142	Yes
	Cloud_cover	-0.153	1.4e-12***	-0.155	Yes
	Artificialized_surfaces	NA	NA	NA	NA

Table K .

 K 3: Comparison between the obtained results when considering all the models within a ∆AICc of six points individually and the results of the model averaging for the "relative abundance" analyses. In bold are the estimates whose SW were above 0.6 and whose 95% confidence interval did not overlap 0. (In this table we did not put latitude and recorder type that were fixed for "relative abundance" analyses). All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of the response Table K.4: Comparison of the obtained results when considering all models within a ∆AICc of six points individually with the results of the model averaging for the "timing of activity" analyses. In bold are the estimate coefficient whose SW were above 0.6 and whose 95% confidence interval did not overlap 0. (In this table we did not put latitude and the autocovariate that were fixed for "timing of activity" analyses). All quantitative fixed effects were scaled and estimates were standardized by dividing them by the standard deviation of

		variable the response variable		
		Estimates Estimates	SW > 0.60 and SW > 0.60 and	Percentage of Percentage of	Percentage of Percentage of
	Variables Variables	model model	95% interval did 95% interval did	models in the models in the	models in which models in which
		averaging averaging	not overlap 0 not overlap 0	model averaging model averaging	the p-value is <0.05 the p-value is <0.05
	Temperature Temperature	0.0098 0.031	Yes No	100 32.3	100 0
	Difference_temperature Difference_temperature	0.0118 0.114	Yes Yes	100 100	100 100
	Windspeed Windspeed	-0.0025 -0.093	No Yes	48.0 100	0 100
	Difference_precipitations Difference_precipitations	-0.0061 -0.053	Yes Yes	100 87.3	100 87.3
	Julian_Day Julian_Day	0.0124 -0.031	Yes No	100 100	100 0
	(Julian_Day)² (Julian_Day)²	-0.0023 0.142	No Yes	40.5 100	0 100
	Cloud_cover Cloud_cover	0.0026 -0.155	No Yes	71.0 100	0 100
	Artificialized_surfaces Artificialized_surfaces	-0.0156 NA	No NA	15.3 NA	15.3 NA
	Grassland Grassland	-0.0047 0.012	No No	55.5 24.6	11.8 0
	Deciduous_forest Deciduous_forest	0.0096 -0.059	Yes No	100 32.4	100 0
	Conifer_forest Conifer_forest	0.0124 -0.017	Yes No	100 23.9	100 0
	Habitat_diversity Habitat_diversity	0.0068 0.017	Yes No	74.5 23.2	55.5 0
	Min_distance_freshwater Min_distance_freshwater	-0.0039 0.041	No No	44.2 25.4	0 0
	Small_woody_features Small_woody_features	0.0082 -0.067	Yes No	99.5 38.7	99.5 0
	ALAN ALAN	-0.0186 0.235	Yes Yes	84.7 100	84.7 100
	Moonlight Moonlight	-0.0065 0.092	Yes Yes	100 100	100 100
	Difference_temperature :Temperature Difference_temperature :Temperature	0.0009 -0.024	No No	32.3 11.3	0 0
	Cloud_cover:Moonlight Cloud_cover:Moonlight	0.0015 -0.013	No No	27.1 26.1	0 0
	ALAN:Cloud_cover ALAN:Cloud_cover	-0.0011 0.059	No Yes	19.3 92.3	0 92.3
	Moonlight:ALAN Moonlight:ALAN	-0.0006 -0.073	No Yes	26.8 100	0 100

Table L : Results of the model averaging for the "relative abundance" and the "timing of activity" analyses. Even if a lot of models were selected in these analyses, the differences between the AICc of the null model and the AICc of the best model were always high.

 L include random effects for "relative abundance" and "timing of activity" analyses, include the weight on the logarithm of the number of E. serotinus passes for "timing of activity" analyses.

		Number of models in a ∆AICc of 6	AICc of the best model	AICc of the null model	AICc null model* -AICc best model
	Relative abundance	373	10,542	10,796	254
	Timing of activity	142	27,831	27,991	160

*

Table M : Mean of the mean radiances (in nW.sr -1 .cm -2 ) of the French municipalities according to their population size (only municipalities that are below 500 m above sea levels are considered).

 M 

	Population	Mean of the mean radiances	Number of municipalities
	> 900,000	62.83	1 (Paris)
	]200,000 ; 900,000]	39.7	10
	]50,000 ; 200,000]	35.5	103
	]10,000 ; 50,000]	19.6	802
	]5000 ; 10,000]	7.8	1122
	]1000 ; 5000]	2.2	7446
	]500 ; 1000]	0.75	6537
	]100 ; 500]	0.35	14,959
	< 100	0.24	

Table S2 .

 S2 Effect of environmental variables on bat activities (β is the estimate of GLM), Pvalues were calculated using an ANOVA with a F-test for expressed. According to the need to adjust P-values for multiple comparisons, Bonferroni correction indicates that a ɑ=0.05 threshold level should be considered here as ɑ=0.008, thus significant P-values in regard to Bonferroni correction are indicated in bold, * indicated that error distribution used was a quasipoisson instead of a negative binomial due to problem of model convergence.

	Power	Illuminance	Height	Dist. Wood	Dist. Water	Dist. Grass
	Total Activity					
	0.016±0.008 β=0.019±0.0	β=0.224±0.0	Β=-	β =8.2e-	β=-
		06	98	0.012±0.006	05±1.1e-03	0.002±0.002
	P=0.045	P= 0.003	P=0.028	P=0.040	P=0.932	P=0.297
	P. pipistrellus					
	β=-	β=0.005±0.0	β=-	β=-	β=0.001±0.001	β=0.001±0.002
	0.002±0.009	07	0.011±0.116	0.009±0.006		
	P=0.812	P=0.567	P=0.922	P= 0.065	P=0.144	P=0.746
	P. pygmaeus					
	β=0.032±0.0	β=0.032±0.0	β=	β= -	β=	β= -
	11	09	0.431±0.127	0.020±0.009	0.0004±0.002	0.005±0.003
	P= 0.010	P= 0.011	P= 0.004	P= 0.031	P= 0.863	P= 0.132
	Nyctalus ssp.					
	β=0.061±0.0	β=0.047±0.0	β=0.745±0.1	β=-	*β=-	*β=-
	15	10	791	0.020±0.014	1.313±0.486	0.881±0.413
	P<0.0001	P<0.0001	P<0.0001	P=0.358	P=0.008	P=0.046
	Feeding buzz ratio					
	β=0.					

012±0.0 05 β=0.008±0.0 03 β=0.1355±0. 061

  

				β=-	β=-0.001±0.001 β=-
				0.007±0.004		0.001±0.001
	P=0.035	P=0.048	P=0.044	P=0.113	P=0.244	P=0.585
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Box 6: Impact of light pollution on the abundance and timing of activity of open-and edge-space-foraging bat species at landscape scale (in prep)

Preliminary results: responses of the eight species studied to ALAN, Moonlight and Artificialized surfaces (effect in the table only if "significant", i.e. if sum of weight > 0. [START_REF] Azam | Disentangling the relative effect of light pollution, impervious surfaces and intensive agriculture on bat activity with a nationalscale monitoring program[END_REF] 1) some temporal and/or spatial autocollinearity remain for some species, (2) first checking of model assumptions with the package DHARMa also showed that some assumptions could have been violated for some species. ** For P. pygmaeus, for the relative abundance and during lactation, some models in the dredge did not converge.

Table 4: Effects of the type of lamp (LPS versus LED), the lamp intensity (illuminance or power), and their interaction on bat activity. The estimates of LampLPS are the difference in bat activity between LPS lights and LED lights placed as intercept (i.e., a negative estimate indicates that bat activity is lower with LPS compared to LED for a given light intensity). The estimates of the interaction (LampLPS:Lamp intensity) correspond to the difference of slope between the two regressions (bat activity ~ Lamp intensity) according to the lamp type (i.e., LPS versus LED).

Illuminance 

Conflicts of Interest

The authors declare no conflict of interest. To assess previous knowledge on bat diel activity patterns, we conducted a non-exhaustive review on scientific literature. In Google Scholar, for each species studied, we performed the following research: ("activity pattern" OR "pattern of activity" OR "activity rhythm" OR "rhythm of activity") AND "Species latin name" AND "sunset". "Sunset" was chosen as an additional filter because of its almost systematic use in papers dealing with bat diel activity patterns. We acknowledge that by only using English sources, our database does not reflect all published studies, however, we assume that it is a representative sample.

Supplementary material (available in the

For the Great Myotis (group composed Myotis myotis and Myotis blythii) we performed separate researches on M. myotis and M. blythii (for the latter species, we also performed researches on Myotis oxygnathus as this Latin name is used in some studies). Pipistrellus pygmaeus was first described as a distinct species from Pipistrellus pispitrellus in 2003 [START_REF] Jones | Soprano Pipistrelle Pipistrellus pygmaeus (Leach, 1825)[END_REF]. Thus, studies published before 2003 and conducted in areas were both species can be found were attributed to (1) P. pipistrellus if the authors focused on a "45 kHz phonic type", to (2) P. pygmaeus if the authors focused on a "55 kHz phonic type" and to [START_REF] Hölker | Light pollution as a biodiversity threat[END_REF] the P. pipistrellus/pygmaeus complex if the authors gave no information on the phonic type studied.

We only kept studies that were conducted in Europe and that provided information on the diel activity patterns of given species (i.e. we discarded papers in which the diel activity patterns of all bat species combined were studied). We discarded studies on diel activity patterns inside hibernacula, swarming or nursery roosts. For each study kept, we specified the method used to give information on activity patterns. We considered that a study focused on the local scale when information on diel activity patterns was provided by monitoring a small number of individuals and/or by monitoring a small number of sites (less than 25). We specified whether the information on diel activity patterns provided by each study was related to the diel activity patterns at roost or at foraging/commuting sites. 07,09,11,12,13,15,16,19,24, 25,26,2A,2B,30,31,33,34,36, 38,39,42,43,46,47,48,55,63, 64,65,66,69,73,74,81,82,83, 84 [START_REF] Azam | Evidence for distance and illuminance thresholds in the effects of artificial lighting on bat activity[END_REF][START_REF] Zuur | Mixed Effects Models and Extensions in Ecology with R[END_REF][START_REF] Freckleton | On the misuse of residuals in ecology: Regression of residuals vs. multiple regression[END_REF][START_REF] Boldogh | The effects of the illumination of buildings on housedwelling bats and its conservation consequences[END_REF][START_REF] Stone | The impacts of new street light technologies: Experimentally testing the effects on bats of changing from low-pressure sodium to white metal halide[END_REF][START_REF] Bennie | Mapping artificial lightscapes for ecological studies[END_REF][START_REF] Sánchez De Miguel | Sky Quality Meter measurements in a colour-changing world[END_REF][START_REF] Gaston | Reducing the ecological consequences of night-time light pollution: Options and developments[END_REF]61,62,67,75,76,77,78,80,90,91,92,93,94,95 Tadarida teniotis 87 988 926 568 4 Present in: 01,04,05,06,07,09,[START_REF] Minnaar | Stacking the odds: Light pollution may shift the balance in an ancient predator-prey arms race[END_REF][START_REF] Bennie | Cascading effects of artificial light at night: Resource-mediated control of herbivores in a grassland ecosystem[END_REF]13,[START_REF] Kyba | Redefining efficiency for outdoor lighting[END_REF][START_REF] Eisenbeis | Artificial night lighting and insects: Attraction of insects to streetlamps in a rural setting in Germany[END_REF][START_REF] Rydell | Bats and Their Insect Prey at Streetlights[END_REF]2A,2B,[START_REF] Owens | The impact of artificial light at night on nocturnal insects: A review and synthesis[END_REF][START_REF] Jones | Foraging strategy and predation risk as factors influencing emergence time in echolocating bats[END_REF][START_REF] Arlettaz | Competition for food by expanding pipistrelle bat populations (Pipistrellus pipistrellus) might contribute to the decline of lesser horseshoe bats (Rhinolophus hipposideros)[END_REF][START_REF] Obrist | Variability in echolocation call design of 26 Swiss bat species: Consequences, limits and options for automated field identification with a synergetic pattern recognition approach[END_REF][START_REF] Britton | Echolocation behaviour and prey-capture success in foraging bats: Laboratory and field experiments on Myotis daubentonii[END_REF][START_REF] Ciechanowski | Spatiotemporal variation in activity of bat species differing in hunting tactics: Effects of weather, moonlight, food abundance, and structural clutter[END_REF][START_REF] Newson | A novel citizen science approach for large-scale standardised monitoring of bat activity and distribution, evaluated in eastern England[END_REF][START_REF] Kerbiriou | Bat Pass Duration Measurement: An Indirect Measure of Distance of Detection[END_REF][START_REF] Dominoni | Artificial light at night as an environmental pollutant: An integrative approach across taxa, biological functions, and scientific disciplines[END_REF]64,65,66,69,70,73,74,81,82,83,84 Plecotus auritus 2965 290 226 1 Absent from: 2A,2B

Appendix C: Robustness of the automated identification

As the confidence in the automated identification is an important issue in such a study, we provide in this appendix additional information on the robustness of the identification.

Firstly, Tadarida-C (i.e. the software module of the Tadarida toolbox which handles the classification of all detected sound events, Bas et al., 2017) is now integrating a contextual classifier in addition to classification based on acoustic features. It uses similar random forest algorithms as those in [START_REF] Metcalf | Part-night lighting: implications for bat conservation: Part-night lighting and bats[END_REF] and is trained over more than 90,000 bat occurrences in recording files. Like in [START_REF] Metcalf | Part-night lighting: implications for bat conservation: Part-night lighting and bats[END_REF], this greatly reduces error rates (by a factor of three) by taking into account the relative abundance of each species during the night, and the distribution of confidence scores among detection events.

Secondly, several filters applied to the dataset during the data curation (detailed in Appendix B) were designed to reduce the number of false positives per species as much as possible. By applying these filters, we considerably reduced the number of bat passes, nights and sites for species whose identification through Tadarida was not robust enough. These species therefore ended up not being considered as they were found in less than 200 sites after data curation.

Eventually, to ensure the robustness of the results against automated identification errors that could persist despite the precautions we took when filtering and analysing the data, we chose to follow the approach of Barré et al. (2019). For each species, this consisted in comparing:

(1) the results we obtained with a maximum error rate tolerance (MERT) of 0.5 which minimises false positives while keeping a high number of bat passes (main analyses in the manuscript)

(2) with the results we obtained with a MERT of 0.1 which limits false positives but discards more true positives.

As shown in Fig. C.1, the results are highly consistent whether we used a MERT of 0.5 or a MERT of 0.1. This confirms that our results are not sensitive to the error rates considered and are robust against automated identification errors.

Appendix D: Additional information on the methods designed to characterise and compare bat diel activity patterns 1. Key descriptors

To compute the times of the key descriptors, we had to consider the hierarchical structure of our dataset. Monitored sites were composed of one or several monitored nights during which bat passes were recorded. Hence, we applied the following workflow for each species:

(i) By night (kept for the species after data curation): we calculated the times of the five key descriptors.

(ii) By site: if there were several monitored nights, we calculated a mean time by site for each key descriptor. We postulated that the more passes of a species during a night there are, the more robust the estimation of the times of the key descriptors.

We hence calculated the following weighted mean: We constructed 95% confidence bands for the estimated densities using bootstrap. We computed 1000 resampleswith replacementof as many sites as in the original dataset for each species. For the 1000 resamples, we estimated the density of activity with the same parameters as above (the weight of each pass being updated according to the resample considered). The lower limit of the confidence band was then defined as the value of the quantile 0.025 of all these resamples at each time points (as a reminder: 512 equally spaced time points between -7 to 106 % of the night elapsed) and the upper limit as the value of the quantile 0.095.

To detect the times of the activity peaks based on the estimated density of activity (TPeakP1 for peaks occurring during the first part of the night, TPeakP2 for peaks occurring during the second part):

(i) We detected local maxima in a window equivalent to a quarter of the night (169 time points) around time points for which the density was estimated (with reflecting boundary condition).

(ii)

We calculated a peak score for each time point as follows:

𝐩𝐞𝐚𝐤𝐬𝐜𝐨𝐫𝐞 𝐱 = 𝐝𝐞𝐧𝐬𝐢𝐭𝐲 𝐱 -𝐦𝐞𝐚𝐧 (𝐝𝐞𝐧𝐬𝐢𝐭𝐲 𝐨𝐟 𝐭𝐡𝐞 𝐭𝐞𝐦𝐩𝐨𝐫𝐚𝐥 𝐧𝐞𝐢𝐠𝐡𝐛𝐨𝐮𝐫𝐬)

With:

x = a time point for which the density of activity was estimated; densityx = the density of activity estimated at x; temporal neighbours = temporal window equal to a quarter of the night around x (i.e.

64 time points to the left and the right of x, with reflecting boundary condition).

(iii)

We detected time points that corresponded to the times of local density maxima and whose peak score was greater than the quantile 0.9 of all the peak scores (R package scorepeak (Ochi, 2019)).

(Eq D.6) (Eq D.7) The two first dimension explain 79.6% if the total inertia.

Appendix II: Online appendices of Mariton et al. (2022)

Supplementary material A: Consistency of the results obtained for datasets built with a maximum error rate tolerance of 0.5 with datasets built with a maximum error rate tolerance of 0.1

Relative abundance

The best model obtained with the dredge (i.e. the one with the lowest AICcsecond order bias correction for Akaike information criterion) was the following one: In Table A.1, we can see that the results were highly consistent whether the maximum error rate tolerance (MERT) chosen was 0.5 or 0.1. The variables which were significant in the best model with the 0.5 MERT remained significant with the 0.1 MERT, estimates that were negative remained negative and estimates that were positive remained positive.

Eq. (A.1)

Supplementary material B: Threshold on the number of E. serotinus passes for the "timing of activity" analyses

We postulated that no analysis of the timing of activity would be robust enough if there were not enough E. serotinus passes during the studied nights. Hence, we chose to only focus on nights with at least 10 E. serotinus passes. We then chose that the biological metric used to define the timing of activity would be the time of the median E. serotinus pass during the first half of the night (from 30 min before sunset to 4 h and 30 min after sunset).

We checked that the 10 passes threshold was a sensible choice by resampling the E.

serotinus passes of the 100 nights with the most E. serotinus passes of our dataset (from 61 E.

serotinus passes to 412). We followed procedure described in According to the generalised additive model (GAM) fitted to the data, for a 10 passes threshold, the predicted difference between the real median during the first half of the night and the calculated one would be of 5%, which made it a sensible threshold. For instance, the mean value of the median time for these 100 nights is 1 h 43 min 55 s, an incertitude of 5 % would hence be equal to 5 min 12 sec. Furthermore, we calculated the benefit in precision obtained when adding one more E. serotinus pass (Figure B.3.). According to the GAM fitted to the data, when using 11 E. serotinus passes instead of 10, we only had a benefit in precision of about 1.75%

(for the mean time of the median -1 h 43 min 55 sof these 100 nights, it would correspond of a benefit in precision of 1 min 49 s) and this benefit kept on decreasing when the number of passes considered increased. In this study, we hypothesised that bat spatiotemporal distribution might not only be impacted by light pollution levels at the recorder sites but more generally by light pollution at a larger spatial scale, similar to the scale of their vital domain. For example, if a roost is located in a light-polluted area, bats may emerge later from it and arrive later to their foraging sites whether they are light-polluted or dark. Such delay may then result in a reduced efficient time-budget to forage (i.e., a reduced time period during which bats may forage on the prey their diets are mainly composed of) with potential consequences on individual fitness, population dynamics and, in fine, bat abundance. Thus, we chose to focus on light pollution at landscape scale so that the metric would include light pollution within the whole E. serotinus vital domain and not only where the recordings were carried out. To do so, we considered buffer zones with a radius of 3000 m around sites, as it covered the mean distance between foraging sites and roosts (Catto et al., 1996;Kervyn, 2001;Robinson & Stebbings, 1997).

Supplementary material C: Comparison of the

We measured radiance (i.e., ALAN) heterogeneity in the 3000 m buffer zones around sites by calculating standard deviations and coefficients of variation across them. The higher the mean radiance in the 3000 m buffer zones around sites, the higher was the standard deviation but the lower was the coefficient of variation in the buffer zones (see Table D.1 for a summary of these metrics for both dataset and Despite some heterogeneity in the buffer zones, the Pearson Correlation Coefficients (PCC) between the mean radiance in the 3000 m buffer zones around sites and the radiance at the sites were high (PCC = 0.87 for the "relative abundance" dataset and PCC = 0.86 for the "timing of activity" dataset). Such correlations suggested that generally, the radiance at the recorder sites was representative of the radiance in the buffer zones around sites. 

Weather

2.1.Calculation of the difference of weather with previous days

The difference of weather with previous days was defined as followed:

𝑊𝑒𝑎𝑡ℎ𝑒𝑟_𝐷𝑖𝑓𝑓 𝐷𝑎𝑦𝑛 = 𝑊𝑒𝑎𝑡ℎ𝑒𝑟 𝐷𝑎𝑦𝑛 -(∑ 𝑊𝑒𝑎𝑡ℎ𝑒𝑟 𝐷𝑎𝑦𝑛-𝑖 × (6 -𝑖) 

Difference in anomalies between

the day when the night began and the five previous days (Catto et al., 1995) EObs (f) Ta 1.20 (-4.99 / 7.25) Precipitation s Ab 1.29 (0.00 / 19.50) mm Sum of precipitations the day the night began (Catto et al., 1996) EObs (f) Ta 0.66 (0.00 / 12.8)

Difference precipitations

Ab -0.40 (-12.30 / 19.32) mm

Difference in precipitations between the day when the night began and the five previous days / EObs (f) Ta -0.67 (-8.90 / 12.28) Windspeed Ab 5.50 (0.41 / 12.35) m.s -1 Windspeed at 6 PM the day when the night began (Catto et al., 1996) NCEP/NCA R Reanalysis (g) Ta 5.38 (0.57 / 12.30) Difference windspeed Ab -0.30 (-7.57 / 9.40) m.s -1 Difference in win speed between the / NCEP/NCA R (a) EOG, https://eogdata.mines.edu/products/vnl/ (b) OSO, http://osr-cesbio.ups-tlse.fr/oso/ (c) IGN, https://geoservices.ign.fr/documentation/diffusion/telechargement-donneeslibres.html#route-500 (d) Copernicus, https://land.copernicus.eu/pan-european/high-resolution-layers/small-woodyfeatures/small-woody-features-2015 

Comparison between the model averaging approach and the model selection one

Relative abundance

The best model obtained with the dredge (i.e., the one with the lowest AICcsecond order bias correction for Akaike Information Criterion) was the following one:

Relative those obtained with the model averaging. The variables that had a sum of weights (SW) above 0.60 and whose 95% interval did not overlap zero were all in the best model and their p-value was significant. Hence, the model averaging and the model selection approaches were consistent. Our conclusions would have been the same whatever the approach chosen.

Eq. (K. 

Complex model issue

For the model averaging, we chose not to follow Richards et al., (2011) parsimonious approach consisting in post hoc elimination of models that are more complex versions of any model with a lower AICc value. As a matter of fact, it would have been very time-consuming (our model sets were composed of 373 models for the "relative abundance" analyses and 142 models for the "timing of activity" analyses) and, according to [START_REF] Symonds | A brief guide to model selection, multimodel inference and model averaging in behavioural ecology using Akaike's information criterion[END_REF], it was uncertain if such a method would have consistently improved the model averaging ; whereas Grueber et al. (2011) underlined that some complex models may be composed of unique predictor variables of potentially strong ecological importance that should not be removed in such cases.

Nonetheless, because we did not discard these complex models, there was a risk of overweighting the predictor variables contained in overly complex models. However, as we presented in the first part of this Supplementary materiel (Comparison between the model averaging approach and the model selection one), for both analyses the best models already contained all the variables for which we found an effect with the model averaging approach.

Hence, none of these variables would have been discarded by following Richards et al. (2011) approach. An electric light source that receives an Input Electrical Power, Pin (measured in W), will transform a part of that power in radiation emission distributed among all wavelengths, , EM spectrum, this is called Radiant Spectral Distribution, () (measured in W.nm -1 ). The integral of this quantity among all EM spectrum wavelengths is called the Radiant Flux (or Radiant Power), e (measured in W); Φ 𝑒 = ∫ ()dλ. The ratio between the Radiant Flux over the Input Electrical Power in the lamp, is known as the Radiant Efficiency of the light source, , and is expressed in percentage (%).

When the Radiant Spectral Distribution is perceived by the human eye it is "selectively filtered" following the spectral response of the eye. This spectral response, depends also on the surrounding quantity of light. We can speak in terms of Photopic Luminosity Function, V(), 

Statistical analysis

We ran Generalized Linear Mixed-effects Models (GLMMs R package glmmTMB) focused on the changes in bat activity between before and after switch-over periods for control and experimental lighting columns, without considering changes in light intensity (power or illuminance). According to the response variable: the number of bat passes or buzz ratio, we used respectively a negative binomial and binomial distribution. As fixed explanatory variables we included in our model the type of lighting column (i.e. control or experimental), the period (i.e. before or after the switch-over) and the interaction between the type of site and period. We used a nested random effect (site) to account for the structure of the BACIP data (i.e. a control and experimental pair sampled inside a site). The statistical models were thus structured as follows:

Bat activity ~ Type of column * Period + (1|site)

Where Bat activity was the total number of bat passes, or the number of bat passes for a given species or the feeding buzz ratio, Type of column was either the control or the experimental lighting column and Period either the period before or after the switch from LPS to LED lamps.

Since a total bat activity could be strongly driven by species identity (some species can have more weight than other due to their local abundance or their distance of detection), instead of summing the activity of the different species, we thus added a nested random effect on the species to all models with total number of bat passes as response variable.

Results concerning BACIP-based analyses, like in Rowse et al. (2016), i.e. when light intensity was not accounted for

We did not find any significant effect of the switch from LPS to LED on the number of bat passes when. However, we found significant effects of the switch-over on the buzz ratio (Table 3). Specifically, we found that at experimental sites the switch from LPS to LED lamps strongly decreased the buzz ratio, while for control site which stayed lit using LPS throughout the study the buzz ratio tended to increase between these periods (Table 3; Figure 4). 

LPS streetlight

We assessed the relative importance of environmental variables on bat activities using a Generalized Linear Model (GLM, function glm, R package 'stat'). According to the nature of the response and potential over dispersion of data we performed modeling with a negative binomial (link = log) [START_REF] Zuur | Mixed Effects Models and Extensions in Ecology with R[END_REF], except for the feeding buzz ratio, for which we used a quasi-binomial distribution (link = logit). As some variables were too correlated (i.e. Power and Illuminance) we ran separate regressions to avoid multi-collinearity problem. Thus, our statistical models were structured in the following way:

Bat activity ~Environmental variable

Where Bat activity is either the total activity (Activity), the number of buzz (Buzz) or the activity of a single species, for P. pipistrellus, P. pygmaeus or Nyctalus ssp; and Environmental variable is either the height of the streetlamp (Height), the power in watts (Power), the illuminance (lux), the distance to a wooded area expressed in meter (Dist. Wood), the distance to freshwater expressed in meter (Dist. Water) and the distance to grassland expressed in meter (Dist. Grass) (the three distance variables being log-transformed). Accurate, high-resolution land-cover and hedgerow data were only available for France, we therefore adopted different methodological approaches between countries to assess the cumulated number of wind turbines in relation with the distance to the nearest woody edge.

Furthermore, as the computation of distances between wind turbines and woody edges was done manually for German and British data and automatically for French data, we could only consider the period 2009-2020 (i.e. period starting one year following the publication of the UNEP/EUROBATS guidelines) for the formers whereas we could focus on the whole period (1991-2020) for the latter.

France

We extracted data on operational wind turbines spanning the years 1991 to 2020 from regional environmental planning authorities (Table S1). Date of construction was available for 4,658 out 8,066 wind turbines. We used the French high-resolution land-cover data (CES OSO, http://osr-cesbio.ups-tlse.fr/oso/, 10 m resolution) and data from the French National Bocage

Monitoring System (IGN, BD Haie, https://geoservices.ign.fr/) to map forest cover and hedgerows at the national scale, respectively. We then automatically computed the Euclidean distance between each wind turbine and the nearest forest patch or hedgerow using a custom function (https://github.com/LMariton/Extract_distances) in R v.4.1.0 (R Development Core

Team, 2021). Then, we assessed the cumulated number of wind turbines in relation with the distance to the nearest woody edge for the whole period (1991-2020) and for the periods before (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008) and after (2009-2020) the initial UNEP/EUROBATS guidelines publication in 2008. This was done at both national and regional scales. It should be noted that computing periods before and after 2008 were performed considering only regions for which sufficient information on the year of wind turbine construction was available (i.e. Bourgogne-Franche-Comté, Bretagne, Centre-Val de Loire, Hauts-de-France, Occitanie, and Pays de la Loire). Data on construction year for the Hauts-de-France region were provided by the environmental authority but are not publicly available.

Germany and the UK

In the UK and Germany, the lack of national-scale high-resolution land-cover or hedgerow data meant we had to manually measure distances between wind turbines and woody edges. Since manually measure the distance between each wind turbine in Germany and the UK and the nearest woody edge was not feasible, we were forced to proceed to a sampling of wind turbines. We randomly selected roughly 1,000 wind turbines constructed after 2009 per country, and manually computed distances from nearest woody edges using satellite imagery (when possible), leading to 1,002 and 818 wind turbines selected in Germany and the UK, respectively. We then assessed the cumulated number of wind turbines in relation with the distance to the nearest woody edge.

Wind turbines in Germany were accessed from each federal state of Germany, either from publicly available online platforms or not publicly available data provided by the federal authority for this research project, respectively (Table S1). Locations of wind turbines in the UK were not publicly available. Instead, we used the publicly available locations of operational wind farms (Table S1). Since the data collected did not have the same resolution (x,y coordinates of each single wind turbine for Germany and x,y coordinates of centroid of each wind farm for the UK), we applied different methods to select a subset of wind turbines. For Germany, we randomly selected roughly 1,000 wind turbines. For each wind farm in the UK, we systematically selected (whenever possible) two wind turbines: one located at the centre of the farm, and one located at its most western point. This resulted in a selection of 1,104 wind turbines.

Using QGIS v. 3.18.3 (2021, http://qgis.org) coupled with Google Satellite Imagery, we manually measured the Euclidean distance between wind mast and the nearest woody edge (either hedgerow or forest). To make our results comparable to the French case, we used the same definition of hedgerow as described in the French National Bocage Monitoring System (IGN, BD Haie, https://geoservices.ign.fr/). We acknowledge that small woody features such as hedgerows may have been planted between 2009 and 2020, but current states of knowledge on hedgerows in many European countries indicate a decline rather an increase of total length of woody linear features, especially in rural areas [START_REF] Wright | A natural history of the hedgerow and ditches, dykes and stone walls[END_REF]. Measurements were conducted by five people who had been randomly allocated roughly the same number of wind turbines per country (between 200-207 wind turbines per person for Germany, and 220-224 for the UK). To limit observer bias, we calibrated our measurements during training sessions. A confidence score was attributed to each measurement (0: not confident or absence of wind turbine in the satellite image, 1: confident). We subsequently restricted our data to measurements taken with confidence, leading to 1,002 (two additional wind turbines were accidentally measured by one of the observers) out of 1,000 and 818 out of 1,104 wind turbines selected in Germany and the UK, respectively.

2) Assessing changes in wind turbines siting over time in France

To assess whether changes in wind turbines siting occurred in France after the publication of the European guidelines in 2008, we performed generalized linear mixed-effects models (GLMMs, "glmmTMB" R-package; [START_REF] Brooks | glmmTMB balances speed and flexibility among packages for zero-inflated generalized linear mixed modeling[END_REF] with a negative binomial distribution to handle right-skewed and long-tailed distribution and overdispersion. Wind turbine distance from woody edges was included as a response variable while year of wind turbine construction and its quadratic term were considered as fixed effects. The latter was added to detect possible non-linear relationship. We conducted GLMMs at both national and regional scales, considering only regions for which sufficient information on the year of wind turbine construction was available (i.e. Bourgogne-Franche-Comté, Bretagne, Centre-Val de Loire, Hauts-de-France, Occitanie, and Pays de la Loire). It should be noted that construction years for the Hauts-de-France region were provided by the environmental authority but are not publicly available. To account for within-region and wind farm dependency in the measurements, we included wind farm ID nested within region ID as random effects into the model performed at the national scale. Wind farm ID was included as random effect for models at the regional scale. Given that residuals of most models were spatially autocorrelated (Moran's I test, p-value < 0.05), we also added a spatial autocovariate as a fixed effect in these models. The spatial autocovariate is a distance-weighted function of neighbouring response values to the model's explanatory variables and was computed using the autocov_dist function ("spdep" R-package; [START_REF] Bivand | spdep: Spatial Dependence: Weighting Schemes, Statistics. R package version 1[END_REF]. When including this variable, Moran's I test was no longer significant (p-value > 0.05).

Thus, full models were written as follows:

(i) National scale:

Distance between wind turbine and woody edges ~ Year of wind turbine construction + (Year of wind turbine construction) 2 + autocov_dist (when required) + 1|Region ID/wind farm ID (ii) Regional scale:

Distance between wind turbine and woody edges ~ Year of wind turbine construction +(Year of wind turbine construction) 2 + autocov_dist (when required) + 1| wind farm ID Overall model validation was then performed using diagnostic plots with the "DHARMa" [START_REF] Hartig | DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models[END_REF] and "performance" [START_REF] Lüdecke | Performance: assessment of regression models performance[END_REF]) R-packages. Full models were compared to null ones using the Akaike information criterion [START_REF] Burnham | A practical information-theoretic approach. Model selection and multimodel inference[END_REF],

Supporting Results

Table S2. Comparison of full and null models built to assess changes in wind turbines siting distances from woody edges in France over time at both national and regional scales. 

Scale