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Introduction: Nowadays, light pollution due to the multiplication of outdoor
lightings has become a worldwide disturbance for many species. A large amount
of scientific literature shows that this sensory stressor has adverse effects on
several taxa. However, existing reviews tend to conclude a lack of primary
research on terrestrial non-flying mammals even if these organisms are highly
nocturnal and frequently exposed to artificial light.

Methods: To have a more accurate overview on the available literature, we
followed the guidelines proposed by the Collaboration for Environmental
Evidence to perform a comprehensive evidence synthesis, focusing on the 186
terrestrial non-flying mammal species native to Europe. We searched 2 academic
databases and Google Scholar for scientific and grey literature on the impacts of
artificial light. We exported 6624 citations and screened 4866 articles on titles,
abstracts, and then full-texts. We coded variables and extracted results for all the
included studies to build a systematic database and we synthetized the data.

Results: We collected 48 articles on 22 mammal species across 12 families,
revealing a more substantial knowledge than expected. composed of 448 study
units. We identified four main research hotspots that address different questions:
1/ impacts of manipulating the photoperiod; 2/ impacts of ex-situ artificial light
on small mammals; 3/ impacts of in-situ outdoor lightings; 4/ impacts of global
light pollution (sky glow). We described the results of the included studies in a
narrative review to provide a factual overview of the findings.

Discussion: These initial results draw detrimental impacts of ALAN on circadian
rhythm, behaviour, foraging or movements and ultimately occurrence, which are
consistent with available literature on moonlight influence or ALAN effects on
other taxa. Hence, we call for much more attention to be paid to wild terrestrial
non-flying mammals in relation to this key anthropogenic driver.

light pollution, ALAN, night-time lighting, LEDs (light emitting diodes), illumination,
sensory pollutant, anthropocene, wildlife
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1 Introduction

The emissions of artificial light at night (ALAN) have
considerably increased globally in recent decades (Falchi et al,
2016; Sanchez de Miguel et al., 2022). This phenomenon is now
considered one of the most disruptive anthropogenic pressures to
Earth’s natural balance (Urbanski et al., 2012; Ditmer et al., 2021b).
Today, the photoperiodic cycle is greatly disturbed having
previously been stable for billions of years (Grubisic et al., 2019).
Indeed, many species are harmfully affected by the exposure to
ALAN, both flora (Bennie et al,, 2016) and fauna (Sanders et al.,
2021; Yang et al.,, 2024). Such impacts have been known for a very
long time; e.g. the lethal flight-to-light behavior of insects or the
delay in leaf fall (Matzke, 1936). However, it was in the 1980s that
the literature began to seriously grow (Davies and Smyth, 2018;
Rodrigo-Comino et al., 2021). Several reviews on this topic reveal an
extensive literature for many biological groups (Svechkina et al,
2020; Falcon et al., 2020; Pérez Vega et al.,, 2022).

ALAN has been demonstrated to affect different levels of
organization of life such as genes (Touzot et al., 2022), population
(La Sorte et al, 2017), community (Grenis et al., 2023), ecosystem
(Giavi et al., 2021) or landscape (Camacho et al., 2021). Various taxa
are deeply investigated, particularly bats among mammals. For
instance, we now know that ALAN modifies temporal pattern (Luo
et al,, 2021), has physiological consequences (Cravens and Boyles,
2019), alters foraging behavior (Zou et al., 2024), disturbs movements
(Zeale et al, 2018), unbalances communities (Schoeman, 2016),
decreases habitat suitability and connectivity (Haddock et al.,, 2019)
and finally results in a lower diversity (Mena et al., 2022) and reduced
species ranges (Azam et al., 2016). Yet, knowledge does not seem to be
available to the same extent for terrestrial non-flying mammals.
Indeed, systematic reviews and meta-analyses published in recent
years all point to a lack or absence of articles on this group of
mammals. Falcon et al (2020) published a systematic review on all
species and ecosystems, whose results on mammals actually concern
mainly rodents (rats, hamsters etc.) and bats, leading the author to
conclude that “the potential influence of artificial nighttime light and
LEDs on mammals has not been studied in depth and concerns only a
limited number of species”. Svechkina et al. (2020) also conducted a
systematic review on all taxa but collected no article on mammals
apart from rodents, bats and two studies on wallabies. Sanders et al.
(2021) performed a meta-analysis on all animals but obtained
results only for rodents and birds while, Rodrigo-Comino et al.
(2021) found 267 articles on animals among which 67 concern
mammals, of which 44 deal with bats. Perez Vega et al. (2022)
carried out a systematic review but none of the 30 studies retrieved on
mammals involved ungulates. As a result, available evidence
syntheses all conclude that wild terrestrial non-flying mammals are
particularly under-examined.

However, these previous reviews and meta-analyses are based
on global search strategies (i.e. search strings targeting all species
and ecosystems) which could partly explain this lack of results on
mammals. Indeed, we are aware of relevant studies that have not
been captured by existing reviews (Beier, 1995; Bliss-Ketchum et al.,
2016; Ciach and Frohlich, 2019; Berger et al., 2020). This tends to
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confirm that a comprehensive literature search focused specifically
on terrestrial non-flying mammals - using taxonomic families and
species names as searching keywords - would be necessary to better
reflect the current state of knowledge.

Mammals are a highly threatened group of vertebrates
worldwide (Ceballos and Ehrlich, 2002). Among 1437 mammal
species assessed, 177 have lost more than 50% of their range since
1500 (Dirzo et al., 2014). Moreover, mammals are mostly nocturnal
and therefore potentially very exposed to ALAN and its effects
(Holker et al., 2010). The presence of humans during the day even
increases the nocturnality of wild mammals (Gaynor et al., 2018).
However, this promising adaptative mechanism for human-wildlife
coexistence exposes animals to additional threats is since night-time
is also disrupted by artificial lighting, which has negative
repercussions (Procko et al., 2023). We know that the home
range of most of mammals on Earth are increasingly exposed to
ALAN (Dufty et al., 2015). Thus, it seems relevant to have a more
comprehensive and accurate vision on the actual state of available
knowledge on these species. This will enable us to assess whether the
known effects on other taxa, such as bats, are also verified on
terrestrial non-flying mammals, whether they are different or
whether they are effectively unexplored. Systematic maps and
reviews are useful tools to expose available knowledge to
researchers and managers (Haddaway et al, 2016; Berger-Tal
et al,, 2019). Then this work will inform strategic priorities for the
scientific community, policymakers, and practitioners.

Thus, we conducted an evidence synthesis using the standardized
methods developed by the Collaboration for Environmental Evidence
for conducting systematic maps and reviews in ecology, that allows
for a high level of exhaustiveness (Livoreil et al,, 2017). To further
ensure maximum comprehensiveness, we concentrated solely on
species native to Europe.

We addressed the following question: what evidence exists on
the impacts of artificial light on terrestrial non-flying mammals
native to Europe? We pursued several objectives: (1) Assess
thoroughly the available literature about the impacts of ALAN of
terrestrial non-flying mammals native to Europe; (2) Provide a
bibliometric description of this state of knowledge; (3) Identify the
main research questions that are supported by the articles (4) State
factually the findings of the studies; and (5) Determine the limits,
knowledge gaps and perspectives. To this end, we both a
systematically mapped the evidence and provided a narrative
review of the included studies.

2 Methods

The mapping process (i.e. literature search, screening, coding)
was conducted according to the guidelines developed by the
‘Collaboration for Environmental Evidence’ (CEE) to conduct
systematic maps. Deviations to these CEE standards are listed in
the section ‘Limit of the review’. Moreover, this article conforms to
ROSES reporting standards (Haddaway et al., 2018) (see Additional
File 1). More detailed on the search strategy and the review process
are given in Additional File 2.
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2.1 Review question

Our review question is: what evidence exists on the impacts of
artificial light on terrestrial non-flying mammals native to Europe?

This research question was broken down into the following
elements: Population, Exposure, Comparator and Outcome
(PECO) - a framework originally proposed by Richardson et al.,
1995 to help researchers structure a literature review question
(Richardson et al., 1995) - which are further detailed in the
“Eligibility criteria” section (see Table 1). Regarding population,
we considered all terrestrial non-flying mammals (i.e excluding
marine mammals, bats, and humans) which are European native;
which means that we also accepted studies conducted in extra-
European countries as long as the species studied is native to
Europe. However, we excluded introduced, domesticated or man-
created (e.g. laboratory strain such as Wistar rats) species from in-
situ or ex-situ populations. As regards to exposure, artificial light
was considered (no natural light such as lightning, sunlight,
moonlight, etc.), whether provided by indoor (e.g. light treatment
in laboratory) or outdoor lightings. We accepted spatial (population
exposed vs population not exposed) and/or temporal comparator
(before/after exposure) as well as several artificial light treatments
(e.g. different durations, compositions, amount). Finally, we
included all types of outcomes on the studied population (e.g.
physiological, behavioral, ecological).

2.2 Literature search

Searches were performed using exclusively English search terms
presented below. Only studies published in English and in French

TABLE 1 Inclusion/exclusion criteria for the three-stage
screening process.

o Included: All terrestrial non-flying mammals that are native

species in Europe, or introduced before 1500, from in-situ or ex-

situ populations

o Excluded:

Species not living in Europe

. Species living in Europe but introduced after 1500

Population .
Man-created (e.g. crossbred boars, laboratory species such as

wistar rats, albino rabbit)

Domesticated species (e.g. cats, dogs, pigs, cattle, breed of rabbits)

Studies that were performed solely on cell cultures/organs (e.g.

in-vitro embryo, isolated retina, enucleated eyes) were also

excluded whatever the species

o Included: Artificial light, whether provided by indoor (e.g.

experimental studies in laboratory) or outdoor lighting

Exposure . . .
Excluded: All other exposure, including natural light (e.g.

bioluminescence, lightning, daylight)

o Included: Spatial (individuals exposed vs individuals not

exposed) and/or temporal (before/after exposure) comparators as
Comparator | well as several levels/types of exposure (e.g. different durations,
frequencies, compositions or amount of artificial light treatments)

o Excluded: All studies with no comparator

o Included: All outcomes related to the studied population.
Outcomes . -
o Excluded: No exclusion criteria on outcomes.
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were included in this systematic map, due to limited resources and
the languages understood by the review team.

Our literature search was performed on the Web of Knowledge
platform (Clarivate) - in the database “Web of Science Core
Collection” - and in Scopus (Elsevier), that both reliable in ecology.

We first listed 186 terrestrial non-flying mammal species that
are native in Europe (see Additional File 2 - Section I). Then, a
search string was built associating families and species names (see
Additional File 2 - Section II) and the term light*:

[TS = (‘Latin species names’ OR *Latin family names’

OR ‘English family names’ ) OR TI = ‘ generic terms’] AND TI

“light<’

A first search was run on 16™ June 2022 in WOSCC and 17
June 2022 in Scopus and then an updated search was performed on
28"™ December 2022 for both databases. All articles were merged
and duplicates were identified.

2.3 Screening process

All articles were screened through a three-stage process: firstly
on titles, then on abstracts, then on full-texts. Screening was
performed on predefined criteria (see Table 1) according to the
PECO described above. When there was any doubt regarding the
presence of a relevant inclusion criterion or insufficient
information, articles were retained for assessment at a later stage.
Articles included after title screening, but that did not have an
abstract were transferred to full-text screening.

Each screening stage was conducted by two or three screeners:
CF, RS, TT on titles, CF and RS on abstracts, CF, RS, TT on full-
texts. To assess the consistency of the inclusion/exclusion decisions,
a Randolph’s Kappa coefficient was computed before screening
commenced at each separate stage. To that end, a set of articles was
randomly selected (respectively composed of 180 titles, 20 abstracts
and 15 full-texts and screened by each reviewer independently (see
Additional File 2 - Section IIT). We fixed 0.7 as an acceptable Kappa
coefficient (Frampton et al., 2017). All three Kappa test were valid
the first time: we obtained 0.76 for title Kappa value, 0.9 for abstract
Kappa value and 0.73 for full-text Kappa value. For the three Kappa
test, all disagreements were discussed and resolved before beginning
the screening process. Screeners did not screen any article that they
would have authored themselves.

At title screening stages, we only excluded articles that did not
deal with artificial light nor mammals. At this stage we retained titles
on hamsters or rabbits to treat them separately because these two taxa
represented a large part of articles. After title screening, included titles
were screened on abstract this time according to the full PECO
criteria. The two groups of included titles dealing with rabbits or
hamsters were refined on title before going to abstract screening in
order to eliminate irrelevant populations (laboratory rabbits, non-
native hamster species, etc.). Similarly, included titles that had no
abstract were also refined according to the title again, to better
consider the population (excluding species not living in Europe,
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domesticated species, man-created species, etc.) before going to full-
text screening. At full-text screening, we added new criteria,
concerning language (only documents written in French or English
were included) and document type (we included journal article,
chapter books or books and rejected conference object such as
meeting abstracts, notes, news, editorial and all other types
of documents).

2.4 Additional literature sources

To complete our search strategy, in particular to increase the
probability to get grey literature: 1/We searched the web-based
search engine, Google Scholar, with a simplified search string
[mammal$ AND light*], using the software Publish or Perish
(Harzing, 2007). Searches were performed on the 4™ of January
2023 and resulted in the retrieval of 57 citations that were added to
the citations retrieved by the two academic databases(WOSCC and
Scopus) then screened with an identical method; 2/Backward
citation chasing - the process of obtaining records cited within
the reference lists of a set of articles — was undertaken relevant
meta-analyses or systematic reviews on ALAN (n = 6) that were
known by the review team (see Additional File 2 - section V); 3/We
launched a call for articles through an experts’ networks; 4/We
included relevant articles from the review team which have not been
retrieved by any other sources.

2.5 Coding and data extraction

At the end of the screening process, all included articles were
computed into a single systematic map database (objective 1). Then,
each article was split into study units, which we will call ‘cases’; a ‘case’
was considered at the crossing point from one species, one exposure,
and one outcome. Here, we considered that lights with different
characteristics (color, duration, intensity, continuous/flashing, etc.)
constituted different exposures. We extracted data from all cases,
according to a predefined code book, to describe the study location
(e.g. country, study area), the population (e.g. family name, species
name, origin of individuals), the exposure, the outcome and the type of
the study (e.g. observational/experimental, in-situ/ex-situ, type of
comparator). We also extracted results from all observations; i.e. the
effect of artificial light on the studied species that the authors measured
on the considered outcome and summarized them as a negative,
positive or non-significant impact. Coding and data extraction were
conducted during a unique process, by two reviewers (RS, CT). Before
coding, the two reviewers performed a test on 10 articles for training
and discussed their coding results to assess their consistency.

2.6 Data mapping and narrative review
methods

First, we exposed bibliometric results and produced tables and
plots to have an overview of the available literature regarding
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descriptive variables (geographic distribution, chronologic
distribution) and the PECO framework (objective 2). Second, we
organized the studies to highlight the main research questions they
address on the effect of artificial light on European terrestrial non-
flying mammals, crossing several data (e.g. study context and study
design, population, outcomes) (objective 3). Third, we described these
knowledge clusters through a narrative synthesis; i.e. factually listing
the findings of the studies avoiding any vote-counting (objective 4).
Finally, knowledge gaps have been identified using the heat-tables of
population-exposure-outcomes results and comparing knowledge
clusters to the expected effects of ALAN on organisms (objective 5).

3 Results

Flow diagram in Figure 1 summarizes the results of the
searching, screening and coding stages in adherence to CEE
guidelines and ROSES reporting standards. Detailed bibliometric
results of the screening process are available in Additional File 2 -
Section VI and all inclusion/exclusion decisions at the three stages
of the screening are available in Additional File 3. All these stages
enabled us to build a systematic map database composed of 48
articles on the impact of artificial light on terrestrial non-flying
mammals native to Europe, which provided 448 cases computed in
Additional File 4.

3.1 Bibliometric features

Four articles are written in French and all the others are written
in English. Only one article is a report (grey literature) and all the
others are journal articles (peer-reviewed). Many different journals
(33) provided articles although three journals count 3 or 4 articles
(Chronobiology International, Journal of Experimental Biology,
Neuroscience and Behavioral Physiology). In terms of chronologic
distribution, we observe that publications have been increasing
since 1975, with a maximum of 1 or 2 articles per year (Figure 2).
Before 1975, 2 articles had been published, the oldest dating back to
1946 on Vulpes vulpes (Bassett, 1946). Only 2011, 2019 and 2022
stand out as special years in the whole corpus, with 5 articles
published each, perhaps suggesting a kind of acceleration in the
consideration of mammals in light pollution research.

Articles cover 16 countries (included extra-European countries)
and most studies were conducted in France (12 articles) and in
Israel (9 articles) (Figure 3). The majority of studies were conducted
in laboratory or in enclosure and few were conducted in-situ
(respectively 31, 10 and 7).

We collected articles about 12 mammal families (Figure 4,
Table 2). Cricetidae and Muridae are the two most studied
families, with respectively 13 articles/233 cases and 9 articles/82
cases. A total of 22/186 species (12%) are covered by at least one
article. Microtus socialis (Cricetidae), Acomys cahirinus (Muridae)
and Oryctolagus cuniculus (Leporidae) are the three most studied
species (5 articles each). Four studies concern Erinaceus europaeus
(Erinaceidae) and Sus scrofa (Suidae).
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FIGURE 1
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Flow diagram of the review process. Based on ROSES reporting standards from Haddaway et al. (2018), see https://www.roses-reporting.com.

We observed four situations regarding the origin of the animals
in the studies: 1/in 20 articles, individuals are wild animals
(captured in the wild for the purpose of the experiment); 2/in 16
articles, animals did not come directly from wild (e.g. purchased
from a commercial supplier, coming from breeding colonies or
captive population); 3/in 11 articles, the origin of individuals was
not specified; 4/1 article includes both wild and non-wild animals.

More than half of articles did not specify the source of artificial
light the authors used (13 articles: not reported at all; 10 articles: only
generic terms such as lamps’ or ‘bulbs’). When specified, LED (light
emitting diode) is the most studied technology (9 articles), followed
by fluorescent lamp (tubes or bulbs) (7 articles) (Figure 5). Some
other technologies are very briefly considered (metal halide, 2 articles;
halogen, 2 articles; incandescent, 1 article). At last, 4 articles are
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counted separately since they assess the in-situ global light pollution
whatever the source using satellite data or field monitoring.
Outcomes of all the coded cases could be classified into 7 groups:
activity, physiology, demography, distribution, reproduction, space
use, species interactions. The very large majority of cases concern
physiological outcomes (314 cases, 71%), covering a very wide range
of variables monitored (e.g. body weight, urine production,
hormonal rates, metabolism, oxygen consumption, sperm quality,
neuron activity, cells or organs) and very diverse metrics (volume,
mass, number of cells, size/diameter, rhythms of production or even
qualitative issues). Although much less so, activity (97 cases, 22%)
and space use (22 cases, 5%) are also studied. Activity can concern
foraging (e.g. duration, frequency, schedule), ultradian/circadian/
annual rhythms (e.g. diurnality index, activity on 24h cycle, daily
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FIGURE 2
Chronological distribution of the included articles.

activity, phase shifts), micro-behavior (e.g. wheel rotation) and all
kinds of tasks (time spent in a room, number of visits). Space use
outcomes deal with spatial organization (e.g. home range size, home
range overlap) and movements (e.g. traveled distance, speed, number
of stops, number of trips). Other outcomes are little studied
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(reproduction: 6 cases; distribution: 5 cases; demography: 3 cases;

interaction: 1 case).

3.2 Research hotspots and narrative
synthesis

By meeting our third objective described in the introduction, we
identified four main research questions on the impacts of ALAN on
European species of terrestrial non-flying mammals (Table 3)
addressed by the available literature and based on specific study
designs (Figure 6). This section will describe these four clusters and
give a factual overview of their results.

3.2.1 Question 1: Can manipulating photoperiod
in ex-situ conditions disturb small and large
mammals?

A very substantial set of articles (30/48) raises the effects of
modifying the photoperiod (Table 4). These articles especially deal
with physiological outcomes (20 articles) and activity (12 articles),
and in a very small number of articles: space use (1 article),
reproduction (1 article), demography (1 article) or species
interactions (1 article). They concern 10 families, covering 13
species of small mammals and 5 of large mammals. They are all
experimental ex-situ studies, mainly conducted in laboratory (22
articles) (Figure 6a) and for a few in enclosures (8 articles). Source
of artificial light is unclear or even not reported in more than 50% of
articles but, when specified, the authors assessed the effects of
fluorescent or metal halide lamps and LEDs. We can distinguish
four ways in which the photoperiod is modulated: 1/photoperiod is
contracted or extended (e.g. animals under short photoperiod
L8.D16 are compared to animals under long photoperiod L16.D8,
or vice versa); 2/photoperiod is shifted at once or progressively (e.g.
from summer to winter light schedule over 6 months); 3/animals
are maintained under constant illumination or under constant dark
all day long; 4/a short period of light is applied at a precise moment
of the scotophase (e.g. 3h first hours of the night). These artificial
regimes can be either compared to each other or to natural dark/
light cycle. Given the volume of articles in this knowledge cluster,
we were not able to list here all the findings (all results are available
in Table 4) and we decided to illustrate what these different lighting
regimes can generate:

1/Photoperiod is contracted or extended: Ware et al. (2012)
showed that photoperiod extension (+2h morning and +2h
evening) for at least 2 weeks had various effect on bears’ activity
(Ursus arctos) depending on the season (e.g. at fall it decreased
activity whereas at spring it had no effect) (Ware et al., 2012).
Exposure to a long photoperiod (L18.D6) produced neutral to
negative effects on metabolism of interstitial cells (telocytes) of
Myodes glareolus in comparison to a short photoperiod (L6.D18)
(Milon et al., 2019). On Microtus agrestis, a long photoperiod
(L16.D8), compared to a short one (L8.16D), was found to have a
significant effect on body weight and specifically on weight of male
and female reproductive organs (Clarke and Kennedy, 1967).
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Geographic distribution of the included articles. The size of compartments is proportional to the number of articles for each country.

2/Photoperiod is shifted at once or progressively: Individuals of
Orictolagus cuniculus submitted to a photoperiod shift in one go (from
14L.10D to 10L.14D) gradually changed the distribution of food
consumption over the day to adapt to the new schedule in about
four weeks; however the quantities of solid/liquid food eaten per day

were not affected (PrudHon et al, 1978). A progressive reduction in
light exposure, shifting from 8L:16D to 16L:8D in 30 days, impacted
female reproductive organs of two mustlids (Meles meles and Martes
martes) (increasing corpus luteum weight, luteal cell diameter and
progesterone content of luteal tissue) (Canivenc and Bonnin, 1975).
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FIGURE 4

Proportion of articles for the 12 studied families. The size of compartments is proportional to the number of articles for each mammal family.
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TABLE 2 Family and species covered by the included literature, with associated number of articles and cases and raised questions.

Species Number of articles Number of cases Question1 Question2 Question3 Question 4
Canidae Vulpes vulpes 2 4 X X
Cervidae Capreolus capreolus 3 6 X X
Cervidae Cervus elaphus 1 3 X
Cricetidae Cricetus cricetus 3 14 X X
Cricetidae Microtus agrestis 1 28 X
Cricetidae Microtus arvalis 3 11 X
Cricetidae Microtus socialis 5 173 X X
Cricetidae Myodes glareolus 1 7 X
Erinaceidae | Erinaceus europaeus 4 23 X X X
Gliridae Eliomys quercinus 1 45 X
Gliridae Glis glis 3 4 X
ict
Leporidae Om:, olagus 5 13 X
cuniculus
Muridae Acomys cahirinus 5 53 X X
Muridae Apodemus agrarius 1 12 X X
Muridae Mus musculus 1 5 X
Muridae Rattus rattus 1 12 X
Mustelidae | Martes martes 1 4 X
Mustelidae = Meles meles 1 4 X
Sciuridae Spermophilus citellus 1 2 X
Soricidae Crocidura russula 1 9 X
Suidae Sus scrofa 4 8 X X X
Ursidae Ursus arctos 1 8 X
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FIGURE 5
Proportion of articles for the studied types of lamps.
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TABLE 3 Overview of the four main research questions.

10.3389/fevo.2025.1544308

Number
N° Question of NLTIEE TR Families Species Exposure
. of cases | of studies
articles
Cricetidae,
Mr;cri;a:e Small mammals: Apodemus agrarius,
Experimental Glirid ’ Acomys cahirinus, Cricetus cricetus, Eliomys
iridae,
ex-situ studies = Wild Erinaceidae quercinus, Erinaceus europaeus, Glis glis, Fluorescent,
. mainly in Non- L ? Microtus agrestis, Microtus arvalis, Microtus Metal halide,
1 Photoperiod 30 286 X Sciuridae, o
laboratory wild Leporidae socialis, Mus musculus, Myodes glareolus, LED, Unclear,
1 > . . . .
and a few Unclear Mi stelidae Orictolagus cuniculus, Spermophilus citellus Not reported
in enclosures Suid ’ Large mammals: Martes martes, Meles meles,
uidae,
Ursidae, Canida, Sus scrofa, Ursus arctos, Vulpes vulpes
Ex-situ
Experimental Hal
experiments xp?rlmen fi Wwild Muridae, All small mammals: Crocidura russula, alogen
ex-situ studies o X o X lamps, LED,
2 on 6 135 ) Non- Cricetidae, Rattus rattus, Microtus socialis, Microtus
in laboratory . . L . ) . Incandescent,
small wild Soricidae socialis, Cricetus cricetus, Acomys cahirinus
or cages Unclear
mammals
Experimental
Experiments studies,
X]
onp manipulating Cervidae, Suidae, Mainly large mammals: Capreolus capreolus,
3 outdoor 5 14 outdoor wild Canidae, Cervus elaphus, Sus scrofa, Vulpes vulpes, LED
u
L lightings, in- Erinaceidae Erinaceus europaeus
lighting )
situ or
in enclosure
Satellite dat
In-situ global . Cervidae, Erinaceus europaeus, aterite data
. Observational . . (VIIRS) or
4 light 4 4 L K wild Suidae, Capreolus capreolus,
. in-situ studies i i field
pollution Erinaceidae Sus scrofa o
monitoring

Saboureau and El Omari (1993) tested the influence of a progressive
shift (from 8L.16D to 16L.8D and vice versa) on male reproductive
organs of Erinaceus europaeus and found a synchronization of
testicular volume, plasma testosterone concentrations and

a/ Quest. 1: Impacts of manipulating photoperiod

Natural light/dark cycle
(e.g. L16.D8)

Species: Non-wild small/large mammals
Study type/context: Experimental studies in laboratory
Modalities: Contracting/Extending photo period; Shifting photoperiod;
Constant light/dark; Light pulse in the scotophase
Study design: Control-Exposed, Before/After, BACE

Constantlight L24.D0

B

gonadotrophin concentrations with the new schedule, although

values of these outcomes did not vary (Saboureau and El Omari, 1993).

3/Animals are maintained under constant illumination or

under constant dark all day long: Constant illumination has been

b/ Quest. 2: Impacts of ex-situ artificial light exposure

llluminated
compartment

Dark
compartment

Two-part study area

Species: Wild and non-wild small mammals
Study type/context: Experimental studies with artificial light in laboratory/enclosure
Study design: Control-Exposure, Before/After

¢/ Quest. 3: Impacts of outdoor lighting

Urban park
Unlit feeders

Lit feeders

Species: Wild small and large mammals
Study type/context: | studies with outdoor lighting, in-situ or in enclosure
Study design: Control-Exposed, Before/After, BACE

FIGURE 6
Main study designs for the four identified research questions.
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d/ Quest. 4: Impacts of in-situ global light pollution

Light data
(e.g. remote sensing)

Occurrence data

Species: Wild large mammals
Study type/context: /n-situ observational studies (correlation)
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TABLE 4 Articles about manipulating the photoperiod (Question 1, N=30).

Type Photoperiod

Citations Family Species of lamp treatment

Photoperiod treatment details Outcomes Results

1/55 days of constant dark (DD) after initial LD
exposure of at least 10 days

Chabot A
o Muridae co‘rrfy s Fluorescent = 1,3 2/one period of LL (23 days) between two periods Activity -, NS, +
et al,, 2012 cahirinus X
of DD (11 and 12 days respectively)
3/LL during 25 or 32 days
Rotics Muridae Aca.m‘ys Me.tal 4 Artificial light during the first 3h of the night Activ}ty, NS
et al.,, 2011a cahirinus halide (17:15-20:15) Physiology
Rotics Muridae Aco'r;ffys Me.tal 4 Artificial light during the first 3h of the night Activityt NS +
et al., 2011b cahirinus halide (17:15-20:15) Interaction
. . . . . Demography,
Vardi-Naim . Acomys Lights automatically turned on 30 min before sunset .
Muridae o LED 3 X X Reproduction, -, NS
et al,, 2022 cahirinus and turned off 30 min after sunrise .
Physiology
Lights switched on at sunset and off at sunrise
Hoffmann . Apodemus . . . -
Muridae i LED 3 during 5 nights, compared to natural light/dark Activity -, NS
et al,, 2019 agrarius
cycle (Before/After)
Canguilhem X o .
L Cricetus Three tested lighting regimen: 1/1.24.D0, 2/10.D24, .
and Cricetidae . Fluorescent = 1,3 Physiology NS
cricetus 3/L12.D12
Koch, 1976
Vuille Cricet Not 15 min of light at D+1, 4, 6, 7, 8, 9, 10, 11, 12, 13,
e Cricetidae r‘zce e ° 4 min ot fignt at L Physiology NS, +
et al.,, 1996 cricetus reported 14, 15 hours
. Comparison between 1/L10.D14 photoperiod, 2/
L Eliomys Not R . . . . .
Roux, 1985 Gliridae : 1,3 hibernating animals in the dark, 3/animals under Physiology NS, +
quercinus reported )
constant light
RiCh(-)LlX and Gliridae Eliom?/s Not 3 Continuous light during various durations (34, 77, Physiology NS+
Legait, 1975 quercinus reported 143 days)
Roux and . Two tested light regimens:
. o Eliomys Not .
Richoux., Gliridae ; 1,3 1/L10.D14 Physiology - NS, +
quercinus reported . .
1981 2/Continuous light
Progressive shift over 6 months:
Saboureau Erinaceus 1/from 8h of natural daylight to 16h of artificial
and El Erinaceidae curopaess Fluorescent = 2 light Physiology NS, +
Omari, 1993 P 1/from 16h of natural daylight to 8h of
artificial light
Saboure: Eri Not
bourean Erinaceidae rinaceus © 4 45 min of light from 22:00 to 22:45 Physiology -, NS
et al., 1991 europaeus reported
Pohl, 1976 Gliridae Glis glis Fluorescent | Unclear Unclear Activity NS, -
Canivenc Mart
and . artes Not Progressive shift from L8.D16 to L16.D8 over .
. Mustelidae martes, 2 Physiology +
Bonnin, reported 30 days
_ Meles meles
1975
Clarke and oo llstmm;r fhot(.)p;rzzc; l()I.,IIGG)‘D;iacompal:ed ;0
icrotu. nter ri . , 2/Progressive decreas
Kennedy, Cricetidae 0, g Unclear 1,2 winter pho ?Pe N K ogress R crease Physiology NS, +
1967 agrestis of photoperiod (15 hours 10 minutes decreasing to
6 hours over 84 days)
Gerk Microt Not
eriema Cricetidae 1cr¢? us N 4 Short ultradian LD (ULD) cycles Activity NS
et al.,, 1993 arvalis reported
ans Microt Not
Jansen Cricetidae 1cro' " © 3 Four weeks in constant low light conditions Physiology -
et al,, 1998 arvalis reported
Van der X Several regimens (e.g. 1/initial entrainment under
L Microtus Not o L. -
Veen Cricetidae . 4 L12:D12; 2/a 30-min light pulse at the beginning Activity -, NS
arvalis reported .
et al., 2011 for 10 days; 3/light pulse phase advanced by 4 h)
(Continued)
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TABLE 4 Continued

10.3389/fevo.2025.1544308

o . . Photoperiod . !
Citations Family  Species P Photoperiod treatment details Outcomes Results
treatment
Haim Cricetidae Mi?ro‘tus Fluorescent | 4 15 min of light every 4h during the scotophase for Physiology ~
et al,, 2005 socialis 3 weeks
ubidat ) Cricetidae Mz?ro‘tus Not 15 min of light pulses every 4 h during scotophase Physiology -
et al., 2007 socialis reported for 5 weeks
Zubidat Microt
ctuali ;()10 Cricetidae so;c‘:l)isus Unclear 4 130 min of light per scotophase occurring at 24:00h = Physiology - NS, +
Hanizar Muridae Mus Unclear 5 Light 'fror'n sunlig%lt during the day and constant Physiology NS+
et al., 2021 musculus artificial light during the night
M Not Constant light (L24.D0 L hot iod
Webb, 1984 | Muridae s © L3 onstant light ( ) or Long photoperio Physiology - NS
musculus reported (L14.D10) for 1 week
Mil Myod L hotoperiod (L18.6D d to a short
ron Cricetidae yodes Unclear 1 ong P 0, operiod ( ) compared to a shor Physiology -, NS
et al, 2019 glareolus photoperiod (L6.18D)
PrudHon . Orictolagus Not Shifting darkness/light periods per day: darkness .
L, d Act! NS,
et al., 1978 eporidae cuniculus reported (from 10h to 20h) and light (20h to 10h) ctivity *
Reyne i Orictolagus . . ..
Leporidae . Fluorescent = 3 Permanent light for approximately 3 months Activity +
et al,, 1979 cuniculus
) A 23,5 hours cycle of UV light source
Hut L Spermophilus . -
Sciuridae . Fluorescent = 1 (L11,75.D11,75) compared to natural light- Activity -+
et al., 2000 citellus
dark cycle.
Weiler Suidae Sus scrofa Not ) A light re}verse.progrm'n which simulates the natural Acti\{ity, -
et al., 1996 reported photoperiod with a shift over 6 months Physiology
Ware M; tested i : phot iod extension/
e Ursidae Ursus arctos Halogen 1,3,4 any e-s ec regimens: pho operlo‘ cxtension Activity -, NS, +
et al., 2012 contraction, dark pulse, constant light
Three schedules: light on from 8:15 pm to 12:00
Bassett, 1946 | Canidae Vulpes vulpes | Unclear 1 midnight, from 8:30 pm to 12:00 midnight and Physiology NS, +
from 8:30 pm to 10:15pm

L, Light; D, Darkness.

Photo period treatment: 1, photoperiod is contracted or extended; 2, photoperiod is shifted at once or progressively; 3, animals are maintained under constant illumination or under constant dark

all day long; 4, a short period of light is applied at a precise moment of the scotophase.

highlighted to have several types of adverse effects. For instance, this
led to a false perception of summer day length by Acomys cahirinus
(whatever the wavelengths), resulting in the loss of seasonality and
continuous reproduction; however the number of pups seemed to
be more affected by competition than by artificial light (Vardi-Naim
et al,, 2022). A transponder tag survey in enclosure based on wild
Apodemus agrarius found that ‘warm white’ LED street lamps,
switched on at sunset and off at sunrise, increased home range size
of animals and affected synchrony between individuals (Hoffmann
et al,, 2019). Constant light produced a spontaneous increase in
activity on hibernating bears Ursus arctos (Ware et al., 2012). It had
detrimental effects on neuronal functioning on Microtus arvalis
(Jansen et al., 1998) and decreased sperm quantity of Mus musculus
although sperm motility was not affected (Hanizar et al., 2021).
4/A short period of light is applied at a precise moment of the
scotophase: Rotics et al. (2011b) found that illuminating the 3 first
hours of the night with yellow metal halide lamps could decrease
body temperature of Acomys cahirinus (Rotics et al., 2011a). In
another experiment on the same species, such a light pulse in the

Frontiers in Ecology and Evolution

scotophase increased foraging during the hour after illumination
and as a consequence competition for foraging between individuals
(Rotics et al., 2011b). Saboureau et al. (1991) found that an
interruption of the night by 45 min of light decreased rapidly and
significantly the pineal melatonin content in Erinaceus europaeus
but that a return to darkness for approximately 2 hours restored the
usual values (Saboureau et al., 1991). Zubidat et al. (2007) also
found negative effects on Microtus socialis exposed to 15 min of
light pulses every 4 h during scotophase for 5 weeks, demonstrating
a decrease in many physiological outcomes (e.g. oxygen
consumption, body mass, rectal temperature, urine production)
(Zubidat et al., 2007).

3.2.2 Question 2: May artificial light in ex-situ
conditions have detrimental effects on small
mammals?

A set of 6 articles addresses the effects of artificial light on wild
or non-wild small mammals (Muridae, Cricetidae, Soricidae),
through experimental ex-situ studies in laboratory or cages

11 frontiersin.org
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(Figure 6b). These studies give results on activity, space use and
physiological outcomes (Table 5). They are based on control/
exposure study design with same individuals in a two-part study
area (e.g. illuminated compartment vs dark compartment [Dupont
et al,, 2019; Aparicio et al.,, 2023)] or with different individuals (e.g.
individuals in an illuminated U maze vs individuals in a dark U
maze [Farnworth et al, 2019)], or on before/after study design
[scotophase vs photophase, e.g (Zubidat et al., 2010)].

Aparicio et al. (2023) showed that halogen lamps modified
foraging activity of Crocidura russula; shrews came out of their
shelters less if the outside was lit, leading to a reduction in the
number of foraging individuals and, ultimately, less food consumed
(Aparicio et al,, 2023). Another study on European hamster Cricetus
cricetus demonstrated that individuals generally avoided the
illuminated compartment, particularly when grooming;
individuals spent significantly more time in the dark
compartment than in the lit one with amber LED 40 lux (Dupont
et al,, 2019). Eilam (2004) studied the effect of artificial light on
Acomys cahirinus space use and founded that in illuminated areas
spiny mice moved less frequently, traveled shorter distances, and
made more direct trips (fewer stops) (Eilam, 2004). Farnworth et al.
(2019) also demonstrated an avoidance mechanism of artificial light
on the Rattus rattus with a significant reduction in rat movements.
Under illumination, rats tended to approach the seed tray faster and
reduce their total foraging time within the seed tray (Farnworth
et al, 2019). Finally, two laboratory studies carried out in Israel
assessed the biological effects of artificial light on Microtus socialis
and revealed that it is likely to alter a number of parameters linked
to urine production and oxygen consumption (Zubidat et al., 2009,
Zubidat et al., 2010).

10.3389/fevo.2025.1544308

3.2.3 Question 3: Is outdoor lighting at night
likely to have adverse effects on wild mammals?

A set of 5 articles gathers experimental studies, manipulating
outdoor lightings at night, in-situ or in enclosure (Figure 6¢), to
assess the effects on diverse outcomes (distribution, activity, space
use) (Table 6). All the studies deal with wild animals, mainly large
mammals (Capreolus capreolus, Cervus elaphus, Sus scrofa, Vulpes
vulpes and Erinaceus europaeus), using camera traps to collect
occurrence and behavioral data.

Finch et al. (2020) assessed the effect of outdoor lightings
installed at feeding stations for European hedgehogs in 33 British
gardens (Finch et al, 2020). The results showed no consistent
overall effect of ALAN on the presence and feeding activity of
hedgehogs, nor on the circadian rhythm of their activity. Brieger
et al. (2017) tested the behavioral response of roe deer to LEDs.
Their results show that roe deer preferred feeders that are lit to
those that are not; however, they spent less time feeding when the
feeders were lit (Brieger et al., 2017). The results were similar for the
two colors of light tested, “blue” (440-490 nm) and “warm white”
(575-675 nm). Douglazet (2016) studied the impact of LEDs on the
nocturnal movements of terrestrial non-flying mammals in
woodland and showed that artificial light appears to have a slight
negative effect on the presence of roe deer and a rather attractive
effect on wild boar (Douglazet, 2016).

Two other studies can be directly linked to conflict between
humans and wildlife, since deterrent systems are often used (e.g. to
limit fox predation or roadkill). Laguna et al. (2022) tested the effect
of light (flashing LEDs) and sound (ultrasound) devices
simultaneously designed to deter cervids (Cervus elaphus) at the
roadside (Laguna et al,, 2022). Their results showed (i) a 48.96%

TABLE 5 Articles on adverse effects of artificial light on small mammals (Question 2, N=6).

Citations Family Species Exposure Outcomes Effect
Dupont et al., 2019 Cricetidae Cricetus cricetus Light bulbs Activity - NS, +
Zubidat et al., 2010 Cricetidae Microtus socialis Lamps Physiology - NS, +
Zubidat et al., 2009 Cricetidae Microtus socialis Incandescent lamps Physiology - NS, +
Eilam, 2004 Muridae Acomys cahirinus LEDs Space use - NS, +
Farnworth et al., 2019 Muridae Rattus rattus LEDs Activity -/NS
Aparicio et al., 2023 Soricidae Crocidura russula Halogen lamps Activity -/+
TABLE 6 Articles on adverse effects of artificial light on wild large mammals (Question 3, N=5).
Citations Family Species Exposure Outcomes Effect
Brieger et al., 2017 Cervidae Capreolus capreolus LED Activity -/+
Laguna et al., 2022 Cervidae Cervus elaphus LED Space use +, -, NS
Douglazet, 2016 Cervidae, Suidae Capreolus capreolus, Sus scrofa  LED Distribution -1+
Hall and Fleming, 2021 | Canidae Vulpes vulpes LED Activity +/-
Finch et al., 2020 Erinaceidae Erinaceus europaeus LED (or others) Activity NS
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reduction in the use of the treated zone and (ii) a 67.71% reduction
in the number of times the deterrent line was crossed. However, the
deterrent effect wore off after 6 to 7 weeks. Hall and Fleming (2021)
conducted a study on the effectiveness of two LED lamps sold to
deter red foxes from approaching farrowing sheds on farms
(Foxlights® and motion activated spotlights) (Hall and Fleming,
2021). Foxlights® treatment resulted in a 12% increase in fox
activity compared to the unlit treatment (control), suggesting that
Foxlights® may attract rather than deter foxes. The motion-
activated spotlight decreases fox activity by 5% compared to
control (no lighting), suggesting a slight avoiding effect of
flashing light.

3.2.4 Question 4: Does global sky glow affect
mammals in-situ?

A set of 4 articles, addresses the effects of sky glow on wild
mammals (Table 7). These are in-situ observational studies that
look for correlation between a global light pollution (e.g. estimated
from remote sensing) and diverse outcomes (attendance, activity)
(Figure 6d). These studies are quite recent (2019-2022) which
underlines a new consideration of this issue on mammals. Berger
et al. (2020) compared light pollution levels with the activity of
hedgehogs equipped with bio-loggers by monitoring their spatio-
temporal behavior in three urban areas of Berlin over several weeks
(Berger et al., 2020). Although hedgehogs can react very variably to
environmental influences, they preferred the least lit areas,
suggesting a consistent tendency for hedgehogs to avoid light
pollution. Two other studies focused on the city of Krakow in
Poland. Ciach and Frohlich (2019) studied the factors governing the
winter distribution of Capreolus capreolus in this urban
environment and observed that light pollution was negatively
correlated with the probability of species occurrence (Ciach and
Frohlich, 2019). Ciach et al. (2022) studied the influence of
anthropogenic factors on the presence of Sus scrofa in this town
and also highlighted a negative impact of light pollution on the
attendance of wild boars (Ciach et al., 2022). Finally, Gordigiani
et al. (2022) found that wild boar limited their activity on nights
with high level of ambient light (Gordigiani et al., 2022). However,
this study is less clear because ambient light included both
moonlight and artificial lighting. Though, wild boar activity was
better explained by the variation in luminosity than by the variation
in the lunar day, which may highlight an additional inhibiting effect
of light pollution.

10.3389/fevo.2025.1544308

4 Discussion

4.1 In line results with expected impacts
of ALAN

First, a substantial set of included articles stress disturbances of
altering dark/light cycle (e.g. shifting dark/light phases, reducing or
cutting scotophase) on several outcomes. The role of
photoperiodism in life synchronization is fundamental (Bradshaw
and Holzapfel, 2007) and ALAN is a strong disruptor of
chronobiology in many organisms including humans (Zeman
et al,, 2023; Lei et al., 2024). This review confirms that extending
photoperiod leads to metabolic and physiological troubles in several
non-flying mammal species (Clarke and Kennedy, 1967; Milon
et al,, 2019), including neuronal alteration (Jansen et al., 1998) and
decrease in reproduction ability (Canivenc and Bonnin, 1975;
Saboureau and El Omari, 1993; Hanizar et al., 2021) which could
result in many cascading consequences. Cutting the scotophase (e.g.
with light pulse) appears to disturb many physiological parameters
of small mammals (e.g. oxygen consumption, body mass, body
temperature, urine production) (Zubidat et al., 2007; Rotics et al.,
2011a) and totally deleting it (i.e. constant light exposure) results in
loss of seasonality, for instance regarding reproduction (Vardi-
Naim et al., 2022). These results are consistent with previous studies
drawing detrimental effects of modifying circadian rhythms (van
Jaarsveld et al., 2019; Issad et al., 2021; Zuo et al., 2023). Exposure to
ALAN is widely demonstrated to drop melatonin production
(Robert et al., 2015; Le Tallec et al., 2016; Moaraf et al., 2020) - a
fundamental hormone for sleep/activity balance, metabolism and
health stability - and we found such a pattern in Erinaceus
europaeus (Saboureau et al., 1991).

Second, included studies stress an overall light-avoidance
behavior in several species, particularly small mammals such as
Acomys cahirinus (Eilam, 2004), Cricetus cricetus (Dupont et al,
2019), Crocidura russula (Aparicio et al., 2023), Rattus rattus
(Farnworth et al., 2019), Erinaceus europaeus (Berger et al., 2020)
but also large mammals such as Capreolus capreolus (Douglazet,
2016) and Cervus elaphus (Laguna et al., 2022). Such animals avoid
- or very less use - illuminated areas, come out of their shelters less
or spend significantly more time in dark habitats. Light is known to
have two opposite behavioral effects on fauna: attraction (e.g. flight-
to-light insect behavior) vs repulsion (Farnworth et al., 2018;
Elvidge et al., 2019). Mammals are precisely more likely to belong

TABLE 7 Articles on the effects of global light pollution on mammals (Question 4, N=4).

Citations Species

Light pollution data

Outcomes

Berger et al., 2020 Erinaceidae Erinaceus europaeus Light intensity map of Berlin Activity -
Ciach and Frohlich, 2019 | Cervidae ‘ Capreolus capreolus Satellite data (VIIRS) Distribution -
Ciach et al., 2022 Suidae ‘ Sus scrofa Satellite data (VIIRS) Distribution -
Gordigiani et al., 2022 Suidae ‘ Sus scrofa Field monitoring with a Luxmeter = Activity -
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to the second group (Kott et al., 2010; Stone et al., 2012; Hoffmann
etal, 2018; Rydell et al.,, 2021) and our review confirms this general
trend for non-flying terrestrial species.

Third, in this review we highlighted that activity is lower under
ALAN exposure, for instance Sus scrofa is less active when night is
brighter (Gordigiani et al., 2022), Capreolus capreolus spends less
time feeding when the feeders are lit (Brieger et al., 2017) while
activity of Vulpes vulpes is reduced under intermittent light (Hall and
Fleming, 2021). Particularly, this can delay or disturb foraging (i.e.
reduced foraging time, less food consumed) (Farnworth et al.,, 2019;
Aparicio et al, 2023). ALAN has been demonstrated to decrease
activity of several taxa, including mammals (Francis et al., 2015;
Zhang et al,, 2020) and our results are also in line with moonlight
influence. Many mammals show inhibition while moon is waxing
(Prugh and Golden, 2014) resulting in a reduction of activity for small
mammals (Abramsky et al., 1996; Hemami et al., 2011; Bueno A de
and Motta-Junior, 2015; Hernandez et al., 2021) or bats (Saldana-
Vazquez and Munguia-Rosas, 2013). We also found that artificial
light is likely to disrupt mammal movements; e.g. individuals move
less frequently, travel shorter distances and make more direct trips
when they are exposed to ALAN (Eilam, 2004), again underlining an
aversive effect consistent with previous results on bats (Voigt et al,
2020; Bhardwaj et al., 2020; Barreé et al., 2023).

Finally, at a broader level, light pollution would tend to be
negatively correlated with occurrence of some species, such as Sus
scrofa and Capreolus capreolus (Ciach and Frohlich, 2019; Ciach
et al,, 2022). Negative link between ALAN and species attendance
has been documented for many taxa (Marin-Gomez et al., 2020;
Luscier et al., 2023; Mathiaparanam et al., 2024). ALAN removes
suitable habitats (Straka et al., 2020; Shier et al., 2020) and
fragments nightscapes (Beier, 1995; Bliss-Ketchum et al, 2016)
which could ultimately result in lower distribution.

4.2 Limits of the primary studies

First, we could observe that a lot of information was often
missing from the articles - including, basic data such as the year of
the experiment or the study area, which is a handicap for systematic
mapping and would be all the more detrimental to a future
systematic review. The source of the artificial light (whether it is
LED, halogen, metal halide, etc.) was unknown in half of the
articles, which did not mention it at all or used only generic
terms such as bulbs or lamps. It should also be noted that many
articles had to be rejected during the screening process because
species name were not specified (only vernacular terms - such as
rabbits, hamsters or voles - which unable to determine whether the
species is native to Europe or not). Moreover, the origin of the
individuals may remain unclear (whether they are wild animals or
not), however it can be an important criterion; e.g. influencing
particular behavior or habituation to a specific circadian rhythm of
activity. We therefore encourage authors to provide greater details
in the ‘materials and methods’ section of the articles.

Second, since we did not perform a critical appraisal on the
included studies (in adherence to CEE guidelines for systematic
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maps), we are unable to identify limitations of primary research in
terms robustness and susceptibility to bias. However, for each case
we coded variables that deal with the study designs which will
inform future users of the systematic map when interpreting
the studies.

4.3 Knowledge gaps: implications for
research

Although our searches targeted 186 species, we retrieved
documents only for 22 of them (12%). Moreover, half of the
species counts a unique article; only a few species, such as
Microtus socialis, Acomys cahirinus or Erinaceus europaeus, have
4-5 articles each, which is still very few. Regarding mammal
families, 55% (12/22) are covered by at least one article; however,
the available literature did not pay any attention to some large
families, such as Talpidae, Bovidae, Leporidae (only 1 species
considered), Sciuridae or Mustelidae (only 1 article each). As a
result, while sensory pollutants, including artificial light and
anthropogenic noise, are becoming major concerns for ecological
research (Dominoni et al., 2020); this review highlights a lack of
primary research on terrestrial non-flying mammal species as
informed in previous systematic reviews, even though our more
targeted search strategy has led to more mammal studies
being reported.

Regarding exposure, LEDs are more and more considered which
is a good point with regard to their expansion as outdoor lightings.
However, some characteristics of the exposure are not considered in
studies, such as wavelength/color temperature (very few studies) or
flickering. The available literature essentially deals with fundamental
research on the effect of artificial light, which may be unrelated to
real-life outdoor lightings and does not represent their diversity. For
instance, there are no studies on the different types of lighting
(enhancement, sports fields, shop windows, domestic lighting, car
light on roads) or based on real lighting management (such as part-
night lighting, motion activated lighting).

As far as the outcomes are concerned, ecological issues have
been little studied (mainly activity such as foraging), whereas the
majority of the studies are in the field of physiology and cell biology.
This is a major shortcoming if we are to make a comprehensive
overview on the effects of artificial light on terrestrial non-flying
European mammals. Numerous outcomes should be studied, such
as competition, dispersal, and studies should be carried out at the
ecosystem level (e.g. prey-predator relationships, species richness).
Reproduction and survival are also under-studied, even though they
are essential factors in the sustainability of mammal populations.
Finally, it would also be interesting to assess the variability of
mammalian responses to the effects of ALAN as a function of
several morphological/biological traits (e.g. dark adaptation speed,
spectral color resolution) or functional traits (e.g. diet, habitat
specialization) that may influence species vulnerability (Ditmer
et al., 2021a). This knowledge would be of major operational
interest for species conservation and lighting planification, by
defining guilds of mammals that are more or less sensitive.
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4.4 Limits of the review

We are aware that several points in our map and review process
may limit the comprehensiveness of our results. Firstly, language
restriction to English and French may constitute a limit as far as
grey literature is concerned because non-English-language literature
can be a source of important evidence. However, this choice is
dictated by the capacity of our review team. This limitation is
recurrent in systematic maps and reviews due to constraints related
to resources and time (Hannah et al., 2024). Solutions to limit this
gap may be 1/including non-English partners in the review team to
increase multilingual capabilities, 2/using reliable machine
translation applications. Secondly, we were not able to find 5.5%
of retained PDFs (38/685 full-texts), which was considered as
acceptable. These PDFs remained unretrievable for our institution
despite all our efforts to find them (interlibrary loans, requests on
Researchgate, etc.). They are listed in Additional File 3 to facilitate
their search by anyone who would want to complete this review.
Thirdly, we decided to exclude after title screening 180 articles
dealing with undetermined rabbits that had no abstract nor DOL
We assumed that the probability that these articles did deal with
European rabbit was extremely low because of the 322 rabbit articles
that were screened up to full-text only 5 articles were included at
the end.

5 Conclusion

This evidence synthesis provides a comprehensive overview on
the impacts of night-time lighting - a key sensory anthropogenic
driver - on European terrestrial non-flying mammals. Thanks to a
focused search strategy we were able to capture 48 articles covering
22 species from 12 families and providing 448 cases (ie. data
crossing one species, one exposure and one outcome), which
reveals that terrestrial non-flying mammals in Europe are more
studied than expected. We could identify 4 research hotspots
addressed by the available literature, including a substantial
knowledge cluster on the influence of artificial light on
chronobiology. Even if the amount of available literature is
modest for some outcomes, the detrimental consequences
highlighted on circadian rhythm, behavior, foraging, movement
or occurrence, are consistent with the documented influence of
moonlight as well as the known effects of artificial light on other
taxa. These results, including the knowledge gaps, will be useful for
researchers and for those commissioning research projects.

However, this evidence base needs to be consolidated to make
further systematic reviews or meta-analyses possible, and to this end
we encourage the undertaking of additional primary research.
While small mammals are commonly used as organisms for
medical studies in laboratories; research in ecology should pay
more attention to wild species mammals, since they are mainly
nocturnal and some of them are endangered species in Europe.
Research should diversify the studied mammal species and light
exposure and consider outcomes at population, landscape or
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ecosystem levels. We also suggest that articles should be more
detailed, in particular in their ‘material and methods’ section, for a
better use in evidence syntheses.
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