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Abstract: When conserving or protecting rare or endangered species, current general guidelines for
reducing light pollution might not suffice to ensure long-term threatened species’ survival. Many
protected areas are exposed to artificial light at levels with the potential to induce ecological impacts
with unknown implications for the ecosystems they are designated to protect. Consequently, it
is recommended that precautionary methods for the avoidance and mitigation of light pollution
in protected areas be integrated into their management plans. This paper’s aims are to present an
overview of best practices in precautionary methods to avoid and mitigate light pollution in protected
areas and to identify and discuss what ecosystems should be considered light-sensitive and how
to prioritise species and habitats that need protection from artificial light, including examples of
legislation covering ecological light pollution in the European Union and in Sweden. The important
aspects to include when considering light pollution at a landscape level are listed, and a proposal
for prioritisation among species and habitats is suggested. Sensitive and conservation areas and
important habitats for particularly vulnerable species could be prioritised for measures to minimise
artificial lighting’s negative effects on biodiversity. This may be done by classifying protected natural
environments into different zones and applying more constrained principles to limit lighting. The
light pollution sensitivity of various environments and ecosystems suggests that different mitigation
strategies and adaptations should be used depending on landscape characteristics, species sensitivity
and other factors that may determine whether artificial light may be detrimental. Issues of the
currently used measurement methods for artificial light at night are reviewed. We also propose and
discuss the principles and benefits of using standardized measurement methods and appropriate
instrumentation for field measurements of artificial light concerning the environmental impact of
light pollution.

Keywords: biodiversity; red list; precautionary principle; light pollution; mitigation; light measurements

1. Introduction

Light has different biological and ecological impacts depending on the spectral power
distribution (SPD) of the emitted light, the strength of the light source, the distance to and
direction of the light, if the light is polarised and if the light is modulated in time (flick-
ering effect), etc. Conversely, for nocturnal species, darkness or very low light levels are
important, and exposure to artificial light can have unwanted ecological consequences [1].
Light is fundamental for the survival of most animal and plant species, being crucial for
vision, orientation and physiological processes, and for adaptation to diurnal and seasonal
changes [2]. For plants and organisms that possess chlorophyll, light is the very foundation
of life since they depend on photosynthesis.
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Ecological light pollution may be defined as any artificial light that alters the natural
patterns of light and dark in ecosystems [3]. Artificial light is increasing over the Earth’s
surface at a rate of approximately 6% annually, with variations of 0-20% per year depending
on the geographical area [4-6]. Artificial light from anthropogenic sources might, in
biological organisms, interfere with physiological functions, health and circadian rhythms,
leading to impaired foraging, orientation and communication, increased predation risk
and consequently poorer reproduction and population survival [2] (Table 1).

Table 1. Artificial light’s ecological and functional impacts.

Ecological Impacts Functional Impacts

Mortality Species attracted to light may be killed

Artificial light disturbs natural movement patterns,

Migration migration and orientation

Population size Reduced or increased foraging because of presence of light
Indirect competition Light can benefit certain species at the expense of others
Communication Light can disturb species communication

Light can influence various physiological processes that

Health and circadian rhythm can impact health and circadian rhythm

The ecological impact of artificial light affects many taxa, with serious ecological
implications [7,8]. Ecological consequences include risks of adverse effects on biodiversity
at all organisational levels: populations, species interactions, species composition and
ecosystems [9-11]. The responses to and impact of artificial light can differ between species
and also depend on the time of year [12,13]. Light pollution from artificial light has
been shown to jeopardise important ecosystem services; for example, artificial light at
night (ALAN) may disrupt nocturnal pollination [14] and pollination networks, leading to
negative consequences for plant reproductive success [15].

Current general guidelines for light pollution reduction locally, e.g., [16-18] or re-
gionally [18,19] might not be adequate to ensure species survival [13]. Protected areas
aim to achieve long-term conservation of nature with associated ecosystem services and
cultural values [20] and maintain a buffer against anthropogenic pressures such as light
pollution. Pressures within the protected area may be handled by management plans,
while pressures outside the protected area will require legislation or regulations [21]. Yet,
protected areas are already exposed to artificial light at levels with the potential to induce
ecological impacts with unknown implications for the ecosystems they are designated to
protect [21-23].

Implications for biodiversity in protected areas have been identified in Australia and
include potential impacts on reproductive success, loss of ecosystem function, reduction
in effectively conserved habitats and additive effects from subsequent development [22].
Major challenges involve long-term nature conservation in protected areas threatened by
light pollution and the lack of legislation at global, national, regional or local levels to
protect against ecologically harmful light pollution levels. In addition, empirical data on the
effects of artificial light on species and habitats are lacking, see, e.g., [22]. The quantification
between ecological impact and light levels, spectral content and directionality is a research
area where much remains to be discovered. However, current knowledge on the ecological
impact of artificial light demonstrates a high risk of adverse impact, especially for light-
sensitive or nocturnal species and sensitive habitats.

Consequently, it is recommended that precautionary methods for the avoidance and
mitigation of light pollution in protected areas be implemented [13,22]. Precautionary
methods and principles should be integrated in the management plans of protected areas,
focusing on local impact, and in national legislation or guidelines to control light pollution
on a large scale, such as skyglow.
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The aim of this review paper is to present an overview of the best practices of various
precautionary methods for avoidance and mitigation of light pollution in protected areas
and identify what ecosystems should be considered light-sensitive and how to prioritise
species and areas that need protection, giving examples of legislation that covers ecological
light pollution. The paper also discusses field lighting measurement methods, their contri-
bution to the justification of the environmental impact of ALAN and known issues around
light pollution metrology.

The paper starts by describing legislation for protected species and habitats in the
European Union (EU) and in Sweden to give an overview of how light pollution may be
considered and handled (Section 2). Section 3 presents established guidelines for outdoor
lighting in protected or sensitive environments, and Section 4 describes environmental
zone systems that can be used in planning outdoor lighting. Sections 5 and 6 discuss the
prioritisation of protected species and groups and the sensitivity of environments and
ecosystems to light pollution. Ecological concepts for working with light pollution at
the landscape level are described in Section 7. Section 8 discusses the field measurement
aspects, and Section 9 concludes the paper.

2. Legislation
2.1. European Legislation

The European legislation regarding the environmental implications of decisions is
handled by the Environmental Impact Assessment Directive for individual projects [24]
and the Strategic Environmental Assessment Directive for public plans or programmes [25].
The directives aim to provide a high level of environmental protection and ensure that plans
or projects with an environmental impact are subject to environmental assessment [26].

The EU Birds and Habitats Directives [27,28] aim to ensure the conservation of threat-
ened and endangered species and habitats across EU member states. Species and habitats
listed in the Birds and Habitats Directives must be maintained or restored to a favourable
status. The Birds Directive states (Article 5) “ ... Member States shall take the requisite
measures to establish a general system of protection for all species of birds referred to in Article 1,
prohibiting in particular: (a) deliberate killing or capture by any method; (b) deliberate destruction
of, or damage to, their nests and eggs or removal of their nests; (c) taking their eggs in the wild and
keeping these eggs even if empty; (d) deliberate disturbance of these birds particularly during the
period of breeding and rearing, in so far as disturbance would be significant having regard to the
objectives of this Directive.”

The Habitat Directive (Article 12) has similar stipulations: “Member States shall take the
requisite measures to establish a system of strict protection for the animal species listed in Annex IV
(a) in their natural range, prohibiting: (a) all forms of deliberate capture or killing of specimens of
these species in the wild; (b) deliberate disturbance of these species, particularly during the period of
breeding, rearing, hibernation and migration; (c) deliberate destruction or taking of eggs from the
wild; (d ) deterioration or destruction of breeding sites or resting places.”

Consequently, deliberate disturbances of species listed in the Birds and Habitats
Directive are forbidden, and particular care should be taken to avoid disturbance during
significant periods of the life cycle, such as breeding or migration. Whether the provisions
of these directives also include lighting is further discussed below.

EU countries must ensure the physical conservation of core breeding and resting
sites, especially for rare and threatened species, in the Natura 2000 network through
implementing the Birds [28] and the Habitats directives [27]. The Natura 2000 network
aims to safeguard the long-term survival of Europe’s most valuable and threatened species
and habitats. The main objectives are to [29]:

e “quoid activities that could seriously disturb the species or damage the habitats for which the
site is designated”;

e  “take positive measures, if necessary, to maintain and restore these habitats and species to
improve conservation”.



Sustainability 2021, 13, 5991

40f24

The European Red List provides information on identifying threatened species for
prioritisation in nature conservation. Species status is reviewed in accordance with the
International Union for Conservation of Nature (IUCN) guidelines, and the European Red
List is compiled by the IUCN’s species programme and species survival commission and
European Regional Office [30].

As an example of the application of European legislation to light pollution, in 2016,
the European Court of Justice ruled that Greece had failed to fulfil its obligations under
the Habitats Directive “by failing to take the measures necessary so as to ensure that the light
pollution affecting the breeding beaches of the Caretta caretta sea turtle in the Kyparissia area is
adequately curtailed ... ”.

Municipal street lighting, beach lighting and light from restaurants, hotels and shops in
the surrounding area and the development of houses and streets caused deterioration and
destruction of the breeding sites of the species (Case C-504/14, Court of Justice judgement,
10 November 2016). Sea turtles are vulnerable to disorientation from artificial light close to
their nesting areas [31], and light on nesting beaches can be detrimental, since hatchlings
cannot then find their way to the sea after hatching [32].

The ability of European environmental laws to protect species and habitats from
ALAN has been questioned, since difficulty in providing evidence on the negative impacts
of ALAN on population levels or survival or evidence of lighting malpractice raise con-
cerns that it is difficult to provide sufficient evidence for species disturbance or habitat
damage [33].

2.2. Swedish Legislation

Swedish legislation includes several statutes for the protection of the environment and
protected areas, of which several are similar to the European legislation. The legislation for
roads and railways states that information about possible environmental effects (where
artificial light is a possible effect) and as listed in the Swedish Environmental Code must
be included and considered when planning new roads or railways, including the effects
of operation and maintenance [34-36]. The Planning and Building Act [37] stipulates that
consideration be given to environmental aspects and to promoting green areas and good
environmental conditions.

The Swedish Environmental Code is of special interest with regard to light pollution
and its ecological impact: “Persons who pursue an activity, take a measure, or intend to do so,
shall implement protective measures, comply with restrictions and take any other precautions to
prevent, hinder or combat damage or detriment to human health or the environment as a result of
the activity or measure. For the same reason, the best possible technology shall be used in connection
with professional activities. Such precautions shall be taken as soon as there is cause to assume that
an activity or measure may cause damage or detriment to human health or the environment.”

Consequently, if outdoor lighting is believed to cause damage or detriment to the
environment, precautionary measures must be implemented.

In Sweden, the Species Protection Ordinance [38] includes legislation from both the EU
Birds Directive and the Habitats Directive. This ordinance states (4 §) (author’s translation):
“In the case of wild birds and in the case of wild animals (marked with N/n in Appendix 1) ... it is
prohibited to ... 1. Deliberately capture or kill animals; 2. Deliberately disturb animals, especially
during breeding, rearing, hibernation and migration; . .. 4. Deteriorate or destroy breeding sites or
resting places.”

The prohibition includes all wild birds, bats, frogs and toads and the northern crested
newt (Triturus cristatus) and applies to all life stages of the animals. In Sweden, the
protection of wild birds is stronger than the Birds Directive. The Swedish Environmental
Protection Agency (SEPA) recommends prioritising wild birds that are included in the Red
List and species with a negative trend [39]. The Swedish red list follows the IUCN system
and is a compilation of the status of species and their risk of extinction. Of the evaluated
species in 2015, 4273 species were categorised as red-listed and 2029 as threatened [40]. The
red list is a tool for prioritising nature conservation but lacks legal status.
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There is no clear definition of disturbance, but the SEPA clarifies that noise or light
can be disturbances and that impact can be indirect [39]. The clarification may be used as a
good example of best praxis for other countries to more efficiently deal with the adverse
and unwanted ecological impact of ALAN on protected species and/or habitats. Indirect
impacts include disturbances that make the species an easier prey or when offspring
are exposed to danger due to movements or starvation. It is, therefore, important to
clarify possible ecological and biological impacts of light pollution, especially regarding
disturbances in protected or endangered environments, habitats and/or species. Exception
from the ban can be approved if needed for public health or safety [38], enabling road
lighting under certain circumstances.

Natura 2000 areas are protected in Swedish legislation and include nature reserves and
national parks. These areas were chosen by the county administrative boards, reviewed by
the SEPA, and the government decided which areas should be proposed for inclusion in
the European Natura 2000 networks by the European Commission [41].

For protected areas, the Swedish Environmental Code (Chapter 7, Section 4) is relevant:
“A land or water area may be declared a nature reserve by a county administrative board or a
municipality for the purpose of preserving biological diversity, protecting and preserving valuable
natural environments or satisfying the need for areas for outdoor recreation. Any area that is needed
for the purpose of protecting, restoring or establishing valuable natural environments or habitats for
species that are worthy of preservation may also be designated a nature reserve.”

Restrictions on the right to use land and water areas that are necessary to achieve the
purpose of the reserve shall be included in the decision, which gives an opportunity to
restrict the use of artificial light within nature reserves. It is also possible to impose further
restrictions if reasons emerge.

Swedish legislation provides a clear legal framework that the environment and species
should be protected against various damaging and detrimental impacts and that protected
species and animals should not be disturbed by light.

3. Best Practice Guidelines for Outdoor Lighting within Protected or
Sensitive Environments

Outdoor lighting is sometimes required within protected or sensitive environments
to ensure safe transportation and safety in general for people in those areas. However, if
outdoor lighting is at high levels and a significant proportion of light spills and reflects
towards surrounding areas, light pollution should be reduced. This may be especially
important if the nature conservation areas were established to preserve protected species
that are particularly light-sensitive or nocturnal or where there is a high risk that they will
be negatively affected by predation or intra-species competition induced by light pollution.
Increased protection against light pollution may apply to species of bats, amphibians,
reptiles, birds, insects and certain mammals and fish.

Best practice guidelines can be divided along practical lines, such as type of light
sources, shielding, limitation on upward light, lighting control and scheduling and the
maximum amount of light for different functions, e.g., [16,42,43]. Previous work includes
the establishment of guidelines for outdoor lighting in Dark-Sky Preserves™ by the Royal
Astronomical Society of Canada (RASC) [42,44]. Best practice guidelines are based on
experience and knowledge of ecological and biological impacts where even low levels
of artificial light are believed to have a significant impact on animals or organisms, their
night vision or the area’s light pollution levels and the principle that it is possible to reduce
ecological impact by adaptations to the SPD to ensure less visibility to sensitive species.
General guidelines and recommendations for outdoor lighting with an enhanced focus
on light pollution reductions is used in several countries around the world, for example,
Austria [45]. However, general guidelines for outdoor lighting are often written without a
clear focus on protected or sensitive environments, but such environments may require
more strict or site-specific regulations to ensure the long-term survival of specific species.
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3.1. Light Sources, Lighting Design and Technology

Since animals and organisms have varying sensitivity to different light wavelengths,
the ecological impact of light sources depends upon the distribution of light energy in
different wavelengths, i.e., the emitted light’s SPD. It has been suggested that SPD be
adapted to reduce ecological impact. In general, light emitted in the blue wavelengths
(<500 nm) may cause non-visual impact and affect circadian rhythms in vertebrates, as
has been demonstrated in humans [46]. Many species have photoreceptors in the blue
SPD and may, therefore, be more sensitive to those wavelengths compared with humans,
including mammals [47], birds [48], insects, reptiles and amphibians [49]. It has, therefore,
been suggested that wavelengths around the blue region should be filtered out, eliminated
or reduced in outdoor lighting [16,50,51]. However, light sources with less blue light does
not guarantee against ecological impacts, since organisms may still be affected.

In protected areas, white light sources, such as (phosphor-based) white light emitting
diodes (LEDs) or ceramic metal halide [42] should be avoided. High-pressure sodium
lamps (HPS) with yellow light are not entirely free of light below 500 nm. However, it is
recommended to use an amber LED that has slightly yellowish-coloured light with a peak
at 590 nm, where there is minimal light < 500 nm [42], provided that the SPD is known. It is
also possible to use filters to absorb unwanted wavelengths, and another recommendation
is to use filtered yellow-green and amber LEDs, since they will have a lower impact on
wildlife in comparison with HPS and blue-rich lighting (> 2200 K) [52]. IDA International
Dark Sky Park Designation Guidelines restricts using lamps to below 3000 K, or that less
than 25% of the emitted light of the total spectral power distribution is below 550 nm [18].

The Low Impact Lighting (LIL) standard recommends using < 2200 K and limiting
the energy flux < 500 nm to under 6% of the total emitted light (in the visible range) [53].
However, if the average illumination is < 5 lux, the use of 22002700 K is allowed if energy
flux < 500 nm is < 10% of the total emitted light [53]. The illuminance of light is often
estimated in lux, and by the luminous flux per unit area which is calculated based on
a standardized model for human vision. Illuminance levels of about 100,000 lux can be
found in full sunlight, illuminance between 0.5-30 lux at the ground can be found for road
lighting, and values well below 1 lux are commonly found for moonlight and skyglow.

The use of amber LED, phosphor converted (PC) amber LED or light sources with
low colour temperature does not guarantee no ecological impact on specific species, but it
is likely that most species will be less affected. If the aim is to protect a targeted species,
knowledge about the species’ visual system, physiology and ecology must be used to
choose appropriate light sources and illumination levels. Such information is available in
published research studies, e.g., by Spoelstra [54].

By filtering out unwanted wavelengths, it is possible to adapt lighting to prevent ad-
verse impact on specific species or groups of species, but impacts may still occur on species
that have photoreceptors that are active in the specific wavelengths used. It is, therefore,
recommended to combine adaptations in wavelengths with other measures when using
artificial light in protected areas, such as shielding, scheduling, dimming and maximum
light levels. Reducing artificial light in the wavelengths of visual perception of a particular
species and designing the lighting system so that the light does not reach the habitats, either
by direct light or indirectly by scattering light, have been shown to reduce the impacts
of artificial light on the orientation of sea turtle hatchlings [55,56]. Using low correlated
colour temperature (CCT) light sources and filtering the light sources dramatically reduces
the lighting system’s energy efficiency and increases electricity consumption. However,
increased electricity use may be an acceptable compromise.

Light from a luminaire can be blocked from reaching certain angles by physical barriers
attached to the luminaire, i.e., shielding. This limits the light’s impact on the surrounding
environment outside the target areas and reduces the affected area and the impact of glare
and skyglow. In the case of LED luminaires, light distribution from the lens on the front of
the LED chips can also assist.
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If LEDs are necessary, the RASC recommends a maximum of 3000 K in combination
with reduced illumination and the use of sharp shielding (SCO, sharp cut-off) [42], such
that 0% of the total luminous flux is permitted on or above the horizon and < 1% of the total
luminous flux is allowed between 80 and 90° above the nadir (Figure 1A). The SCO differs
from the [lluminating Engineering Society of North America (IESNA) cut-off classifications
(i.e., non-cut-off, semi-cut-off, cut-off and full cut-off, FCO), being stricter than the full
cut-off. For FCO, luminous intensity at or above 90° nadir is kept at zero, and the luminous
intensity at or above 80° above the nadir should not exceed 10% of the luminous flux (of
the lamp).

Back . Front
0.80° - After demand
<10% !
or after
demand !
0{,
(nadir) B

Figure 1. Examples of shielding of luminaries to reduce ecological light pollution in protected areas:
(A) sharp cut-off, SCO (B) BUG system. Non-correct scales and angles.

The backlight, uplight and glare (BUG) system developed by the International Dark-
Sky Association (IDA) [57] allows a stricter and more detailed shielding requirement for
luminaires, which would be more appropriate in sensitive and protected areas. This system
makes it possible to limit the amount of light at various angles from the luminaire, separated
by backlight, front light and uplight. For example, it is theoretically possible to restrict the
luminous flux to 0% above 90°, to < 1% at 80° above the nadir in the backlight and <10% in
all other angles of the backlight and to < 2% at or above 80° above the nadir in the front
light and after demand in the other front light angles (Figure 1B). It is recommended to
keep uplight at zero and backlight as low as possible in protected areas to prevent light
pollution and skyglow.

White and broad-spectrum light sources enable animals and organisms to detect
objects to a higher degree at night compared to light sources with limited emissions over
the SPD [58]. Thus, it is reasonable that, for broad-spectrum light sources, the maximum
permissible levels for the proportion of luminous flux at 80° above the nadir be considerably
lower than for light sources with a limited wavelength distribution, such as amber LED.
However, if the initial lamp is < 500 lumens, deviations from the shielding requirements
can be accepted for special purposes [18]. Assessment of skyglow in two dark sky regions
of Portugal, one a national park and the other a dark sky reserve classified as a starlight
tourism destination by the Starlight Foundation, showed that the contribution of skyglow
from small towns was negligible and that only a few hundred metres away, the sky
quality improved quickly [59]. However, skyglow from densely populated areas in the
surroundings and at far distances (tens of km) still contributes to light pollution in dark
sky regions, even if it is weak.
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Other tools to reduce ecological light pollution with a focus on road lighting planning
are exemplified by requirements related to the disability glare quantified by the Threshold
Increment (TI) and the Edge Illuminance Ratio (EIR) [60]. TI and EIR are mainly used in
the design and planning phases and are difficult to measure or follow up in situ. Differ-
ent luminous intensity classes are also proposed in the European standard EN 13201-2,
where classes G*6-G*4 have the lowest maximum levels of luminous intensity at 70° and
above [60]. EN 13201-5 also introduced specific energy performance indicators with the
intention to keep lighting inside the area under illumination and keep lighting levels as
close as possible to the selected lighting class to minimise the road lighting installation’s
energy consumption [61]. This lead, directly and indirectly, to a more precise lighting
design for roads that are identified for illumination.

To reduce skyglow and obtrusive light, it is also possible to limit the upward light
output ratio (ULOR), the upward light ratio (ULR) or the upward flux ratio (UFR) [62]. It is
suggested that ULOR should be 0% when tested in the laboratory and that this limit be used
as a requirement for road lighting procurement in the EU [63]. Installations requiring tilting
should not result in direct upward light output by using appropriate optics, reflectors and
lenses. The International Commission on Illumination (CIE) 150:2017 technical report [62]
recommends maximum ULR values for luminaires divided by different environmental
zones, from 0 for EO and E1, 2.5 for E2, 5 for E3 and 15 for E4. However, ULR does not
include light reflected from surfaces beneath the luminaire or from the surroundings;
therefore, the UFR is probably more suitable when enforcing limits for skyglow and light
pollution. The suggested maximum values of UFR of installations differ between road
lighting (EO: not applicable; E1: 2; E2: 5; E3: 8; E4: 12), amenity lighting (EO-E1: not
applicable; E2: 6; E3: 12; E4: 35) and sports lighting (E0-E1: not applicable; E2: 2; E3: 6; E4:
15). Moreover, the ULOR’s maximum value can be halved when the lighting installation is
on curfew [63]. The proposed measures and requirements to reduce skyglow and obtrusive
light do not entirely prevent ecological light pollution, since artificial light is also reflected
from roads and the surroundings. There are few studies showing the effectiveness of
implementing limits for BUG, TI, ULR or UER for reducing ecological impacts. However,
clear limits that restrict artificial light from spreading or being scattered into natural areas
should be used as a precautionary principle when planning lighting in sensitive areas.

3.2. Scheduled Lighting Operations and Curfews to Support Dark Periods

It is particularly important to schedule lighting to dim or switch off in sensitive areas,
as many animals are adapted to the dark, such as nocturnal or crepuscular (active primarily
in twilight and dawn) species, and are, therefore, expected to be adversely affected by
the presence of artificial light. Scheduling lighting to switch off or dim to reduce lumen
output also saves energy, which is generally considered positive from an energy and climate
change perspective. Switching off or dimming light will create dark times in protected areas
so that nocturnal or crepuscular species will most likely increase their survival rates and,
hence, enhance the conservation of the species and area. Modern technology offers several
solutions for controlling the switching off and dimming of lighting installations. Luminaires
can be dimmed to various levels automatically via scheduled profiles or using inputs from
field sensors. In LED luminaires, drivers can also be pre-programmed to follow a specific
profile throughout the year without adding significant costs to the equipment itself.

Since sensitive areas require lighting for different purposes than residential areas, cities
or roads where many humans travel, it is strongly recommended to introduce more strict
curfews and/or switching off time periods to protect areas from unwanted light pollution.
For example, the LIL standard states that all luminaires should be turned down from 100%
to 10% during curfew hours (outside peak traffic hours) or at least to 50% if old technology
is used [53]. For areas considered light-sensitive, outdoor lighting is recommended from
dusk and when needed based on human activities in the area. Another strategy is to turn
off the luminaires 2 h before sunrise and 2 h after sunset [17]. Information to the public
can be provided in advance so that visitors are informed and understand why curfews
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are implemented. Curfews for parts of the street lighting and decorative fagade lighting
in Vienna, Austria, was observed to improve the night sky brightness by circa 1.4% when
measured during one night in 2012 [64].

In areas inhabited by species that are sensitive to outdoor lighting, it is recommended
to perform an investigation to find out which part of the day/night the species is active
throughout the year. However, such investigations are not always possible. If the area is
believed to be inhabited by light-sensitive species, artificial light should be reduced and/or
switched off whenever natural darkness occurs to avoid adverse impact. Sensor-activated
(adaptive) or controlled lighting is also recommended for roads or paths with little traffic,
where artificial light is considered necessary for humans. Dimming schedules and sensor-
activated systems should also implement recommended maximum levels of illuminance.

It is generally justified to implement dimming schedules or part-night lighting to
reduce the ecological impact on species. However, part-night lighting has proved insuffi-
cient to avoid impacting light-averse bats, and such species can still be adversely affected
by artificial light [65]. For example, bats’ foraging time can be reduced even if lighting
is dimmed during part of the dark time period. Dimming may have a smaller impact
on light-aversive bat species depending on the illuminance level [66]. Very few studies
have combined dimming and part-night lighting to better understand the thresholds of
avoidance or attraction for light-sensitive species. Consequently, currently recommended
best practice precautionary measures for light-sensitive species are to switch off lighting or
implement dimming and/or part-night schedules starting as early as possible.

3.3. Recommended Maximum Amount of Light for Different Functions

One effective way of limiting unwanted light in protected and/or sensitive environ-
ments is to introduce maximum values based on different functions for humans [43,53,62,67].
For example, maximum illuminance levels can be combined with other lighting design
characteristics, such as shielding, light source type and height (Table 2). Maximum illumi-
nance levels can be regarded as recommendations from which it is possible to deviate if
necessary. For cultural environments or historical sites, it is recommended to use FCO or
SCO luminaire shielding and the same lighting values and light sources as nearby areas.
People who visit protected areas should use torches with yellow or red light but below
300 lumens.

Table 2. Recommended lighting in sensitive areas based on functions adapted from [42]. FCO = full
cut-off; SCO = sharp cut-off; LED = light emitting diode; CMH = ceramic metal halide.

Maximum .
Area Shielding Light Source Illuminance Pole Height
M (m)
(lux)
Buildings FCO or SCO Amber LED ~2 2.5
Car parks FCO or SCO Amber LED ~3 6
Paths, bicycleand g o 500 Amber LED 1 1
pedestrian lanes
Property
(private and others)
. No broad-spectrum

Door lights FCO or SCO LED or CMH <3 15
Garden lights FCOorsco Vo broad-spectrum 3 6

LED or CMH

* Maximum illuminance on the ground.

Maximum illuminance values are based on human visual capabilities and not per-
ceived safety. Illuminances of 2 lux on the ground will enable most people to walk outdoors
after dark and detect obstacles, thus ensuring safe movement [68]. Average illuminance
of 1-3 lux on the ground and less than 3 lux at eye level is generally recommended to



Sustainability 2021, 13, 5991

10 of 24

keep illuminance values the lowest possible in sensitive areas [17]. [lluminance levels on
the ground between 1 and 3 lux is in line with a mean illuminance of 2-5 lux as required
for some of the P lighting classes in the European standard EN 13201-2. However, older
persons (>65 years) with a more degraded retinal image will probably have more difficulty
detecting obstacles at very low illuminance values (0.2 lux) [68], which could motivate
them to use higher maximum illuminance values when visiting protected areas.

Perceived safety is strongly correlated to illuminance, and it is, therefore, suggested
to evaluate lighting design between daytime and after dark [69] instead of comparing
different illuminance levels in darkness. Comparisons of the perceived safety between
day and dark indicated that small increases between 0 and 10 lux (median horizontal
illuminances) resulted in increased perceived safety in car parks, while illuminances above
10 lux showed marginal increases in perceived safety [69]. Thus, horizontal illuminance
values of 2-3 lux will ensure safe human movements, but these might be too low for
perceived safety. Therefore, maximum illuminance levels in protected areas must be chosen
depending on the lighting’s function and location.

The LIL standard does not allow illuminations on highways or motorways, roads for
motorised traffic alone or roads, junctions or roundabouts outside settlements, and the lu-
minance of main roads in cities is not allowed to exceed luminance values of 0.5 cd/m? [53].
The LIL standard also states that the illumination of parking places on highways or roads
must be kept under 1 lux. Although it is not clear whether this is a mean value or a
minimum value taken anywhere on the ground surface, it can be compared with P6 in
the European standard EN 13201-2 which can be applied on parking places [60]. It states
that average horizontal illuminance on the ground should be 2.00 lux, and the minimum
horizontal illuminance 0.4 lux.

4. Environmental Lighting Zones

Lighting environments can be used to classify land into zones of different character
over a larger area and thus get an overview of which areas should be prioritised in strategic
work with natural environments or to gain insight into which natural environments should
be protected from future light pollution. Lighting environmental zones can also be used
to create a framework for limiting light pollution in a municipality or a region. There are
many good and practical reasons to divide an area into zones. It is, for example, easier
to work with nature conservation in the planning process on a landscape level where an
area is defined by environmental lighting zones. Urban development using environmental
lighting zones in the planning process will quickly identify lighting needs for a range of
various areas and functions.

Zone classification has been suggested by IESNA-IDA [70] and the CIE [62]. The CIE
environmental lighting zones are differentiated based on the ambient brightness of the
environment to be experienced and are divided into EO to E4, ranging from intrinsically
dark to high district brightness. The IESNA-IDA Model Lighting Ordinance uses lighting
zones (LZ-0 to LZ-4) and recommends uses and areas, zoning considerations and ordinance
text based on recommendations for lighting design and use within the lighting zones. The
suggested maximum illuminance levels presented in Section 3.3 have been adapted to
various environmental lighting zones [62]. The Guidelines for Outdoor Lighting (Low-
Impact Lighting™) for the RASC Dark-Sky Protection Programs mainly refer to areas LZ-0
and LZ-1.

The CIE environmental lighting zone classification is presented in Table 3. A matching
description for the Bortle dark-sky scale [71] is included to make it easier to find the right
zone, for example through field visits. The Bortle dark-sky scale can easily be identified
using photographs and comparisons with the night sky. For knowledge of the relative
brightness in an area, the web-based light pollution map [72] and the World Atlas of the
Artificial Night Sky Brightness [73] can be used. The different environmental lighting zones
are described below, with some consideration for ecological impact.
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Table 3. Environmental lighting zones [62] and examples of areas and the corresponding Bortle
dark-sky class [71].

Zone ngI}tmg Examples Bortle Dark-Sky Class
Environment
IDA Dark Sky Parks, areas
EO Intrinsically dark dark enough to see the Class 1. Excellent dark sky.
Milky Way.
. . . Classes 2-3. Dark and rural
E1l Dark Relatively uninhabited with small amounts of
rural areas. 1L
lighting.
Low district Classes 4-5. Rural
E2 brichtn Sparsely inhabited areas. transition and suburban
ghimess with little lighting.
Medium district Well-inhabited rural and urban Classes 6-7. Light
E3 ) suburban sky and
brightness settlements. .
suburban-urban transition.
F4 High district Town and city centres and Classes 8-9. City sky and
brightness other commercial areas. city centres. Very bright.

Zone E0-Intrinsically dark. Star visibility is not affected by any ambient lighting.
Introducing artificial lighting would have severe consequences for the natural environment
and ecological impact. Human use is adapted to the darkness and may, for example, include
recreational activities and tourism. Zone E0 includes national parks where the visibility of
the night sky is not affected by skyglow or other light sources in the surroundings. It may
also include major optical observatories.

Zone E1-Dark. This zone covers relatively uninhabited areas and very dark places
where lighting is occasionally scattered in the landscape or around smaller buildings and
individual properties. This zone covers areas where lighting can affect flora and fauna.
Humans have adapted to low light levels. Street lighting is not typical. Lighting is used
for safety and functional reasons but is not placed coherently or uniformly through the
landscape. In this zone, lighting should be adapted to activity levels and switched off when
not required, for example, in smaller countryside towns. It is encouraged to implement
control systems for road lighting or/and switch off certain types of lighting following
a schedule.

Zone E2-Low district brightness. This zone covers sparsely inhabited areas that have
low levels of ambient light, such as industrial or residential areas in the countryside or areas
in the transition between rural areas with sporadic settlements to suburban areas. In this
zone, people are accustomed to using moderate amounts of outdoor lighting, for example
on residential streets, for safety, security and accessibility but also recreation. In these
areas, natural environments may be between the buildings which are then exposed to light
pollution. Here, too, control systems and scheduled switch-off systems can be implemented.

Zone E3-Medium district brightness. This zone includes areas in densely populated
rural areas or cities with light suburban skies or areas located in the transition between the
suburban and urban environments. There are relatively high amounts of lighting that are
usually coherent and can also be continuous. Natural environments may be intermixed
between buildings and built areas and are, therefore, usually exposed to light pollution.
Even within this zone, lighting should be switched off or dimmed, especially at night when
human activities are lower.

Zone E4-High district brightness. This zone includes cities and city centres and
industrial areas with extensive lighting. The city sky is very bright, and the users are
used to high visibility. Human activities are central to the lighting design, and very few
natural environments are present in these areas. Public lighting in this zone results in much
skyglow. Decreases in light pollution can take place through several measures. The lighting
can be dimmed at certain times of the day and will still be perceived as safe and secure.
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5. Species and Group Priorities

One primary key for prioritising measures to mitigate light pollution effects is to assess
how disturbances affect species’ conservation status, since this varies. Unfortunately, very
few existing studies on the impact of artificial lighting on fauna and flora have estimated the
effects on demography, species composition or ecosystem function [9,10], that is, the effects
that are directly relevant from a conservation perspective. The literature provides only an
estimate of impacts on species’ conservation status based on the expected sensitivity or
vulnerability to light [13].

Six different groups that have been identified as expected to be unusually vulnerable
to ALAN may, therefore, require a higher priority when planning measures to mitigate the
impact of light pollution (Table 4).

Table 4. Species and groups that may require higher prioritisation due to their increased sensitivity
to light or the risk of negative influence at sensitive periods in their life cycles.

Potential Ecological Impacts of Artificial Light at
Night (ALAN)

ALAN can result in decreased time and area for
Nocturnal or crepuscular species night-time activities important for survival, which can
result in lower fitness and survival rates.

Species and Groups

Vulnerable habitats ALAN can result in an unusual high impact.

ALAN can result in unwanted impact on migration or
Migrational or seasonal movements seasonal movements, which are vulnerable periods in
life cycles.

ALAN may cause ecological traps by attracting species

Positive or negati hototaxi . o . RN .
ositive or negative phototaxis with positive phototaxis, resulting in high mortality.

ALAN may decrease the species area of activities for
Endangered species species with negative phototaxis, which can cause
lower fitness and survival rates.

In endangered or threatened species, ALAN may act
as an additional or cumulative disturbance, resulting
in further degradation of habitats and a potential
detrimental impact on species.

Key ecosystem functions

Higher risks of a negative impact can be expected in nocturnal or crepuscular. Due to
the loss of darkness, nocturnal and crepuscular species’ activity patterns and life history
traits can be affected negatively by ALAN [74] because less time is available for activities
such as foraging, reproduction, migration or movements if exposed to ALAN in their
natural habitats. Correspondingly, the area available for night-time activities will also be
reduced if the habitat is exposed to ALAN. Impacts include, for example, smaller foraging
areas, higher competition with light-opportunistic species and increased predation risk.
Many protected and endangered species are nocturnal, including bats, amphibians, certain
bird species and some insect species.

Nevertheless, it might be very difficult to avoid actual impacts when planning new
residential areas, for example. The influence of ALAN on amphibians in residential areas
may be unavoidable, considering the myriad lighting needed for humans and the high
light sensitivity of nocturnal amphibians such as frogs or toads. If the area is relatively flat,
it might be impossible to keep the habitats completely undisturbed from ALAN unless
light barriers are used to stop the light from entering the habitats.

Another group with high priority is found in habitats that are particularly vulnerable
to light pollution. Habitats with a high frequency of light-sensitive species are more vulner-
able to light emissions, even at relatively low levels, for example, aquatic environments (see
Section 6). Habitats with endangered species that are light-sensitive and exposed to high
levels of light pollution might be at high risk of detrimental and irreversible degradation
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when the habitats can no longer sustain the endangered species. This can be compared
with lethal exposure to a threshold value, where the organism exposed can no longer
survive. High levels of light pollution usually originate from poorly designed lighting and
a lack of awareness of the need to protect habitats from exposure to ALAN, for example
urban areas, coastal areas or areas where ALAN at a relatively high level is provided but
lacks appropriate measures to minimise light pollution and spills light into the habitat. An
example is when protected areas are intermixed with the built environment, so that species
like bats, amphibians or insects are using urban green areas as habitats.

Species that migrate or make seasonal movements, either by air or on land, may be
especially sensitive to artificial light. This sensitivity arises since certain species orient with
the help of the night sky, which can be more difficult with increased sky brightness, and
because migration is one of the most critical stages in the annual cycle of migratory birds.
Birds that migrate in darkness are susceptible to light sources and may be attracted to fire
or artificial light. It is well known that artificial light attracts migrating birds and seabirds
who become disoriented. Globally, it has been shown that light pollution was greatest
within migration passages for nocturnally migrating birds and that the impact of ALAN
was larger for short-distance migrants and for species with smaller ranges [75].

Impact on flying behaviour can lead to collisions and bird death due to attraction
to light [76]. Birds’ attraction to light has been known for a very long time (hundreds
of years, probably even longer) when it was observed that birds, especially in fog, are
attracted to the glow of lighthouses along coasts and become confused by the light. This
can cause birds to fly in circles and collide with structures or die from exhaustion [77,78].
Additionally, buildings, windows and communication towers that are illuminated can lead
to high numbers of dead birds [79,80]. Light attraction at sea can reach up to ca. 3-5 km
from the source of origin [81].

Movement responses triggered by light in the environment are called phototaxis in
animals [82]. Phototaxis can be positive, which is a movement towards the light stimulus, or
negative, which is a movement away from the light stimulus. Species that exhibit positive
or negative phototaxis are considered sensitive to artificial lighting. The ecological impact
of phototaxis can be negative or positive, depending on the species. For example, frogs,
birds and insects that are attracted to artificial light are exposed to a higher risk of predation,
while light-opportunistic bat species increase their foraging in artificial light. When artificial
light creates an ecological trap for organisms, it may reduce species’ survival rates because
species are attracted to areas with higher predation or injury risks. For example, attraction
to road lighting will expose animals or insects to an increased risk of being hit by a motor
vehicle, taken by predators or dying in other ways, e.g., [83,84]. Another example of an
ecological trap is when artificial light is reflected in polarising surfaces (e.g., asphalt or
cars), which is very attractive for polarotactic aquatic insects and will result in insects that
mate, settle, swarm and oviposit in the polarising surfaces and not in water bodies [85].
Species with negative phototaxis or light aversion will avoid areas with artificial light and
thereby reduce their area or home range for foraging or commuting. This might apply to,
for example, the lesser horseshoe bat (Rhinolophus hipposideros), which has been shown to
prefer commuting routes with illuminance levels of ca. 0.04 lux [86]. Species might seek
refuge in the landscape to get protection from light by utilising forests or another structure
that functions as a light barrier [87].

Species that are endangered or threatened due to anthropogenic activities are expected
to suffer from light pollution. It is likely that additional or cumulative disturbances, such
as ALAN, may result in extra deterioration of habitats and ecosystems, which may result
in critical conditions for species survival, especially if the species are vulnerable for ALAN.

Ecosystem functioning can be affected by artificial light, with serious consequences
for habitat and ecosystem conservation. For example, pollination by nocturnal insects
can be affected [15,88], resulting in disrupted pollen transport. Indirect consequences of
artificial light include the attraction of certain fast-flying bat species that feed on a large
number of insects around the light sources [89,90]. The competitive advantage of certain bat
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species may lead to an unwanted impact of light-averse bat species, e.g., [91] and should be
seriously considered when aiming at conserving endangered species in light-polluted areas.
Artificial light can affect the ecosystem through different changes in trophic interactions,
which may, in turn, affect ecosystem services.

Measures to limit the negative effects of lighting should be prioritised in areas inhab-
ited by species that are considered light-sensitive, especially if the areas contain reproduc-
tive or resting places. The fact that a species is threatened or endangered should also weigh
heavily in the context since it is in these species, especially if they are also well known to
be vulnerable to ALAN, that one can expect the strongest and fastest effects.

6. Sensitivity of Environments and Ecosystems to Light Pollution

In this section, the sensitivity of different environments will be discussed based
on lighting conditions, ecological relevance and impact and the aspects that should be
considered in lighting planning.

6.1. City Centres and Towns

Heavily built-up environments, such as city or town centres, usually have many
luminaires to support active around-the-clock human life, with high illuminance and many
light sources, from road lighting to commercial lighting. In central urban environments,
there are few light-sensitive or protective species, but there may be habitat networks of trees
or vegetation that support connectivity, for example between parks and other green areas.
Consequently, green infrastructure and surfaces such as parks and street trees may need
protection from light to function as refuges or habitats for insects, animals and organisms
whose rhythm is dependent on periods of darkness. Insects found in city environments
or adjacent areas that exhibit positive phototaxis have a high risk of being eradicated
due to the vacuum cleaning effect. There is an increased risk of ecological impact in
rivers or streams passing through central urban areas that may affect ecosystem habitats
upstream and downstream or the predator-prey balance in lakes. This should be especially
considered if there are protected fish or other organisms in the water (both migratory and
stationary species).

City centre lighting and skyglow risk attracting migrating wild birds that collide or
continuously circle around high structures, such as buildings, towers, masts, installations
or aesthetic lighting. Precautionary principles should be implemented to avoid adverse
impacts on wild birds (in time, space and/or wavelengths). It should be ensured that tall
buildings do not use wavelengths or technology that attract birds. The lighting should
be limited in strength and illumination because light in the sky is visible from very long
distances. The attractiveness of the lighting can be further enhanced by overcast skies,
resulting in increased bird mortality [92]. Using light on high buildings and towards the sky
in open environments such as water or in open cultural landscapes where the light is not
physically stopped by objects such as buildings, trees, mountains, etc. can, therefore, reach
very far in the terrain and attract birds from natural environments that are not illuminated.
The lighting in cities causes skyglow and impacts natural environments several kilometres
or tens of kilometres from the city centre. It cannot be ruled out that many light-sensitive
species, such as species of birds, amphibians and bats, can be affected by skyglow.

6.2. Urban Environments

Urban environments are characterised by a high density of buildings and residences,
can be located on the outskirts of cities, and are often adjoined by natural environments
or water. Lighting levels are not as intense as in city centres, but lighting is an important
aspect for human well-being as many people live in urban environments. Lighting is
available in, for example, residential environments, on transport routes, in shops, sports
facilities and industries and in connection with natural environments for outdoor activities
and recreation. The variation in illuminance is high because of numerous lighting needs,
including sports lighting and aesthetic lighting in private gardens.
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There are species and animals in illuminated urban environments that can exploit the
presence of artificial light in natural environments, such as birds and spiders that can benefit
from prolonged feeding time or be protected from natural predators that avoid light. Insects
in natural environments that are attracted to lighting will accumulate and die or become
prey. Light-opportunistic bats can benefit indirectly from lighting by increasing foraging.

Urban environments often have natural environments in their surroundings, or natural
environments are scattered among or mixed up with the built environment. Thus, there
are areas without any lighting. The risk of ecological impact is greater when illuminated
areas are mixed with natural areas, since the edge zone is increased, and light will thus
affect larger areas. Still, this also depends on environmental factors, such as objects that
prevent light from spreading too far into the surroundings.

As in city centres and towns, there is a risk of attracting migrating birds to powerful
or highly placed lighting [67], and the impact on organisms in aquatic environments is
also important to consider. Again, it is possible that skyglow can affect species in natural
surroundings, and it must be especially considered for protected areas and species.

Planning of urban environments needs to consider people’s safety needs and ensure
that light does not adversely affect protected species or habitats. Under certain circum-
stances, this may be difficult, such as when recreational sites are situated close to protected
areas but also when linear transport corridors are constructed that cut through protected
areas and green areas and create barriers for light-averse species. Although most species
can avoid illuminated areas, the barriers can limit their home ranges and feeding areas.

Generally, in urban environments, lighting design must consider both human needs
and potential negative impacts on protected species. Uplights should be avoided, and
stricter shielding is recommended if luminaires are close to protected areas. Adaptive road
and facilities lighting (with dimming and switch-off schedules) should be implemented
as widely as possible. Outdoor lighting should have minimal glare and low content on
the spectral region below 500 nm. Protected areas adjacent to urban environments need
to fully ensure that there are no significant ecological impacts on protected species; if so,
mitigating measures must be developed and implemented.

6.3. Rural Areas

Rural areas contain a large proportion of natural environments or farmland mixed
with a high diversity of buildings, individual properties and smaller villages. Many animals
and organisms in rural areas are sensitive to artificial light, and they may have protection
status. Artificial light will reach various distances from the light source, depending on the
topography and the landscape characteristics.

In rural areas, lighting in smaller towns or communities is particularly important to
ensure human accessibility, liveability and security. In their properties, residents need good
visibility to be active outdoors during the winter or evenings and for safety reasons. The
risk of causing skyglow is lower, since many installations consist of individual luminaires,
but rural areas may still be affected by skyglow from adjacent urban environments or cities.
Linear lighting (such as road lighting) can constitute barriers for smaller animals in rural
towns or industrial areas.

The vacuum cleaning effect (for certain insects) is probably high in the countryside
if outdoor lighting is on high poles, when the light can reach far into the landscape, for
example in agricultural areas. In open landscapes, light can spread very far from the light
source, since obstacles are limited, causing insects from the surrounding environment to
gather in high density around the luminaires. However, in forest rural areas, the impact of
far-reaching light and the vacuum cleaning effect are expected to be lower.

Natural environments in the countryside have naturally low light intensities, and most
night light comes from the starry night sky or reflection from the moon. Due to the contrast,
any artificial light and light pollution will appear stronger than in the urban environment.
Since many mammals in rural areas are nocturnal or crepuscular, with a higher sensitivity
for seeing light in the dark, they can be affected to a greater extent when the difference
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in light intensity becomes high. Countryside lighting should preferably be minimised in
illuminance levels, exposure area and time in use to be in line with precautionary principles
and to better mimic natural lighting patterns and levels. Protected areas in rural areas need
to ensure that artificial lighting as local light sources, regional light pollution or temporary
light disturbances do not affect species in a way that significant environmental impact
arises. Lighting in rural areas should be avoided at high elevations or against the sky due
to the risk of impact on the many species that inhabit the rural environments.

6.4. Forest Ecosystems

Most forest ecosystems are located in rural areas, but forests may be near or in urban
environments and cities. In forest ecosystems, species live on or in the ground and in the
trees and shrubs. Species such as amphibians and nocturnal and crepuscular mammals
have adapted to an environment that is considerably darker than more open landscapes.
The forest is a complex structure that filters out light such as sunshine and moonlight
as light passes through leaves, needles and branches, which means that even artificial
light will be filtered off in forest environments. For example, natural lighting intensities
in deciduous forests can range from an average of 100 lux during the evening to below
0.0001 lux during the darkest night hours [93]. Tree-living insects and species adapted to
naturally low light levels are very likely to be sensitive to artificial light, especially if they
nest in trees or bushes exposed to artificial light, since such conditions can directly impact
their survival. For diurnal species, circadian rhythm can be affected by artificial light, as
has been shown in birds, e.g., [94], while nocturnal species, including bats and smaller
rodents such as mice [12,95] try to avoid the illuminated area as much as possible to avoid
higher predation risk.

6.5. Aquatic Environments

Areas close to aquatic environments are often illuminated because buildings located
near water have historically been attractive, and it is popular to live close to water. Other
activities may also cause light pollution in aquatic environments, such as shipping and
maritime transport, ports and oil rigs [3,96]. Light sources that emit light towards water
surfaces will increase the relative light levels in the surroundings due to the light’s reflection
and scattering in the water. Aquatic environments around buildings and built areas can
be exposed to more light, both directly and indirectly. Light will spread far over water
if no physical structures hinder the light. Consequently, artificial light in aquatic areas
can reach and affect considerably larger areas compared to lighting in other environments.
The ecological impact of artificial light in coastal areas includes, for example, increased
visibility for predator fish, affecting the predator—prey balance [12,67].

Urban environments and cities commonly include aquatic elements and habitats
(natural or artificial) for aesthetic, recreational or other reasons such as water collection or
purification. In such areas, skyglow can lead to constant exposure to higher lighting levels
than those normally found under natural conditions in similar environments [93,97].

Several types of aquatic animals and organisms exhibit high sensitivity at low illu-
minance and have responses such as phototaxis or photophobia, which may affect their
survival. The responses are dependent on the illuminance, the SPD, the water’s filtering
properties and the species’ ecology and depth, which makes it almost impossible to predict
the effects and consequences of artificial light on species and ecosystems. However, sci-
entific experiments have shown that there is an impact on the circadian rhythm on fish at
illuminances (1 lux) that occur in indirectly illuminated environments [98,99]. Fish can be
affected by an illuminance of 0.00001 to 1 lux, depending on species and behaviour [100].
For example, salmonid fish (that are sometimes protected) can be affected by road and
bridge lighting such that survival can be affected [2]. Other sensitive species are amphib-
ians bound to aquatic habitats and environments in their life cycle, bats (which may use
aquatic areas for foraging) and protected species generally linked to aquatic environments,
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including many birds. A global survey of marine protected areas showed that artificial
light was widespread [23].

In general, artificial light at coasts and beaches should be minimised, as these environ-
ments propagate light in the landscape and over the water. Light pollution at and in water
is easy to avoid through technology and design. If there are protected species or areas in
aquatic or near-aquatic environments, all artificial lighting on the water surface should
be avoided, since this is the only safe way to ensure that no ecological impact occurs in
any organismes.

7. Landscape Ecology and Artificial Lighting

Working with night-time landscape patterns (nightscapes) can improve the conserva-
tion of protected areas and species. This requires knowing which species inhabit different
areas in the landscape, what habitats and natural values are prioritised for protection and
how artificial light may influence species survival. The research area of nightscapes and
light pollution mapping and its consequences on protected species has not received much
attention but see [101,102]. However, based on geographically based work and species
protection, it is possible to identify some important aspects and concepts to include in
ecological landscape analysis of artificial light and its impact:

e Area brightness. The first approach is to quantify and classify areas by ambient
brightness and/or luminance levels. Protected natural environments exposed to
artificial lighting need to be surveyed and the proportion of brightness quantified by,
for example, on-site measurements (see Section 8). It is possible to use various data on
light pollution [103] or develop maps with more local information, see e.g., [102]. It is
also important to consider skyglow and predicted changes in lighting strategies in the
investigation area.

e Lightinflation. As both newly built and existing built areas usually increase lighting
amount and use over time, it is useful to consider light inflation in the investigation
area. It is likely that field measurements or maps at the landscape level will age
relatively quickly (unless local regulations are introduced to limit light pollution).

e  Dead ecological zones. These are areas that cannot be used by some species because
they are over-illuminated or because they are isolated geographically, for example, by
continuous light barriers.

e  Vacuuming cleaner effect. This effect arises because some species, such as moths and
birds, can be attracted to very low amounts of light at very long distances and will
disappear from these areas and concentrate in light-intensive areas [104]. Luminaires
with high wattage situated high above the ground, such as sports lighting, floodlights,
car park lighting or shopping centre lighting, may induce the vacuum cleaner effect
over large areas.

e  Barrier effects. When exterior lighting is used to create continuous paths or transport
corridors for humans, the lighting causes barriers for species requiring darkness to
migrate or forage. Continuous and linear light barriers can be found when road or
street lighting separate habitats and their connectivity so that animals or organisms
cannot cross due to light avoidance or aversion, e.g., [105].

e  Migration distance and habitat network. An essential landscape quality is that endan-
gered species can survive and disperse between habitats, thus spreading through a
habitat network. If the migration distance is known, it is possible to model habitat
networks for sensitive species in geographically based information systems to ensure
protected habitats are connected and not separated by light barriers.

e Dark areas. There are many benefits in identifying and ensuring the conservation of
dark areas, since darkness is a time for rest and recovery in organisms with circadian
rhythms and because dark areas support nocturnal or crepuscular organisms’ activity
and survival.

e  Buffer zones. Protected or sensitive environments may require extra protection in
the form of buffer zones with restrictions on outdoor lighting if there is a risk of
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ecological impact from light [21] or stated requirements to reduce light pollution at
the landscape level.

e  Water environments. Water surfaces and shiny surfaces reflect light and can have
higher luminance and ecological impact than other surface types. The influence of
artificial light from static or permanent lighting in such areas could also be higher
compared with other natural environments, since there are also other disturbances
occurring, such as motor vehicles and their lighting.

It might not be enough to map the nightscape based solely on lighting levels, but it
can also be important to estimate how much light is perceived by the species. In a study
using satellite images that measured artificial light and modelled how seabird fledglings
saw it on a Hawaiian islands, there were few or no areas of the island where the fledglings
could fly without seeing light during their nocturnal flights [106]. Nightscape models and
analyses that include the impact of artificial light on species, their visual perceptions and
their need for dark areas will be useful to ensure species and habitat protection.

8. Measuring the Ecological Impact of Artificial Light

Lighting measurements in the field are essential for quantifying the illumination level
in the area under investigation. However, to assess the ecological impact of artificial light
on a specific area or habitat, this impact should be linked with a specific threshold or
multiple thresholds in visible and perhaps non-visible radiation. The variety of species
that may be affected by artificial light leads to a very challenging task in cases where
their typical location, field of view and spectral sensitivity of their light-sensitive receptors
should be considered. Field measurements are typically performed at night or in twilight
under various weather conditions and can include point measurements, multiple sets or
long-term monitoring campaigns.

8.1. Current Methods

Studies on the ecological impact of light pollution have been carried out by scientists
from many disciplines using different research methods, instruments and assessment
strategies [107]. In most studies, the dominant quantity measured and communicated
is horizontal illuminance. It is also often accompanied by measurement or estimation
of the colour temperature of the corresponding light sources. Therefore, the most used
instruments are handheld illuminance meters (or luxmeters) that measure the amount of
light that falls on an area. Although illuminance and CCT are widely known and used, it is
questionable whether they are adequate for the quantitative and qualitative assessment of
the environmental impact of artificial light. Luxmeters are designed to match the human
eye’s spectral sensitivity (photopic vision), and they are equipped with a dedicated filter
(V(A)). While this type of instrument is excellent for assessing human-related visual tasks,
in most cases it limits assessment of the impact of light on species with radically different
spectral sensitivities. In addition, estimation of the spectral content of the light sources is
done using the CCT of the source (either using the provided technical data or by observing
the source directly). This technique may result in a misleading estimation of the SPD since
the CCT is not a binding metric to the spectral content. More specifically, the same CCT
can be produced using different SPDs, which is akin to trying to estimate a black box’s
contents by knowing only its total weight.

Another commonly used method is remote sensing data, mainly wideband radiance
maps and red/green/blue (RGB) photos from the International Space Station. Both sources
include valuable data regarding the spatial distribution of the illuminated areas and an
estimation of the illumination levels. The main drawback is that the recorded information
concerns only the direct upward radiance or reflected upward radiance for the Earth’s
surface without any indication of the three-dimensional propagation of the light in the
area under investigation. Several estimation methods can be used, but the uncertainty is
considered very high [108].
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Regarding skyglow measurement, two dominant techniques are used: a broadband
single-value light-sensitive instrument (the Sky Quality Meter [SQM]) or commercial RGB
imaging cameras with various objective lenses (commonly fisheye). Both instrument types
are reported in astronomical units (i.e., magnitude per arcsec square) but use sensors
with completely different spectral responsivities. In addition, none of these instruments
have standardised spectral responsivities nor does the reporting quantity belong to the
International System of Units (SI), and thus the conversion of their measurements to SI and
the traceability of their measurements is impossible [108]. This introduces uncertainty in
the measurement and intercomparison of night-sky brightness. The same issue arose with
measurements using wideband satellite imaging sensors and RGB commercial cameras.
Although an extensive database of measurements of skyglow from SQMs and upward
radiation from satellite images exists, their validity and consistency are subject to the
spectral responsivity of the instrumentation and the measurement conditions used. It
is, therefore, essential to establish a standardised methodology for the measurement of
light pollution aspects based on the SI system that can cover the whole visible spectrum
and beyond.

8.2. Recommendations for Field Measurements

Field measurements in sensitive and protected areas should be carefully designed and
performed in accordance with the species under investigation and given the special charac-
teristics of the area or habitat. Researchers should investigate and quantify the propagation
of visible radiation towards the habitats, the quantity of radiation reaching a selected area
and this radiation’s spectral content. In other words, the assessment should ideally include
a combination of spectral radiance and spectral irradiance. Irradiance is defined as the
total spectral power that reaches an area, while radiance is linked to the directionality
of light towards the area under investigation. The location of the measurement must be
carefully selected as the representative location of the species under investigation. Several
measurement locations may form an assessment grid. The direction of measurements
and the field of view should follow the species under investigation. For example, in an
investigation of the impact of artificial light on bird nests located in trees, measurement of
the horizontal illuminance at ground level gives no valuable data and can lead to erroneous
results. In this example, horizontal and vertical spectral irradiance and perhaps the spectral
radiance of a visible light source should be recorded.

Since the use of specialised instruments for spectral measurements in the field may be
expensive and complicated, instruments with dedicated spectral responsivities can be used
instead. In this case, the responsivity of the measurement device should be appropriate
for the task, matching the approaching sensitivity of the species to various wavelengths
in the visible or near infrared and ultraviolet range. For example, instruments matching
the CIE XYZ standardised curves that cover (in parts) the whole visible spectrum can be
used in many cases. Location- or direction-specific measurements can be performed with
instruments placed in several positions (handheld instruments) or using aerial solutions like
unmanned aerial systems [109]. Users should always be aware of instrument limitations,
such as the measuring range, repeatability and field of view, as well as parameters that
may significantly affect their performance, such as temperature and humidity. In all cases,
measurement uncertainties should be estimated and reported accordingly.

9. Conclusions

Ecological impact of artificial light can be expected to various extents in natural en-
vironments, but not all environments have equal importance regarding biodiversity and
conservation. Priority should be given to areas and species that relevant organisations
and authorities have reported as endangered or threatened on the Red List and in Natura
2000 areas. Even so, not all protected areas will suffer from exposure to artificial light
since it depends on the location and what species inhabit the areas. In this paper, a pro-
posal to prioritise species and habitats is suggested and includes nocturnal or crepuscular
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species, species in habitats particularly vulnerable to light pollution, species that migrate
or have seasonal movements, species that exhibit positive or negative phototaxis, currently
endangered species and species with important ecosystem functions. Initially, sensitive
areas, conservation areas and areas of importance for particularly sensitive species could
be prioritised for measures to minimise the negative effects of artificial lighting on biodi-
versity. This is most easily done by classifying natural environments that are protected into
different zones and applying more constrained principles to limit lighting and light pollu-
tion. Furthermore, the light pollution sensitivity of various environments and ecosystems
suggests that different mitigation strategies and adaptations should be used, depending on
landscape characteristics, species sensitivity and other factors that may determine whether
artificial light may induce detrimental impacts.

It is currently unclear whether the different measures presented in this paper are
enough to limit possible adverse impacts on species that exhibit high sensitivity to light or
negative or positive phototaxis. Such species may be affected by skyglow, especially species
sensitive enough to be significantly affected by moonlight. The cumulative impact of ALAN
involves skyglow and regional light pollution, which must be considered synchronously
with lighting design in the planning process. However, it seems that this is seldom done
when planning outdoor lighting installations. For example, in Sweden, many municipalities
have “lighting programmes” as steering documents for outdoor lighting, but these do
usually not include current light pollution, sustainability or environmental impact of light
or how to protect natural areas from artificial light [110]. For species that exhibit high
sensitivity to light or negative or positive phototaxis, it is likely that more adaptive measures
are required in combination with important aspects from a landscape and conservation
perspective. For example, one should include the occurrence of artificial light and its
influence as an important part of action plans and conservation plans for species, habitats
and protected natural environments.

For the ecological impact of species, it is well known from the scientific literature that
artificial light has or can have an ecological impact that may affect survival negatively, but
it is rarely known where the limit exists in more practical terms, such as illuminance levels,
spectral wavelength distribution, areal distribution or species survival. Considering that it
is often inappropriate to conduct experiments of ecological light impact on endangered
species, precautionary principles should be applied to minimise the intrusion of artificial
light at all angles in environments where such species occur. For migratory and endangered
species such as mammals, birds, amphibians, and fish, artificial lighting in their home
areas and migration routes should be strictly limited or avoided. However, it is not always
possible to know where protected species have their home areas and migration routes
without field investigations. It will be challenging to know which species are exposed to
outdoor lighting. Such challenges that are difficult to overcome lead to the conclusion that
light restriction measures should be implemented at a more general level to avoid negative
ecological impacts on protected and migratory species.

To support the quantification of the impact of artificial light, the proposal and setting
of quantitative thresholds and the monitoring of illumination levels, field measurement
should be carefully designed and performed using appropriate instrumentation, techniques
and methods. Research results and assessment campaigns should be supported by lighting
measurements based on a standardised metrology system using instruments traceable to
SI. Accordingly, all measurements will be consistent, comparable and easily validated.
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