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1. Summary
Artificial light at night (ALAN) is a growing factor in the anthropogenic environment. While light is generally seen as positive,
there is mounting evidence that ALAN changes behaviour, space use, migration, physiology, development, and reproduction
in almost all organism groups, including plants and microorganisms.
Special focus of research so far has been on birds and insects. The Wadden Sea World Heritage area is an important part
of the East Atlantic migration route, with up to 12 million birds present over the year. ALAN has shown to change flight paths
by attracting birds, thus posing a high risk of fatal bird strikes to millions of birds worldwide each year. Insects are also
attracted to light sources and ALAN changes reproductive behaviour, which results in local reduction of insect populations.
In all terrestrial ecosystems, insects play a vital role, and individual consequences have been shown to translate through
cascade-effects into food webs and entire ecosystems. We also expect that the effects of ALAN on the barrier islands and
coastal areas will translate to the intertidal habitats.
Less is known about the impacts of ALAN on marine ecosystems, but freshwater habitats have been shown to be
especially sensitive to ALAN. Even low light levels are enough to interfere with fish hormone production, suppress plankton
movements, and influence algal growths. In regard of marine and intertidal habitats, many questions still need to be
answered, however, it is clear even now that ALAN is a serious environmental stressor. It most likely weakens the resilience
of individuals and ecosystems to other stressor like climate change or chemical pollutants, exponentiating this damage.
Based on current evidence, ALAN needs to be used with care, especially in areas with mostly unchanged biological
processes. Generally, the use of ALAN needs to be justified by balancing benefit and harm. Where ALAN is needed, there
are light planning criteria to create illumination that reduces harmful effects to the environment. This document will
summarise the known effects of ALAN on organisms and ecosystems in the Wadden Sea area or comparable habitats, of
which some examples are shown in figure 1, and give brief recommendations how to mitigate these effects.
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Figure 1: Summary of documented and expected effects of ALAN on organisms in the Wadden Sea World Heritage area.
Graphic by Annette Krop-Benesch and Michael Melchinger.
(a)	Songbirds usually sing during the day and rest at night. With ALAN, singing is extended into the night hours and sleep is
reduced. ALAN also changes bird physiology and reproduction success.
(b)	Migratory birds rest and feed during the day and fly at night. Strong light sources at night attract birds and can cause
bird strike. Migratory bats crossing the sea are also attracted to lights.
(c)	Visually foraging waders are more active during daytime than at night. ALAN allows them to extend foraging time. Tactile
foraging waders show smaller difference between day, night, and ALAN.
(d)	Reef-building organisms like mussels and polychaetes choose the site of settlement due to light levels. With ALAN, they
might settle in lower water levels than their usually habitat.
(e)	Starting with dusk, zooplankton, and small fish ascend from lower water levels to the surface to feed on phytoplankton.
ALAN supresses this diel vertical migration, reducing the transport of biomass to lower water levels. Phytoplankton
biomass might increase due to extended photosynthesis.
(f)		Visually foraging fish, especially bigger species, are active, some smaller fish stay in lower water levels. ALAN increases
fish activity during the night, increasing feeding pressure on prey species like reef organisms, but also increasing
predation risk on smaller fish. Many fish species aggregate in the light, and harbour seals use this light for hunting.
(g)	ALAN can increase activity in fish species with parental care, wasting parts of a carefully rationed energy budget.
(h)	At night, moths and other nocturnal insects pollinate plants. ALAN draws these insects to light sources where many
of them die, partly due to increased predation by bats. Consequently, pollination is reduced. ALAN also interferes with
insect physiology and reproduction.
(i)		Plants use daylength to control seasonal rhythms, i.e. shedding of leaves. Trees under influence of ALAN keep green
leaves until late autumn.
(j)		As a consequence, ALAN can lower the density of dune-forming plants.
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2. Introduction
It has become customary in many parts of the world to use artificial light at night, so called ALAN, for various reasons in
our outdoor environment. It allows activity and is used for decorative and advertising purposes. While artificial light at night
(ALAN) has many advantages for human society, it has also been identified as a growing environmental stressor. About one
third of vertebrates and two third of invertebrates are nocturnal. Natural light levels are an essential characteristic of every
habitat, and loss of natural darkness can result in degradation of habitat quality (Hölker et al. 2010a; Kyba and Hölker
2013; Gaston et al. 2017).
Despite concerns about energy-consumption, the increase of global emissions of ALAN has been estimated as 2-6% each
year (Hölker et al. 2010a; Kyba et al. 2017; Sánchez de Miguel et al. 2021). The actual increase might be higher, since
these estimates are based on VIIRS satellite data, which is close to zero for light below 500 nm wavelength (blue light).
In recent years there has been a wide-spread change from halide, mercury vapour, or sodium vapour lamps to LEDs with
a higher content of blue light (see Figure 1), which is not measured by VIIRS. Thus, current data under-estimate light
emissions to an undetermined extend. This is however significant, because LED lighting is favoured due to its energyefficiency and will replace most other light sources (Sánchez de Miguel et al. 2021). Also, since running costs are reduced,
in practice this often results in an increase of brightness and illuminated areas (Kyba et al. 2017).
The negative effects of ALAN are often referred to as light pollution. This form of pollution can act directly on organisms
by locally increasing light levels and even momentarily blinding an animal with glare. It can also act over long distances
as skyglow, a diffuse brightening of the night sky, which is mostly not consciously detected by humans but can be strong
enough to interfere with the orientation and physiology of some nocturnal organisms (Moore et al. 2000; Kyba et al. 2011;
Dacke et al. 2013; Kupprat et al. 2020).
The increase of ALAN in natural landscapes has led to concerns from researchers and organisations (UNESCO et al.
2009; Hölker et al. 2010a; Hölker et al. 2010b; Koen et al. 2018; IAU/UNOOSA 2020; IUCN 2021a; IDA 2021). During
the last two decades, a growing number of studies has found detrimental effects of ALAN on organisms from basically all
taxonomic groups and habitats. ALAN interferes with orientation, habitat use, biological rhythms, behaviour, physiology,
reproduction, and health. Individual effects translate to the entire ecosystem, including changes in species composition and
fragmentation of habitats. This holds for both nocturnal and diurnal species. Diurnal species may benefit from using ALAN
to extend foraging time, but ALAN can also reduce sleep time and quality (Gaston et al. 2013; Gaston et al. 2014; Gaston
et al. 2017; Koen et al. 2018; Ouyang et al. 2018; Grubisic et al. 2019; Sanders et al. 2021).
For these reasons, the use of artificial light needs a well-informed evaluation of benefits and damage. In this report, we
focus on the known and possible impact of ALAN on the Wadden Sea World Heritage area. This area is recognised for its
Outstanding Universal Value. It is the world’s biggest intact intertidal ecosystem, with strongly intertwined geomorphologic
and biophysical processes (UNESCO Criterion ix). in which reef-building and dune-structuring organisms play an important
role. Intertidal ecosystems are highly rhythmic. The periodic changes in light intensity of the sun and moon are vital cues
for these rhythms. Changes in biological rhythms have been shown to be detrimental for most taxonomic groups in all
ecosystems.
The biodiversity of the Wadden Sea area is unusually high for coastal wetlands, with a prominent fauna of migratory and
breeding birds, and a generally high production of biomass (UNESCO Criteria ix, x). ALAN has shown to be especially
harmful for birds and insects (see chapters 5.1 and 5.2). It plays an important part in the current insect decline. Though
there is growing research on the impact of ALAN on marine systems, relatively little is known about the impact of ALAN on
intertidal systems. If no data is available on Wadden Sea species, we give information on species related to those native to
those from the Wadden Sea or from comparable ecosystems. This allows assumptions and shows need for further research
directly related to the Wadden Sea area.
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3. Intact natural intertidal ecosystems
The Wadden Sea is the largest tidal flat system in the world, outstanding in its geomorphology and biodiversity. It connects
exceptional terrestrial and marine ecosystems: the open North Sea to the tidal areas with the salt marshes, beaches and
dunes. It is also influenced by estuaries, which have been considerably altered by human activities, but nonetheless remain
a vital habitat especially for brackish-water species.
The Wadden Sea World Heritage is crucial as producer of biomass and sustains over 10,000 species of plants and
animals. Its geological position and richness in habitats make it one of the most important areas for migratory birds,
providing feeding and roosting sites for up to 12 million migratory birds.
The structure of the Wadden Sea is created by a unique interplay of physical forces on land (i.e., the dunes) and at sea
(i.e., the offshore belt) and biological activities, for example the strengthening of these structures by reef-building organism
or dune plants.
Everywhere on earth, life is shaped by the day-night rhythm, which is based on endogenous processes in the organism and
synchronised to the environment predominantly through light. Seasonal rhythms are based on the rhythmic changes of
these daily light rhythm.
In an intertidal system, organisms also need to follow the tidal movements of the water, which occurs twice every solar day
with an interval of 12.4 hours. About every 15 days, there are semi-lunar maximal spring and minimal ebb tides when sun,
earth, and moon become aligned at new and full moon. Thus, lunar cycles are important for inhabitants of the intertidal
zone, too.
Tidal rhythms are easy to observe, even in larger animals. Harbour seals hunt for fish during high tide, and rest on
sandbanks during low tide, while shorebirds now forage for food on the mudflats. Many invertebrate inhabitants of the tidal
zone need to shelter during low tide from sun or predation and wait for the tide to return. Photosynthetic algae on the other
hand use the low water levels to come to the top of the sand to harvest sunlight.
Intertidal species, such as corals, mussels, insects, and crustaceans have been shown to anticipate these rhythms and
time locomotor activity, reproductive processes, and other behaviours accordingly. The midget Clunio marinus, which
inhabits the tidal flats of the North Sea, synchronises larval development to ensure hatching during spring ebb (Wilcockson
and Zhang 2008). There is evidence that this is regulated by a moonlight receptor in its eye (Fleissner et al. 2008).
Tidal rhythms also interact with circadian rhythms, ensuring that diurnal activity peaks are synchronised with water levels
(Wilcockson and Zhang 2008).
It is not clear how animals discriminate between moonlight and seasonal changes in daylength. Moonlight contains slightly
less short wavelength (blue) light than sunlight, and intensity as well as time of moon rise/set change rhythmi-cally during
the lunar cycle. It is possible that this allows animals to distinguish between moonlit night hours and long summer days
(Raible et al. 2017). ALAN could outshine these natural rhythms, either providing an eternal long-day or an eternal
full moon scenario which would interfere with endogenous monthly and seasonal cycles, especially since green
and blue light, which is a stronger component of artificial than of moon light, penetrates deeper into the
open ocean (Davies et al. 2013; Davies et al. 2014; Davies et al. 2020).
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4. Light in the Wadden Sea World Heritage
Natural light – artificial light: a comparison
Organisms are subject to immense daily changes in light levels (Figure 1), with daylight reaching an illuminance of 120.000
lx or more. During twilight, light is reduced rapidly. A moonless night can be as dark as 0,0006 lx, while moonlight reaches a
maximum of 0,3 lx at full moon. Nocturnal light levels vary depending on cloud cover, presence of milky way and moon phase.
Artificial light increases nocturnal light levels immensely, reaching local levels of more than a 100 lx and exceeding natural
levels in approximately 88% of Europe’s land surface (Falchi et al. 2016).
Artificial light also differs from natural light in terms of its spectral composition (Figure 3). Sunlight, which is seen as white
light, contains all visible colours, UV light and infrared light. Moonlight is reflected sunlight in which some of the shortwaved (blue) parts are reduced. Incandescent lamps have a high amount of long-wave light with very little short-waved light,
resulting in the typical yellowish-warm light, while high and low pressure sodium lights emit mostly long-waved (orange) and
near-infrared wavelength light. Metal halide and mercury vapor lamps on the other hand have several peaks and generally a
high amount of UV and short-wavelength (blue) emission. LEDs have different spectral compositions, mostly differing in the
amount of short-waved light (“blue content”).
The impact of ALAN depends on the spectral composition of light. In most animals, short-waved light results in ALAN-related
changes, however, some species react stronger on long-waved light (Longcore et al. 2018). Plants react on short-waved and
on long-waved light (Bennie et al. 2016; Schroer and Hölker 2016).
Some animals also use polarised light. In polarised light, the majority of light waves are parallel to each other. This way, the
light provides information on the position of the light source and can be used for orientation. Several insects, crustaceans,
and some fish species use polarised light from moon, stars, and Milky Way (Schroer and Hölker 2016).
Artificial light can interfere with this information, diminishing the ability of nocturnal animals to navigate (Kyba et al. 2011).
This has been shown in migratory birds, in which natural polarised light is needed for the magnetic compass (Muheim et al.
2016). Thus, there is no artificial light without ecological impact on at least some species.

Figure 2: Scope of natural and artificial light levels, figure changed after
Grubiscic et al. (2019)
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Figure 3: Spectral composition of light from natural and artificial light
sources
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ALAN in the Wadden Sea World Heritage
Though there are many efforts to protect the Wadden Sea World Heritage from ecological damage through pollutants, there
has been little awareness on the impact of artificial light. Light emissions can reach over wide distances, thus crossing the
borders. Without an established measurement network, the extent and changes of ALAN is hard to assess.
The Wadden Sea is subject to light emissions from coastal settlements, harbours, promenades, offshore platforms,
offshore windparks, vessels, and greenhouses. Data from VIIRS satellites show how ALAN from the coast causes increased
brightness throughout the entire Wadden Sea World Heritage (Figure 4). Harbours and industrial structures are sources
of high emissions, even after work hours. Light can spill directly on the water and can be seen from bigger distances as
skyglow (Figure 6). Such intense lights can attract nocturnal shorebirds and migratory birds (see chapter 1).
Light installations with less reach but considerable local impact are promenade lights (Figure 10) or path lights (Figure 11).
There are also oversized security lights that are not restricted to the zone used by humans such as the payment machines
at a beach shown in Figure 7 shows the night illumination of a campsite that spills into the neighbouring salt marshes, a
zone protected from human trespass, but not from ALAN.

Figure 4: Light emissions at Wadden Sea World Heritage based on VIIRS annual World Atlas
2015 (Falchi et al. 2016), maps taken from www.lightpollutionmap.info
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5. H
 igh biomass production, ecosystems, and the influence of ALAN
Primary producers
The fundament of every food web are photosynthetic bacteria, algae, and plants which transform sun light into carbon-based
biomass. It might be expected that ALAN increases photosynthesis rate due to additional light. Indeed, at a Mediterranean
coast an increase of biomass of photosynthetic bacteria was found (Maggi and Benedetti-Cecchi 2018; Maggi et al. 2020).
On the other hand, ALAN has been shown to reduce biomass in freshwater periphyton (Grubisic et al. 2018b; Dananay and
Benard 2018). It has also been shown that ALAN changes the diversity of the biofilm in favour of photosynthetic bacteria
in marine (Maggi et al. 2020) and freshwater communities (Hölker et al. 2015), possibly changing the carbon and nutrient
turnover. Such changes on the fundamental level of food webs can have widespread, so far unknown effects on the entire
ecosystem and are highly undesirable.

Food webs
HABITATS AT THE UPPER WATER LEVELS
Primary producers are only found in the upper water levels which can be penetrated by light. They are either located as
periphyton or sessile macroalgae at shores or reef structures or as drifting phytoplankton.
Periphyton is consumed by grazers, including snails, echinoderms, and fish. In a field study at a Mediterranean coast, an
increase of photosynthetic biomass was compensated by increased grazing by the littoral snail Melarhaphe neritoides
(Maggi and Benedetti-Cecchi 2018). In a longer study however, snail density decreased and bacterial composition changed
(Maggi et al. 2020). It is possible that ALAN caused stress and elevated metabolic rates in these snails, resulting in
increased food intake.
ALAN can also affect predators. The dogwhelk (Nucella lapillus), a predatory sea snail, shows more hunting behaviour in
the presence of ALAN but is less likely to seek refuge at the waterline. Such immobility can be a sign of stress which might
force the snail to hunt more to respond to increased stress-related energy demands (Underwood et al. 2017).
Many fishes are visual feeders that forage mostly during the day, so the night might provide sessile invertebrates with
protection for feeding, settling, or spawning. ALAN has been shown to change fish behaviour, habitat use, and increase
predation on sessile prey but might also increase predation risk for small and medium sized fish (Becker et al. 2013;
Bolton et al. 2017).
Little is known about adult decapods like crabs, lobster, crayfish, shrimps, and prawns. They are keystone species that
interact on multiple trophic levels and habitats: smaller species and larvae are part of the zooplankton, adults of bigger
species inhabit tidal flats, estuaries and rivers. Crayfish species are regarded as mostly nocturnal. The signal crayfish
(Pacifastacus leniusculus) is less active and spends more time in shelters under high pressure sodium streetlight (Thomas
et al. 2016).
The reported changes in behaviour are signs of increased stress on individuals and communities and might result in altered
energy needs, nutritional flux, and recycling of organic matter.
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DIEL VERTICAL MIGRATION
The transport of carbon and nutrients into the lower, dimly lit water levels is being achieved by diel vertical migration (DVM).
Organisms ascend to the surface during dusk and return to deeper water levels during dawn. In offshore waters, DVM can
have an amplitude of up to several hundred meters, but DVM is also known from tidal waters and freshwater bodies. It has
been observed in practically all taxonomic groups, from microscopic zooplankton to larger fish (Hays 2003) and is probably
the largest daily migration of biomass on the planet (Davies et al. 2014).
The reasons for DVM are not fully understood but there is strong evidence that migrating species avoid visual predators
while exploiting the rich food sources of the surface (Hays 2003). The guiding factor appears to be light, with ascend and
descend taking place during twilight (Mehner 2012). Marine organisms have been shown to be guided by light levels as low
as or even lower than moonlight (Davies et al. 2020). Light from boats is strong enough to induce an avoidance response
from marine plankton (Sameoto et al. 1985; Ludvigsen et al. 2018), in freshwater Daphnia, even urban skyglow is strong
enough to suppress DVM (Moore et al. 2000). Amphipods on the other hand have been shown to be attracted by light when
in shallow water, with white LED light attracting more individuals and a different species composition than halogen lights
(Navarro-Barranco and Hughes 2015). A disruption of DVM is most likely to result in reduced carbon and nutrient transport
to lower water levels (Moore et al. 2000; Davies et al. 2014) but might also increase algae survival rates (Moore et al.
2000).
It is also interesting to consider how ALAN changes interactions between fish and planktonic prey species. Many fish are
visual feeders, so ALAN might increase their foraging success. Consumption of invertebrate prey increased in the Eurasian
perch (Perca fluviatilis) under dim light (Czarnecka et al. 2019). In rudd (Scardinius erythrophthalmus), foraging success
depends on the spectral composition of the artificial light, with higher rates of prey detection under halogen light than
under high pressure sodium light. This was matched by higher evasiveness of Daphnia prey, however, under metal halide,
prey detection in rudd was still higher than in natural darkness, but Daphnia were less evasive (Tałanda et al. 2018). The
different reaction of taxa to light, i.e. the attraction of amphipods, can result in changes of community composition, thus
changing the entire aquatic food webs (Navarro-Barranco and Hughes 2015).
In summary, ALAN changes foraging patterns and food distribution on many levels, potentially even disrupting biomass
transfer from the surface to deeper water levels. This could result in fundamental changes of the marine food web.

Figure 5: Fishing boat with flood lights, photographed from the shore.
Photo Andreas Hänel.
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Reef assemblages
Located next to the Wadden Sea, cold water reefs provide a habitat for a variety of organisms including the larvae of open
water species. Other reef structures, even inside the Wadden Sea, are based on the Ross worm (Sabellaria spinulosa), a
polychaete, and the blue mussel (Mytilus edulis). During the last 100 years these reefs have been in decline due to many
factors. The geomorphological and ecological consequences of these declines are not understood yet.
Reef assemblages are structured vertically, with light intensity and spectral composition playing a role in the settlement
zones of the different organisms (Thorson 1964; Davies et al. 2014; Davies et al. 2015). While most early stage pelagic
larvae are photopositive, most change to photonegative later. Larvae often choose shaded locations for settling prior
to metamorphosis. This choice of location is vital for survival and reproductive success, since water depth is linked to
temperature, salinity, food resources, etc. (Thorson 1964), as well as to avoid competition with photosynthetic algae (Davies
et al. 2014). ALAN might result in larvae settling too deep thus decreasing survival and reproductive success (Davies et al.
2014). Indeed, it has been shown in the UK that LED light can change the composition of marine epifaunal communities,
with some species being more abundant in lit areas while colonisation by other species decreased (Davies et al. 2015).
For sessile organisms, synchronisation of gamete release is vital for successful reproduction. With prominent examples
like the South Pacific palolo worm (Eunice viridis) it has been suggested that moon phases play an important role in this
synchronisation for corals, polychaetes, and echinoderms (Davies et al. 2014). Sweeney et al. (2011) postulate that in
corals not only intensity, but a combination with light spectra regulates this process. It has been shown that artificial urban
air glow can indeed cause a mismatch in coral spawning (Kaniewska et al. 2015). More research is needed to understand
the impact of ALAN on other taxonomic group and on feeding activity in general etc. Additionally, ALAN can increase
predation on reef building organisms by grazing fish (Bolton et al. 2017).
ALAN in combination with other stressors might change and slow down reef assemblages, maybe even cause degradation
of reefs. Little data is available on Wadden Sea species. however current knowledge is enough to call for caution to protect
the geomorphological function of reef organisms.

Connections between marine and terrestrial ecosystems
There have been several studies showing how ALAN can change food webs, some on marine ecosystems (i.e., Bolton et
al. 2017; Maggi and Benedetti-Cecchi 2018; i.e., Maggi et al. 2020), and many on terrestrial ecosystems (i.e., Manfrin et
al. 2017; Bennie et al. 2018; Sullivan et al. 2019). Little is known about the connections between marine and terres-trial
habitats.
Shorebirds connect these habitats, using terrestrial and marine resources, ALAN has been shown to change activity times
in waders and herons (Santos et al. 2010; Dwyer et al. 2013; Tabor et al. 2017). As will be discussed in the next chapter,
ALAN also changes flight patterns and habitat choice in migratory birds (McLaren et al. 2018; Horton et al. 2019). This
might influence carbon and nutrient transport between marine and terrestrial areas. More research is needed to understand
the interconnection of these ecosystems.
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6. High biodiversity
Birds
The Wadden Sea is one of the most important wetlands for migratory shorebirds. It is part of the East Atlantic flyway and
is used as moulting, overwintering, breeding area and for resting and feeding. On a yearly basis, approximately 10 to 12
million migratory birds use the rich network of habitats, including mudflats, estuaries, intertidal wetlands, sandy beaches,
rocky shores, saltmarsh, wet grasslands, and ephemeral freshwater. Shorebirds also use pastures, tilled land, sewage
treatment plants, irrigation canals, sports fields, and golf courses. Often large groups gather at single, productive sites.
The Wadden Sea is also habitat for many seabirds like gulls, terns, noddies, auks, and shearwaters, many of these being
endangered species. ALAN has been shown to be a stressor to birds in several ways, interfering with orientation, activity
patterns, health, and physiology.

SHOREBIRDS BIRDS: CHANGE OF ACTIVITY TIMES
The intertidal habitat of shorebirds is not only subject to the diurnal day-night pattern, but also to the tidal rhythms.
Shorebirds forage at night and day during low tide, preferring daytime foraging. This is especially the case in visual feeders
like plovers, while tactile feeders like sandpipers can also forage at lower light levels and switch between visual and tactile
foraging (Pendoley et al. 2020). ALAN could be useful for visual feeders, and indeed ringed plovers (Charadrius hiaticula),
kentish plovers (Charadrius alexandrinus), grey plovers (Pluvialis squatarola), dunlins (Calidris alpina), and redshanks (Tringa
totanus) use ALAN to extend foraging time and increase their prey intake, while the tactile-feeding avocets (Recurvirostra
avosetta) show no differences. Though this is a direct advantage for the indivi-dual bird, it might result in a locally reduced
density of invertebrates. ALAN might also draw waders into areas with greater human disturbance, higher rate of other
pollutants, and higher predation risk (Santos et al. 2010; Dwyer et al. 2013).

MIGRATORY BIRDS AND SEABIRDS: ATTRACTION TO ALAN
Each year several million migratory birds pass through the Wadden Sea area, including shorebirds, ducks, geese,
passerines, and many more taxa. Most of them, especially the passerines, travel during the night after taking direc-tional
clues during twilight. They are often encountered offshore during migration (Hüppop et al. 2019). Though the mechanisms
of orientation are not fully understood, they use a combination of landmarks, celestial lights, and the earth’s magnetic field.
It is not clear if there is a hierarchy or interaction between these mechanisms. For nocturnal journeys, some migratory birds
have been shown to use clues from sunset, others use star constellation for compass orientation. The magnetic compass
also relies on light, it does not function in complete darkness, but needs the lighting conditions of a starry moonless night.
It is to be expected that ALAN interferes with these mechanisms by changing polarity of the light or outshine the stellar
constellations. There is also evidence that blue light is needed, while monochromatic red light can result in disorientation.
However, independent from light colour, strong light can cause birds to orient into a wrong direction, especially in dark nights
(Ballasus and Hill 2009; Chernetsov 2016).
Given the mechanisms of bird orientation it is not surprising that nocturnal collisions of migratory birds with illuminated
structures are frequently reported (Hüppop et al. 2006; Ballasus and Hill 2009; Poot et al. 2009; Longcore et al. 2012;
Longcore et al. 2013; Loss et al. 2015; Ronconi et al. 2015; Van Doren et al. 2017; Syposz et al. 2018; Rebke et al.
2019; Loss et al. 2019; Rodríguez et al. 2019; Zhao et al. 2020). It is not known how many birds are killed in Europe
due to this. There are estimates of total bird mortality at oil and gas platforms in the North Sea as high as 6 million birds
(Ronconi et al. 2015).
In North American it is estimated that 6.8 million birds per year are killed in collision with communication towers, which
would be 2 to 4 times as many birds as killed by lead poisoning (Longcore et al. 2012) and up to 1 billion in collisions with
buildings (Loss et al. 2015). Most bird fatalities with towers or buildings occur at night, during spring and autumn, and
collision risk is correlated to the extent of illumination of the structure (Longcore et al. 2013; Loss et al. 2019). In certain
species, fatal collisions could be experienced by more than 1% of the entire population (Longcore et al. 2013).
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Nocturnality is also common in many seabirds, including petrels, shearwaters, noddies, and terns (Pendoley et al. 2020).
Nocturnal behaviour is thought to be partly caused to avoid predation from larger predators. Watanuki(2014) reports a
higher number of gulls during moonlight, while number of petrels was higher during darkness. It is possible that ALAN
increases predation on petrels. Many seabirds, such as large gulls, shearwaters, storm petrels, and skuas, feed extensively
on discards from fishery vessels. Feeding behaviour is similarly common during day and night, even in diurnal species,
suggesting that the ship’s strong lights have an advantage for these birds. Petrels might be able to use the light for foraging
and then escape from predators by diving into the darkness (Garthe and Hüppop 1996).
While most of them are usually being pelagic, these birds come to the coast for breeding. Coastal lights can attract
these birds into human settlements over many kilometres and cause them to ground. Due to their forward-heavy anatomy,
grounded seabirds are often unable to take off again. They typically die from dehydration, predation, or car accidents.
(Rodríguez et al. 2017b; Rodríguez et al. 2019). Adult Manx shearwater (Puffinus puffinus) on the contrary have been shown
to avoid light near their colonies, which might result in decreased parenting behaviour (Syposz et al. 2021).
The attraction to ALAN is higher in moonless nights, with bad visual conditions (fog, clouds, most likely because birds
cannot use stars for orientation), and in windy conditions (Ballasus and Hill 2009; Rodríguez et al. 2017b; Syposz et al.
2018; Rebke et al. 2019; Zhao et al. 2020). It appears that birds show avoidance behaviour from darkness and there-fore
fly towards the light. There are reports of several thousands of birds being attracted at the same time by a strong light
source (Ballasus and Hill 2009).
The quality of light influences the strength of the attraction. Though one study (Poot et al. 2009) found the least attracttion
of migratory birds to blue and green light, several studies have shown that red light attracts significantly less seabirds
and songbirds than green, blue, or white light. (Evans et al. 2007; Rebke et al. 2019; Zhao et al. 2020). Rodríguez et al.
(Rodríguez et al. 2017a) found that short-tailed shearwaters (Ardenna tenuirostris) were more attracted to metal halide
lights and white LED than to high-pressure sodium lights. Avoidance behaviour in adult Manx shearwater was also highest
for white light, while red light had the least influence on bird abundance near the colonies (Syposz et al. 2021). A possible

Figure 6: Refinery port Wilhelmshaven (on the left) from 30 to 40 km.
Photo Andreas Hänel.
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reason is that birds are less sensitive for red light and therefore show a weaker reaction. White light on the other hand
might be a strong signal during dark nights. Despite being nocturnal, birds show avoidance beha-viour to strong darkness,
and the magnetic compass needs shortwave light for calibration. Birds might fly into the bright white light for orientation but
are then blinded and trapped (Evans et al. 2007; Ballasus and Hill 2009).
Independent of colour, flashing lights also attract less birds than continuous lighting as has been shown at several buildings and communication towers and wind energy plants (Evans et al. 2007; Ballasus and Hill 2009; Rodríguez et al.
2017a; Rebke et al. 2019; Zhao et al. 2020). During the Tribute in Light event in New York, bird density increased shortly
after lights were switched on, but birds dispersed soon after lights were switched off again (Van Doren et al. 2017). Short
light intervals also reduced avoidance behaviour in adult Manx shearwater (Syposz et al. 2021). Thus current data on colour
and light pattern suggests the use of red flashlights for wind mills, oil platforms, etc.
Birdstrikes might be the most obvious and dramatic consequence of the attraction to ALAN, but not the only one. Studies
on migratory birds in North America suggest that migratory birds are attracted to areas with higher levels of ALAN, thus
changing their natural migratory routes (La Sorte et al. 2017; McLaren et al. 2018; Horton et al. 2019). When trapped in
a light beam, birds loose energy and need resting place close to the cities. These places might not be the most favourable
sites for migratory birds. While attracted to light during flight, migratory birds avoid strongly lit areas when selecting resting
sites, making it even harder to find suitable sites and increasing the density of birds at these places. As a consequence,
birds might have to search longer for suitable sites or choose places that are less favourable. This could increase energy
demands, put more pressure on chosen sites due to higher local bird densities, and heighten the risk of anthropogenic
mortality (McLaren et al. 2018).
In summary, nocturnally flying birds are attracted to bright light sources for various reasons. This causes detours for
migratory birds and fatal bird strikes. Though the extend of this is unknown, we can assume that it is a considerable strain
for populations of migratory birds and seabirds in the Wadden Sea area.

SONGBIRDS: CHANGES IN PHYSIOLOGY
In songbirds, effects of ALAN on physiology, reproduction, and health have been shown. The most noticeable is an advanced
start of the dawn chorus and an extended evening song for a variety of species in lit areas (Da Silva et al. 2015; Russ et al.
2015). There are also changes in reproduction: start of breeding is advanced in some bird species and delayed in others,
also breeding success can be changed positively or negatively (Kempenaers et al. 2010; Dominoni et al. 2013; Senzaki et
al. 2020).
Light levels as low as 0.3 lx have been shown to suppress melatonin production in black birds (Turdus merula) (Grubisic et
al. 2019). This hormone controls the biological rhythms of birds and thus almost its entire physiology. Indeed, an increase
in general activity, reduced sleep, increased levels of stress hormones, and reduced immune defence have been shown in
adult and juvenile Great Tits (Parus major) (Ouyang et al. 2015; Raap et al. 2016b; Raap et al. 2016a; Ouyang et al. 2017;
Raap et al. 2018; Grunst et al. 2020; Ziegler et al. 2021). House sparrows (Passer domesticus) and great tits confronted
with ALAN also show less resistance to common infections (Ouyang et al. 2017; Kernbach et al. 2019; Kernbach et al.
2020).
These results suggest that ALAN could have long term effects on the fitness of many bird species. This can decrease
resilience to other stressors such as chemical pollutants, diseases, or climate change. Species with higher plasticity for
daylength on the other hand might have an advantage from ALAN, i.e., due to advanced breeding times in combination with
climate change. Long-term studies are necessary to assess the impact on bird populations (Walker et al. 2019).

16

Insects, spiders, and other terrestrial arthropods
There have been warnings about a decline in insect populations in the Netherlands, Germany, and Great Britain (Hallmann
et al. 2017; Kleijn et al. 2018; Hallmann et al. 2019), specifically in moths (Groenendijk and Ellis 2011; Hallmann et al.
2019; Coulthard et al. 2019). Though modern agriculture, pesticides, and habitat loss are accepted as the most important
factors, light pollution has also been shown to impact insect populations (Wilson et al. 2018; Langevelde et al. 2018;
Grubisic et al. 2018a; Coulthard et al. 2019), with declines in moth populations by 14 % within 5 years as reported by a
Dutch study (van Grunsven et al. 2020), and a difference of numbers in moth caterpillars between lit and unlit streets of up
to 52% in a UK study (Boyes et al. 2021).
Though there are only few insects in the intertidal environment, insects hold key positions in the coastal ecosystems. Not
only do many plants rely on insect pollination, but insects also break down dead plant and animal material, and are prey
for many invertebrates and vertebrates, thus providing valuable food sources. A decline in insect population is therefore a
major concern for conservation.

ATTRACTION TO LIGHT
The most obvious impact of ALAN on insects is the attraction to light sources. Insects are drawn from their natural habitat,
they waste time and energy, are not able to perform their ecological function, and might be killed, either by the heat of the
lamp, by being trapped inside the luminaire, or as food for predators like bats and spiders.
It is not conclusively known why insects are attracted to the light, however, a number of studies has shown that UV-rich light
as from metal halide and mercury lights is most attractive (Huemer et al. 2010; Eisenbeis and Eick 2011; Soneira 2013;
Somers-Yeates et al. 2013; van Grunsven et al. 2014; Longcore et al. 2015; Wakefield et al. 2016; Wakefield et al. 2017;
Martín et al. 2021; Brehm et al. 2021). It is less clear whether sodium lights (HPS and LPS) or LED are more attractive.
Some studies found a higher attraction of sodium lights (Huemer et al. 2010; Eisenbeis and Eick 2011; van Grunsven et
al. 2014), others found a higher attraction of LED (Pawson and Bader 2014; Wakefield et al. 2017). As described in chapter
3.1.1, LED lamps differ in their spectra, especially in their blue content. In Europe, LED with colour temperatures between
4000 and 3000 Kelvin (“neutral-“ and “warm-white”) are commonly used, with 1750 Kelvin (“amber”) LEDs in some places.
The higher the colour temperature of these LEDs, the more short-waved light is emit-ted. Attraction of LED has been shown
to increase both with colour temperature and blue content (Huemer et al. 2010; Longcore et al. 2015; Haller et al. 2021;
Brehm et al. 2021).
Other important factors are light intensity and distribution. The higher the intensity, the more insects are attracted (Bolliger
et al. 2020; Brehm et al. 2021). Attraction is reduced if light is directed downwards (Soneira 2013; Haller et al. 2021).

CONSEQUENCES OF ATTRACTION TO LIGHT
The high attraction of insects to light causes bottom-up effects in the food web. Spider webs show a higher density next to
light sources, probably because catch rate is increased as consequence to higher insect abundance (Justice and Justice
2016; Mammola et al. 2018; Willmott et al. 2019; Parkinson et al. 2020). Some species reach maturity faster (Kleinteich
and Schneider 2011; Willmott et al. 2019; Parkinson et al. 2020), but there is also evidence in some species of a higher
mortality risk with high food intake (Marczak and Richardson 2008). However, some spiders species avoid light, probably
experiencing food shortage since most insects are drawn to the light (Czaczkes et al. 2018).
Such local changes in the abundance of insects, e.g. due to attraction of flying insects to light sources, can either draw
insects from their habitats or interrupt organism flux between ecosystems by creating a barrier. As a result, speciescomposition of ground-dwelling arthropods underneath the light sources is shifted towards predatory, light-tolerant or even
diurnal species, with unknown consequences for the food web (Davies et al. 2012; Manfrin et al. 2017; Sullivan et al.
2019; McMunn et al. 2019).
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Figure 7: Payment machine at a beach.
Photo Andreas Hänel

PHYSIOLOGICAL IMPACTS
In addition to the direct impact of attraction, light influences other behavioural and physiological processes. ALAN can
reduce activity patterns in field crickets (Teleogryllus commodus), with possibly impacts on mate selection (Levy et al.
2021). Adult moths have been shown to reduce activity (van Geffen et al. 2015), food intake (van Langevelde et al. 2017),
the production of pheromones (Van Geffen et al. 2015), and mating activity (van Geffen et al. 2015). ALAN can also impact
body mass in moth caterpillars, in some species increasing it – which can be a sign for stress – (Boyes et al. 2021) in
other species reducing it (Van Geffen et al. 2014; Grenis and Murphy 2019). Since larval development is timed by chances
in daylength, it is not surprising that ALAN has been shown to affects entering of winter diapause in tiger mosquitos (Westby
and Medley 2020), timing of eclosion in fruit flies (Thakurdas et al. 2009), and development time in crickets and moths
(Van Geffen et al. 2014; Durrant et al. 2018).
For glow-worm populations, ALAN has been identified as the second-most threat worldwide (Lewis et al. 2020). LED and
sodium street lights have been shown to reduce mate attraction success in the common glow-worm (Lampyris noctiluca),
possibly because the female’s light signal is not detectable anymore by the males (Ineichen and Rüttimann 2012; Stewart
et al. 2020; Van den Broeck et al. 2021; Elgert et al. 2021).
Such changes in physiology can reduce the fitness of individual insects as well as of the entire population and can at least
partly explain the reductions in populations size of 14 to 52 % reported in two studies (van Grunsven et al. 2020; Boyes et
al. 2021).
In summary, ALAN influences many life stages of insects and other arthropods. The most prominent is the attraction to light
that draws insects from their habitat, reduces population size, and diminishes their ecological function as food or pollinator.
Less well studied but documented is the influence of ALAN on reproduction and larval development. Due to insects’
ecological key position, these effects are transferred to the entire coastal ecosystem.

Fish
The Wadden Sea and its coastal areas are home to a vast number of marine and freshwater fish species, including the
catadromous European eel (Anguilla anguilla) and Atlantic salmon (Salmo salar). Several fish species exhibit nocturnal
movements between habitats, which might be driven by food abundance or predation. Light has been shown to be one of
the major triggers for this migration (Neilson and Perry 1990; Mehner 2012) and some studies have found that diurnal
migration cycles interact with tidal cycles (Wilcockson and Zhang 2008). However, most research is done during daytime,
potentially leading to a wrong estimate about the utilisation and importance of different habitats (Hammerschlag et al.
2017).
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CHANGES IN BEHAVIOUR AND SPACE USE
ALAN alters the abundance of fish in different ways, either increasing (Becker et al. 2013; Bolton et al. 2017) or decreasing
it (Bolton et al. 2017). Many visual feeders use ALAN to detect prey, which is an advantage for bigger fish, but medium- and
small-sized fish have to level the increased foraging success with higher risk of predation (Becker et al. 2013; Bolton et al.
2017) (also see 4.2).
ALAN can also increase general activity. Trinidadian guppies (Poecilia reticulata) kept under 0.5 lx were quicker to leave their
refuge and spent more time in the open (Kurvers et al. 2018). ALAN also increased nocturnal activity in Girella laevifrons
(Pulgar et al. 2019) and in smallmouth bass (Micropterus dolomieu) during parental care (Foster et al. 2016). Intermittent
light as would be emitted from passing ships had an even higher effect than constant illumination (Foster et al. 2016). In
Girella laevifrons, oxygen consumption was increased. Elevated activity that is not related to increased food intake would
possibly result in higher energy demands and higher predation risk.
Juvenile salmonids (Oncorhynchus spp.) have been observed to be active in illuminated shorelines, with harbour seals
(Phoca vitulina) and grey herons (Ardea cinerea), both visual hunters, preying on them (Yurk and Trites 2000; Tabor et al.
2017). European silver eels (Anguilla anguilla) instead avoid lit areas in a river and prefer unlit passages (Hadderingh et al.
1999; Cullen and McCarthy 2000). Such distractions from the usual migration route might lead to selection of unfavourable
routes and loss of time.

HORMONAL CHANGES
If ALAN acts as a stressor, there should be changes in hormonal stress parameters. Several studies have tested for
changes in cortisol without success (Brüning et al. 2015; Pulgar et al. 2019), but though sodium streetlights and car head
lights did not result in elevated cortisol in bonefish (Albula vulpes), it did result in increased blood glucose levels, a result of
elevated cortisol (Szekeres et al. 2017).
Melatonin production, which regulates the circadian activity rhythm of vertebrates, can be suppressed by very low light levels
in some species. One lux is enough for a significant suppression in a variety of marine and freshwater fish species, for some
species even the light of the full moon or urban skyglow can significantly reduce melatonin production (Grubisic et al. 2019).
Reduced melatonin levels as well as increased stress levels can negatively impact on general fitness of an organism.

REPRODUCTION
Production of several reproductive hormones (i.e., LH, FSH, and sex steroids) has been found to change in European perch
at levels of 15 lx (Brüning et al. 2018). Since there is evidence of lunar rhythms
in some fish species for sex hormones, it is possible that much lower light levels
can influence reproduction in some species (Fukunaga et al. 2019).
ALAN can also influence the development of offspring. In some freshwater
species, egg development is accelerated, in others slowed down by ALAN
(Brüning et al. 2011). In the common clownfish (Amphiprion ocellaris), eggs
developed with normal speed, but there was no hatching at all under ALAN.
Larvae hatched after the fish returned to natural light cycles (Fobert et al. 2019).
Survival rate of juvenile orange-fin anemonefish (Amphiprion chrysopterus) was
reduced by 36 % in the presence of coast-derived ALAN (Schligler et al. 2021).
To sum up, ALAN influences the behaviour, physiology, and reproduction of
many fish species. We have to be cautious to transfer data on freshwater
species on marine species, however, there are parallels in physiology that allow
the conclusion that even low levels of ALAN are problematic for fish. This in
combination with data on other marine species urges for more caution when
using light on the water.

Figure 8: Ferry port Norddeich after work
hours with light spill on water. Photo Annette
Krop-Benesch
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Amphibians
Amphibians are not some of the characteristic animals of the Wadden Sea, nonetheless they find habitats on the
barrier islands and in mainland wetlands and are prey to many coastal birds. According to IUCN, Amphibians are the
most threatened vertebrate class, with 40 % of species threatened with extinction (IUCN 2021b). Since amphibians rely
heavily on insects as food source, they are affected by their decline, but ALAN has also direct effects. More than 90% of
amphibians are nocturnal and their eyes are very sensitive to light. If blinded, the eyes of some frog species need more
than one hour to completely readjust to darkness (Schroer and Hölker 2016).
However, lit spots might be attractive to some amphibians. Komine et al. (2020) showed that food intake in cane toads
(Rhinella marina) was increased next to lit spots in a naturally dark area, but this effect was reduced if ambient light levels
were high, e.g. due to urban ALAN or moonlight. In the common toad (Bufo bufo), ALAN reduced activity, while energy
expenditure remained unchanged, showing a reallocation between activity and maintenance and suggesting higher stress
levels (Touzot et al. 2019).
ALAN also interferes with reproduction and development. It has been shown to alter the mating times of seasonal frogs
(Dias et al. 2019), change partner choice (Rand et al. 1997; Touzot et al. 2020), and reduce fertilisation rate (Touzot et al.
2020). In American toads (Anaxyrus americanus), ALAN decreased metamorphic duration and juvenile growth (Dananay and
Benard 2018).
So far, there are only few studies on amphibians, but they do show clear negative impacts of ALAN. More research is
needed on amphibians, however, this endangered group will most likely also profit from naturally dark nightscapes.

Non-flying Mammals
The Wadden Sea is habitat for several marine mammal species, for small mammals in the coastal areas, and for bats.
Little is known about the impact of ALAN on marine mammals, and the few studies on seals will be discussed below.
Many small mammals adapt their activity patterns to the moon phases to reduce the risk of predation. It has been shown
for several mouse species, that street light reduces nocturnal activity (Le Tallec et al. 2013; Spoelstra et al. 2015;
Hoffmann et al. 2018; Hoffmann et al. 2019; Zhang et al. 2020). In mouse makis (Microcebus murinus), it effects the daily
pattern of body temperature and the production of melatonin and testosterone (Le Tallec et al. 2013; Le Tallec et al. 2016).
Changes in reproduction patterns due to ALAN have been reported in Tammar wallabies (Macropus eugenii) (Robert et al.
2015).
Seasonal patterns like reproduction are based on the circadian system and its regulation through melatonin. The circadian
system of mammals is most sensitive to blue light at a wavelength of around 470 nm (Brainard et al. 2001). Though there
have been many lab studies on mammals, data from the field are scarce and reliable light levels for melatonin suppression
are missing, the effect of outdoor lights have been shown for mouse makis and tammar wallabies, even with the long-waved
sodium light (Robert et al. 2015; Le Tallec et al. 2016).
The combination of field and lab studies on mammals suggest the importance of dark nights for natural circadian rhythms,
the fundament for health and reproduction. There is also evidence from direct impacts of ALAN on mammals, as will be
shown for seals in the following paragraphs.

SEALS
Harbour seals (Phoca vitulina) have been observed to hunt in lit areas, but it is not clear if their hunting efficiency increases
with light. While Yurk et al. (2000) reported higher number in areas lit with white light than in unlit, he also noted a
sensitivity to a red spotlight the researchers used.
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Though there is no evidence of a celestial compass in seals or other marine mammals, harbour seals can learn to identify
a lodestar down to 4.4 stellar magnitude. If seals do use stars for navigation, ALAN could interfere with this ability by
outshining relevant stars (Mauck et al. 2005; Mauck et al. 2008).
Too little data are available on seals and worldwide no data exist on whales. It is possible that these visual hunters benefit
from additional light similar to shorebirds, thus adding more predation pressure on fish populations. On the other hand, it
is unclear if reproduction or sleep is affected or at which light levels melatonin suppression occurs. More research on this
animal group is needed.

Bats
Bats are almost exclusively nocturnal, spending the days in roosts and covering long distances to feeding areas at night. All
European species are protected. They suffer from loss of roosts, habitat fragmentation, and most likely decreased insect
abundance. The considerable impact of ALAN on bat biology has been shown in several studies.

HUNTING AND COMMUTING BEHAVIOUR
ALAN influences hunting activity in several bat species. While fast-flying bats like pipistrelles and noctules show increased
hunting activity around streetlights, slow-flying bats are rare or even absent from areas with illumination. The reasons are
not clear yet, but while light-attraction is mostly explained by prey abundance, light aversion might be caused by increased
predator risk or glare (Kuijper et al. 2008; Stone et al. 2012; Mathews et al. 2015; Spoelstra et al. 2017; Linley 2017;
Azam et al. 2018; Russo et al. 2019). Indeed, light tolerant species are more active around metal halide lights than around
sodium lights or LED, which correlates with the insect attraction of these light sources (Stone et al. 2015; Lewanzik and
Voigt 2017; Straka et al. 2019; Haddock et al. 2019). On the other hand, red light seems to be better tolerated by lightsensitive species (Spoelstra et al. 2017; Zeale et al. 2018; Voigt et al. 2019).
However, light tolerance relates primarily to hunting behaviour. When commuting, most species prefer darker areas
(Mathews et al. 2015; Hale et al. 2015; Zeale et al. 2016). The influence of streetlight on bat activity has been detected
up to a distance of 50 m (Azam et al. 2018). Illuminated streets or gaps in hedges can become a barrier, resulting in
fragmentation of habitats and populations (Stone et al. 2012; Azam et al. 2018). A general influence on the flying behaviour
of bats has been found within a distance of up to one kilometre to the light source. Tree coverage can reduce this influence
by shielding bats and providing dark passages (Straka et al. 2019).

MIGRATING BATS
On their migration along the North Sea coast and offshore, bats approach wind turbines, offshore platforms, and other
structures for unknown reasons, risking collisions with these structures. It is unknown how many of these collisions happen
each year, though numbers are probably considerably lower than for birds (Ballasus and Hill 2009; Hüppop and Hill 2016).
It has been shown in the Baltic Sea that Nathusius’ bats (Pipistrellus nathusii), the most common bat species in the
southern North Sea, is attracted by green and red lights on poles in 100 m distance from the coast. Since migrating bats
do not seem to consume much food, it is possible that the light itself attracts the bats and maybe even lures bats from
the coast, resulting in energy-consuming detours and increasing the risk of collisions with man-made structures (Voigt et al.
2017; Voigt et al. 2018b).

ROOST CHOICE
Artificial light can also influence the use of roosts. A 20-year study on bat roosts in Swedish churches showed that bats
were present in only few illuminated churches and roosts were often abandoned after façade illumination was installed
(Rydell et al. 2017). Nocturnal light decreases flight activity of bats inside and around churches even for light-tolerant
species and delays the emergence of bats from their roost (Boldogh et al. 2007; Zeale et al. 2016). Growth of juveniles can
be reduced as a result (Boldogh et al. 2007). In one extreme case, the largest known Geoffroy’s bat Myotis emarginatus
colony consisting of more than 1000 individuals was abandoned (Boldogh et al. 2007).
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Though in some bat species hunting success is most likely increased by ALAN it is unclear if these positive aspects
outweigh the negative effects on roost availability and habitat fragmentation. In any case, ALAN changes the species
composition, with light-sensitive species being rare in brighter areas (Rowse et al. 2016; Kerbiriou et al. 2020). Since
bats commute over long distances, they need a network of dark corridors to connect roosts with feeding areas (Voigt et al.
2018a).

Terrestrial plants
As in marine ecosystems, terrestrial plants are the primary producers of biomass in a food web that leads to mammals
and birds as top-level predators, including humans. Negative effects on plants will ultimately affect the entire ecosystem.
Though there is a close link between plant physiology and light, surprisingly little research has covered the effect of
outdoor ALAN on plants. The most obvious effect can be seen during spring and autumn. Changes in daylength trigger the
production of buds in spring and leaf fall in autumn. Trees in direct proximity of streetlights or in generally brighter areas
develop buds earlier, while shedding their leaves later. This makes them more vulnerable to frost damage (Matzke 1936;
ffrench-Constant et al. 2016; Massetti 2018).
Changes in daylength also influence the production of flowers. In the African fore-dune plant Traganum moquinii ALAN from
promenade flood lights inhibits flowering (Viera-Pérez et al. 2019). Similar observations have been made in soy plants
(Palmer et al. 2017) and big trefoil (Lotus pedunculatus) (Bennie et al. 2015). ALAN can also increase the toughness of
leaves as shown in the smooth brome (Bromus inermis), making it a less suitable food species for caterpillars (Grenis and
Murphy 2019).
Plants are able to use ALAN to extend photosynthesis into the night and increase biomass production (Speißer et al. 2021).
However, this can damage the photosynthesis apparatus, reduce starch production, and eventually cause premature leaf
death (Kwak et al. 2018). Also, ALAN can reduce the ability to reduce regeneration from UV-damage (Vollsnes et al. 2009).
It appears that the ability to use ALAN for synthesis or the amount of damage caused by it, differs between plant species.
About 85 % of plants rely on pollinators, most of them insects. ALAN can draw pollinators from the plants to artificial light
sources, reducing pollination and reproduction success (Macgregor et al. 2017; Knop et al. 2017), which reduces food
resources for herbivores, causing bottom-up effects in all ecosystems and change biomass production (Bennie et al. 2015).
So far, only few studies have looked into the effect of ALAN on plants. Effects on plants are usually even less considered
in light planning than effects on animals. However, it is obvious that ALAN interferes directly with plant physiology and
reproduction by changing biological rhythms and photosynthesis, which will reduce plant fitness. This diminishes their role in
physical and geomorphological processes. For example,
plants play an essential role in the formation of the
dune system by trapping sand. They also participate in
micro-climate processes by cooling down the area around
them.

Figure 9: Berlin city tree with streetlight in late November.
Leaves directly in the light beam are still green while leaves
mostly shielded from the light are already brown. Photo Annette
Krop-Benesch
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7. Outlook
The need to protect our nightscapes
There is growing evidence that ALAN impacts organisms and ecosystems. While some species seem to benefit directly
from these effects, evidence is growing that a vast group of organisms experience negative aspects. In any case, ALAN
alters biological rhythms that have been unchanged since the beginning of life, influencing organisms, populations, and
ecosystems on every level. These changes are undesired, especially since the long-term consequences are unknown. In
addition, ALAN can be harmful on its own, yet in combination with other environmental stressors it is expected to multiply
the pressure on our ecosystems (Gaston et al. 2014; Bolton et al. 2017; Walker et al. 2019).
While the establishment of nature reserves is a vital part of conservation, in most cases the characteristics and needs of
an area are only considered during daytime. Nocturnal qualities are often overlooked thus ignoring 50 % of the organisms’
lifetime.
The Wadden Sea is the largest tidal flat system in the world and over wide parts of it natural processes are basically
undisturbed. They follow a complex set of rhythms defined by light changes and tidal movements. The Wadden Sea
is, however, under pressure due to climate change, water pollution, invasive species, and other environmental and
anthropogenic stressors.
The preservation of natural darkness is vital for the function of this unique ecosystem and can strengthen its resilience
to withstand other stressors. In contrast to global problems like climate change which needs a combined global effort to
achieve measurable results, mitigation of ALAN can provide results on local scale within a short time.
Statements such as the La Palma Declaration 2009 or the IAU/UNOOSA Report on Dark and Quiet Skies 2020 press
the urgency of nightscape conservation, not only for ecological, but also for cultural reasons (UNESCO et al. 2009; IAU/
UNOOSA 2020). To achieve this goal, UNESCO and IUCN classify Dark Sky Places, the International Dark Sky Association
(IDA) and the Starlight Foundation certify such places.
At presence, four IDA-certified Dark Sky Places are located in the Wadden Sea World Heritage: Boschplaat and Lauwersmeer
in The Netherlands and Spiekeroog and Pellworm in Germany. Other areas, including Mando in Denmark, are working
towards their own certification. However, considering the reach of light emission, the size of these areas, and the distance
between them, this is not enough to preserve the Wadden Sea nightscape. There is urgent need for a network of naturally
dark places and corridors to allow interactions between populations, commuting and migration (Challéat et al. 2021).
Considering the distances covered by migratory birds, bats, and fish, a Dark Sky Reserve covering the entire Wadden Sea
World Heritage would be an invaluable conservation achievement. Without protection of the nightscape, conservation efforts
cannot be totally successful.

Broader applications
A reduction of light emissions has many more positive aspects. A vast amount of light is wasted because it is not directed
to the needed area (i.e., street or workspace) but into sky or landscape. In addition, light levels used often exceed actual
needs. Reduction of such light waste would reduce energy consumption without disadvantages for the users.
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Indeed, they might result in a better overall lighting design, because light spill can also diminish well-being of humans. Light
spill into living spaces, especially into bedrooms is frequently subject of complaints (Meier 2019). ALAN has been linked
to elevated rates of some hormonal cancers, obesity, depression and disruption of sleep (for review see Svechkina et al.
2020; Schröter-Schlaack et al. 2020). Residents and the visitors of health resorts would therefore benefit from naturally
dark nights with well-planned lighting.
Natural darkness is also a tourism factor. People show growing interest in astro-tourism, especially if they can experience
it at a destination with more tourist attractions. With reduced ALAN, the Wadden Sea area could offer tourists not only
stunning wildlife, but also the attraction of a natural starry sky.
Outdoor lighting is often justified with the idea of increased safety. Though some studies reported some positive effect of
light, a generalised claim cannot be confirmed (Welsh and Farrington 2008; Beyer and Ker 2009; Steinbach et al. 2015;
Fotios and Gibbons 2018). There is little scientific evidence for recommended light levels (Fotios and Gibbons 2018). On
the contrary, glare can cause visual constraints which can cause accidents in traffic or on ships. The installation of street,
security, and work lights should therefore balance the actual benefit with the negative impact on nature and humans,
especially in the proximity of water.

Actions needed
Nocturnal ecology has been overlooked until recently and still many questions need to be answered. One of the biggest
questions are light thresholds. These differ between species, but some studies showed impacts of ALAN on moonlight level
(i.e., Dacke et al. 2013; Kaniewska et al. 2015; Grubisic et al. 2019). More research is needed on the impact of ALAN on
communities and how impacts are transferred between ecosystems (Hölker et al. 2021). Though some studies have looked
at ALAN-induced changes in terrestrial and freshwater ecosystems, we need more research on marine ecosystems and
their connections to other habitats (Sanders and Gaston 2018). Research on ALAN impact on marine mammals is entirely
missing.
Despite these gaps in knowledge, there is enough evidence to consider ALAN as a serious stressor. To counteract
brightening nightscapes, and following Principle 15 of the Rio Declaration, mitigation efforts are advisable in a precautionary manner (United Nations 1992; Committee on Education Research and Technology Assessment 2020). To
achieve this, information exchange between scientists, conservationists, lighting industry, and other stakeholders is
essential to balance the need for nocturnal illumination with its ecological consequences. The next chapter will give a brief
overview of such measures.

Figure 10: Empty, but brightly illuminated seawall with beach (left) and
mudflat (right). Photo Andreas Hänel.
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8. Recommendations
Today’s knowledge highlights the urgency to reduce ALAN. Due to the complex rhythmicity with diel, tidal, lunar, and seasonal
components, it can be expected that ALAN affects most Wadden Sea species. Though there are many open questions about
ALAN, it is obvious that artificial light at night is never neutral but interferes with organisms on many levels. A review of
the studies also shows that no general recommendation can be given about less harmless light. Effects of different light
spectra are species-specific; therefore, no spectrum can be considered environmentally friendly. The best objective is to
reduce the impact of ALAN by creating an environmental friendly lighting by combining different parameters.
Light only if there is the necessity of a light. It is neither necessary nor mandatory to illuminate every street, pedestrian
way, park, beach, etc. Light does not necessarily improve safety, nor is it necessary to illuminate all areas used by people.
Frequently, people cherish unilluminated areas for recreation, and some areas should not be and are not frequented at
night, especially in sensitive natural areas. Dark pockets can offer refuge to organisms and dark corridors are necessary to
interconnect nocturnal habitats. The environmental damage of decorative, commercial, and advertising illumination should
be considered very carefully before permitting such lights.
Reduced light trespass: Light should be directed only to the required area. This can be achieved by shielding of luminaires,
pointing light downwards, and adequate light planning. If horizontal illumination cannot be avoided, e.g. for decorative
facade illumination, Gobo screens can reduce light spill.
Dimming: Overlighting is a frequent source of unwanted light emissions. Lowest possible lighting levels should be used, and
light levels should not exceed recommended values.
Dynamic lighting: Usage of areas can differ during the course of the night. Dimming or even switch-off during core-night
hours reduces light emissions without diminishing safety. Motion-detectors can provide light on demand in rarely frequented
areas. Transponders on ships and aircrafts can switch on lights when needed on offshore-structures and wind generators,
Reducing blue content: Short-waved (blue) light has been shown to have the highest negative impact (Longcore et al. 2018).
Reducing this effect can be achieved by choosing a light source with a spectrum dominated by long-wavelength light or
by dimming blue-rich light to a low intensity. However, even long-waved light is not without impact on organisms. Spectral
composition should therefore consider local species and must be combined with other mitigation measures.

Figure 11: Illumination of a path through the dunes in the National Park. Left: Dunes without lighting. Centre:
Unshielded light illuminating the dune habitat. Right: Shielding on refitted light reduces light spill, ALAN impact
is further reduced by using warmwhite (2200 K) lights. Photo Andreas Hänel.
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