iIScience ¢? CellP’ress

OPEN ACCESS

Coping with light pollution in urban
environments: Patterns and challenges

Ulrika Candolin®*

SUMMARY

Artificial light at night is a growing environmental problem that is especially pronounced in urban environ-
ments. Yet, impacts on urban wildlife have received scant attention and patterns and consequences are
largely unknown. Here, | present a conceptual framework outlining the challenges species encounter
when exposed to urban light pollution and how they may respond through plastic adjustments and ge-
netic adaptation. Light pollution interferes with biological rhythms, influences behaviors, fragments hab-
itats, and alters predation risk and resource abundance, which changes the diversity and spatiotemporal
distribution of species and, hence, the structure and function of urban ecosystems. Furthermore, light
pollution interacts with other urban disturbances, which can exacerbate negative effects on species.
Given the rapid growth of urban areas and light pollution and the importance of healthy urban ecosystems
for human wellbeing, more research is needed on the impacts of light pollution on species and the conse-
quences for urban ecosystems.

INTRODUCTION

Light pollution, in terms of artificial light at night, ALAN, is a growing environmental problem. It alters natural cycles of light, including daily,
lunar, and seasonal cycles, which regulate various processes of living organisms, from budburst in plants to behavior of animals.” In addition,
artificial light fragment habitats attract some species while repelling others, and alter the ability of individuals to find resources or camouflage
themselves from predators.” Thus, light pollution disrupts vital biological processes and alters the behavior, abundance, and spatiotemporal
distribution of species. This, in turn, can influence species interactions and the composition and function of species communities. Such dis-
ruptions can have far reaching consequences for ecosystems, from reduced pollination success to the facilitated spread of pathogens and
pests. >

The impact of light pollution on species and ecosystems is currently gaining increasing attention, given the accelerated growth of the use
of ALAN.” However, research has mainly focused on organisms in their natural environment or under laboratory or husbandry conditions,
while less is known about the impact on wildlife in urban environments. Yet, light pollution is most severe in cities and towns, and urban
land is rapidly expanding, expected to increase by 2-6-fold over the 21st century.® Thus, more and more organisms will be exposed to strong
ALAN. Urban environments are also exposed to a range of other stressors and disturbances, such as elevated temperature, higher noise
levels, chemical pollution, and altered habitat structure. These changes can interact with light pollution and amplify its negative effects on
species. Yet, some species have been able to adjust to light conditions in cities, and some even thrive under the new conditions, such as
rats and pigeons. However, many are struggling and the degree to which they will be able to adjust and adapt is poorly known.

This lack of attention to the impacts of artificial light on urban wildlife is surprising considering the attention that has been given to impacts
on humans. Much evidence exists on negative effects on human health and performance, such as disrupted sleep, increased stress levels,
impaired repair and recovery of physiological functions, depression, reduced performance of immune system, and heightened risk of devel-
oping cancers and cardiovascular disease.” Similar effects are likely to occur in animals inhabiting urban environments.”

Given the importance of species composition and biodiversity for the function and resilience of urban ecosystems, we need a better un-
derstanding of the factors that influence species in these ecosystems. Here, | discuss the challenges that species encounter when attempting
to cope with urban light pollution, how the challenges can be exacerbated by interactions with other urban disturbances, and how species
may respond in terms of plastic adjustments and genetic adaptation. | examine the evidence for adaptive and maladaptive responses to light
pollution, and the ecological consequences the responses may have. | end with outlining gaps in our knowledge and how filling them could
advance the research field. Overall, the aim is to present a conceptual framework for how animals respond to light pollution in urban envi-
ronments, the patterns and underlying mechanisms, and possible ecological consequences (Figure 1). Hopefully, this will inspire more
research into this important topic, considering that little attention has so far been paid to the impact of light pollution on urban wildlife,
although urban areas and light pollution are rapidly growing around the world.
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Figure 1. The various factors that can influence the impact of artificial light at night on organisms in urban environments, how the individuals may
respond to the light, and the influence their responses may have on the components of ecosystems
Common differences between urban and natural environments in abiotic and biotic factors are indicated with colored arrows.

ARTIFICIAL LIGHT AT NIGHT IN URBAN ENVIRONMENTS

The intensity of artificial light in urban environments varies both spatially and temporally. It is usually strongest in city centers and decreases in
intensity toward suburban and rural areas, where the density of roads and buildings is less dense (although local constructions, such as harbors
and industrial parks, can strongly light up an area).”'? Skyglow, when some of the light that radiates upwards from an urban area is diverted
back to earth through scattering, can reach far beyond the urban area.'" Light intensity within urban areas varies in turn depending on infra-
structure, usually being brightest along busy streets, in parking lots, at stadiums, and around shopping malls.' The intensity is generally high-
estin the evening after darkness has fallen, decreases when some lights are turned off, but may increase again toward dawn, with seasonal and
latitudinal differences in timing.""?

Similarly, the spectral character of the light varies within urban areas. Yellow or white light is common along streets and paths, while mul-
tiple colors are often used in digital billboards and signs. The current conversion to light emitting diodes, LEDs, to save energy and costs, is
altering the spectrum of light, from the yellow-orange light of traditional bulbs, such as sodium bulbs, to the white light of broad spectrum
LEDs."* The stronger emission of LEDs in the blue range stimulates melanopsin-expressing ganglion cells and interferes with the production
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of melatonin, which in turn can influence circadian rhythms and sleep patterns and thereby traits that influence survival and reproduction.®'>'¢

Blue light also enhances the positive phototactic response of many insects to artificial light, which causes them to be trapped around the
light."” Given that light intensities of LEDs usually are stronger than that of older lamps, LED installations have worsened the light pollution
problem.'”

Other characteristics of artificial light that can influence the performance of animals is flickering. It can cause stress to animals and alter their
behavior and health.'® It can also change the polarization of light reflected from artificial surfaces, such as asphalt, glass surfaces, and dark-
colored cars, which can disrupt the orientation of animals and hamper the ability of aquatic insect to judge suitable oviposition sites.'”

EXPECTED IMPACTS OF LIGHT POLLUTION ON URBAN ANIMALS

The stronger artificial light in urban environments compared to natural environments, combined with altered habitat structure, is likely to
amplify the influence of artificial light on the physiology and behavior of animals. Impermeable surfaces, limited green areas, less water
bodies, and restriction of movement by buildings and streets may reduce the ability of animals to find hiding places from the artificial light.
The high density of humans and the concentration of their activities to daytime may in turn cause animals to increase their activity during the
night, further increasing their exposure to artificial night light. In addition, the abundance of other stressor, such as traffic, noise, higher tem-
perature, and larger fluctuations (urban heat island) may stress animals and increase their sensitivity to artificial light. Variation in light con-
ditions within urban areas may in turn increase animal densities in areas with less artificial light and limit movements and gene flow.

Exposure to ALAN can influence the fitness of animals both directly and indirectly. Common direct effects are altered habitat choice and
activity time. For instance, many insects are attracted to artificial light, which can result in them being killed upon contact, or exhausted when
flying around the light source. Light at night can also alter the ability of animals to find prey, their visibility to predators, or their ability to attract
mates.”"?!

Indirect effects, including physiological changes that influence behavior, and effects through interactions with other affected species, are
likely to be common although little investigated in an urban context.” For instance, artificial light is likely to suppress melatonin concentration
and thereby influence behaviors related to fitness.® It can also induce stress and increase the levels of glucocorticoid hormones, which in turn
can alter activity and metabolism, with further consequences for growth, survival, and reproductive success.”

Altered seasonal cycles of light because of light pollution can in turn change the timing of activities, such as migration, molt, hibernation,
and the onset or termination of reproduction.’ Such changes can have knock-on effects on species interactions. For instance, earlier budburst
of plants and the appearance of insect prey can lead to mistimed arrival of migratory birds in relation to food abundance, resulting in lower
reproductive success. Such mismatches among trophic levels have been recorded in relation to climate change,” but could be common also
under light pollution.

Indirect effects through species interactions are likely to be common, as changes in the abundance or traits of one species can cause ef-
fects that ripple through the species interaction web. Thus, also species not directly affected by the artificial light can be affected.”>?* For
instance, the attraction of insects to artificial light attracts their predators, such as bats and birds,”” and changes in the population dynamics
of the predators can, in turn, influence their competitors or parasites, resulting in complex sequences of effects.

The molecular mechanisms behind the effects of artificial light on physiology and behavior have recently gained some attention. Impacts
through clock-genes and melatonin-related genes have been implicated, but effects also arise through genes unrelated to these.”®?” Expo-
sure to light at night can in turn have carry-over effects on daytime activities, although the underlying mechanisms are still poorly
understood.**’

Light pollution that alters the movements of individuals between rural and urban areas can influence gene flow and the genetic compo-
sition of urban populations. Similarly, variation in artificial light levels within urban areas can restrict movements and result in sub-populations
that differ in genetic composition.3’2 For instance, linearly it features, such as roads and footpaths, can form barriers to movement and sub-
divide populations. Increases in population densities in smaller dark refuges can again increase tensions and aggression, both within and
between species.*® The opposite may occur in strongly lit areas, which are avoided by many species and tolerated by only a few.

Thus, light pollution can influence the fitness of individuals through effects on their growth, health, survival, movements, and reproduction.
This can, in turn, alter the composition of urban communities and ecological processes, such as nutrient cycling and primary production, the
transfer of energy to higher trophic levels, pollination, seed dispersal, the purification of water and air, and the suppression of pest species.™
Such effects of artificial light are poorly known for urban ecosystems, but could be stronger than in natural ecosystems considering the
strength of artificial light. A critical question then becomes, what determines whether a species is able to adjust and/or adapt to urban light
pollution. In the following paragraphs, | will discuss such influencing factors.

POSSIBILITY OF ADJUSTING AND ADAPTING TO URBAN LIGHT POLLUTION

To survive and reproduce in urban environments where natural light conditions are disrupted by artificial light, animals need to adjust their
physiology and behaviors to the new conditions, such as the timing of their activities and habitat choice. Species may search out darker ref-
uges when night falls and artificial lights are lit, and night active species may change their peak activity to later in the night, if artificial light
intensities are lower than. The changes may be in the form of plastic adjustments, i.e., within-individual changes, or they may require genetic
adaptation through selection across generations.® Plastic adjustments can be more or less immediate, depending on the need for develop-
mental changes, while genetic adaptation is a much slower process.
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A combination of rapid plastic adjustments and longer term genetic adaptation may be most efficient for securing persistence. However,
this may not always be possible. The ability to plastically adjust depends on earlier evolved reaction norms and, hence, on earlier encountered
environmental conditions and selection pressures.”® Given that artificial light is a relatively new phenomenon, most species may lack adaptive
reaction norms. Some degree of plasticity may, however, exist, as natural night light conditions vary depending on moonlight, cloudiness, and
habitat structure.”” Moreover, species that have experienced large seasonal variation in day length could be more plastic than species from
more stable light conditions and more likely to successfully adjust to light pollution. Similarly, migrating species that move between habitats
and latitudes may be more plastic than sedentary species.

However, urban environments differ in many respects from natural environments, as earlier discussed. This may increase the difficulty of
plastically adjusting to light pollution. For instance, natural hiding places may be lacking, predators may employ unfamiliar hunting strategies,
and the clumped distribution of resources may require a higher level of movements than in the natural environment. Such impediments may
magnify the impact of light pollution on species.

The likelihood of genetic adaptation to light pollution depends, in turn, on the generation time of the species, the presence of genetic
variation in the direction of selection, and the strength of selection.*® Species with short generation time and large population size are
most likely to genetically adapt to light pollution. Given that population sizes are often smaller in urban areas and gene flow restricted,
the potential for genetic adaptation may be more restricted than in the natural habitat. On the other hand, the selection pressure may be
stronger given the higher light intensity and limited ability to escape the light.

The time the species has been exposed to the artificial light is likely to influence the likelihood of adaptive responses; species residing in
older urban areas are more likely to have evolved adaptive reaction norms than species in more recently urbanized areas. Given that the wide-
spread adoption of artificial light did not begin until the mid-20" century, it is no surprise that the species faring best in urban environments
are species with short generation time and large reproductive output.®”

Transgenerational, plastic effects, when the parental, and possible grand-parental, generation influences the traits of the next generation
through non-genetic effects, could promote persistence, but effects in relation to light pollution has so far received little attention but see.>’
The number of generations transgenerational effects persist are also poorly known, and the effect could hamper adjustment if light conditions
change from the parental to the offspring generation.”” Cultural transmission of novel behaviors, such as learning to feed on insects under
street lamps by observing the behaviors of others, could occur in species with more developed cognitive functions,*' but has not been docu-
mented in relation to light pollution.

EVIDENCE FOR ANIMALS ADJUSTING OR ADAPTING TO URBAN LIGHT POLLUTION

A growing number of studies document plastic adjustments to urban environments, and some even find indications of genetic adaptation

424 although robust evidence for adaptive evolution is limited.”® The impact of light pollution as a driving force in adaptation

reviewed in,
to urban environments is, however, seldom considered, and to separate out the effects of artificial light from that of other disturbances is
challenging.

Traits that are often favored in urban environments are boldness and exploratory behavior, sophisticated cognitive skills, and lower stress
responses.’® Whether the same traits are favored by light pollution is unknown and likely to be species-specific. Moreover, traits favored by
light pollution could conflict with other demands placed by the urban environments. For instance, while a clumped distribution of resources
may favor high mobility, light pollution may restrict movements by increasing visibility to predators.

Many urban dwellers appear not to suffer from light pollution, such as rats, pigeons, squirrels, and great tits. Some even benefit
from the light, such as those that prey on insects trapped around street lights.*” For instance, the local expansion of the bat Pipistrellus
pipistrellus in Switzerland has been hypothesized to be promoted by the concentration of insects under street lamps.”” On the other
hand, the bats may become easier prey for urban predators, such as cats, or be hit by vehicles passing under the streetlight.*® In general,
most night active species appear less well adapted to artificial light; birds migrating at night are colliding with lit buildings,’” insects are
trapped around street lights,”® newly hatched sea turtles crawl toward cities instead of the ocean,”’ and glow-worm females fail to attract
males.>”™?

The ability of animals to adjust and possibly adapt to light pollution depends also on how other species are affected, i.e., the species they
are connected to, directly or indirectly.”® This can result in complex feedback loops and time lags that make it difficult to predict the ultimate
effect of light pollution on communities.

While the initial success in colonizing urban environments is likely to depend on exaptations and plastic adjustments, genetic changes may
accrue over time.”” However, only a few studies have found indications of genetic adaptation to light pollution. Altermatt and Ebert>® showed
that Ermine moths (Yponomeuta cagnagella) are less attracted to artificial light in cities than in rural environments. Two residential songbirds
have in turn developed smaller eyes in urban-core than in urban-edge habitats, while two migrating species have not, probably because the
migrating species visit multiple areas that differ in light pollution.®

Urban populations usually have a lower effective size and genetic diversity than populations in natural environments. This can lower their
capacity to genetically adapt to light pollution while increasing the risk of genetic drift.””-*® Non-random colonization of urban areas, and non-
random sorting within urban areas in relation to light pollution, can in turn result in genetic differentiation both between urban and rural pop-
ulations and within urban areas. Such changes, whether by selection, non-random colonization and sorting, or genetic drift, could result in
species differentiation, which with time could result in speciation.*
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INTERACTIONS WITH OTHER DISTURBANCES

Urban environments differ in many respects from natural environments, in elevated noise levels, altered sound frequencies, higher temper-
ature, more impervious surface cover and chemical pollution.”” These stressors and disturbances can interact additively or synergistically and
alter the ultimate impact of light pollution on species.’’ The impact can be highly species-specific and differ depending on habitat choice,
activity time, and life history. Moreover, interactive effects can be nonlinear and vary with the spatiotemporal context and life-stage of the
individual, as well as depend on interactions within and among species and how these vary over time and space. Such complexities make
it difficult to predict the ultimate impact of light pollution on urban wildlife.

Light pollution is especially likely to interact with global warming, as both factors influence activity and the timing of life history events, such
as migration and reproduction.®” Their combined effect could influence species interactions, such as the efficiency of predators in catching
prey, or the ability of prey to avoid predators.®® Given that night temperature is increasing faster than day temperature, nocturnal species may
be especially vulnerable to interactive effects between light and temperature.** Moreover, rising day temperature may increasingly shift hu-
man activities to the night, which may further increase light pollution.

Interactions with noise have been recorded for birds, including synergistic, antagonistic, and emergent effects, but effects on other taxa
are poorly known.®” Both light and noise can stress individuals and influence their behavior, as well as alter their phenology and timing of daily
activities.*® For instance, some birds initiate their dawn singing earlier in the morning under light pollution to avoid the interference from
traffic noise.”’

Interactions with chemical pollution is poorly known but likely to be common, as both light and chemical pollution influence biological
rhythms and activities. Moreover, the impact of chemicals often depends on biological rhythms, such as the circadian rhythm or the stage
of the reproductive cycle, which in turn are themselves sensitive to light pollution, indicating that the two factors can amplify each other.®®

Finally, light pollution can facilitate the invasion of alien species into urban environments, including pests and disease vectors, by stressing
native species and reducing their competitive ability.* Invasive species are often generalists and could be more successful at adjusting to light
pollution than many native species.”” Once in urban habitats, these alien species could interact with light pollution in the impact on native
species, further facilitating their invasion success.

GAPS IN OUR KNOWLEDGE AND FUTURE RESEARCH AVENUES

While an increasing number of studies show that light pollution influences the physiology and behavior of organisms, impacts on wildlife in
urban environments, where many other stressors abound, are still poorly known. Yet, considering the rapid growth of urban areas, and the
importance of biodiversity for functional and resilient urban ecosystems, the topic needs more attention.

In particular, little is known about the mechanisms and pathways behind the impacts of light pollution on urban wildlife. Why species differ
in sensitivity, and the relative contribution of exaptations, plastic adjustments, and genetic adaptation to persistence under light pollution are
largely unexplored topics.” In particular, the role of epigenetic modifications in facilitating, or possibly hampering, persistence would
deserve more attention, especially as the modifications can be faster than genetic changes.’” To differentiate between these processes
and their interactions, robust experimental designs are needed that consider the impact of confounding factors (e.g., through common gar-
den experiments’") and dependencies among traits, and that include enough replicates for drawing reliable conclusions.*”

Research on the consequences of responses to light pollution needs to progress from the study of individual species to consequences for
urban biodiversity and community composition.'® Species are part of complex webs of interactions and their responses depend on how other
species in the community are responding, including feedback loops and time lags.™

Changes in the web of species interactions can, in turn, scale up to influence ecosystem processes, such as nutrient cycling, biomass pro-
duction, pollination, seed dispersal, air and water purification, and the suppression of pest species. To develop efficient mitigation strategies
to reduce negative effects of light pollution on these functions, we need more information on how light pollution influences the ecological
function of species. Such knowledge would contribute to ensure well-functioning and resilient urban ecosystems, and thereby also maintain
the ecosystem services that we humans depend on, such as clean air and water, green spaces for recreation, urban heat regulation, and the
control of pests.

Overall, research needs to expand to include a wider diversity of taxa and geographical areas. Current research is biased toward birds and
flying insects in developed countries although urbanization is most rapidly expanding in developing countries, which also support much of the
earth’s biodiversity.

The development of new technologies has facilitated the investigation of animal responses to environmental changes, but is awaiting
wider adoption in urban light pollution research. The use of light sensors, automatic recording of species distributions and behavior, and ma-
chine learning to analyze data could significantly advance both the documenting of changes and the investigation of underlying
processes.’”’?

Furthermore, more attention needs to be directed to interactions among multiple anthropogenic stressors, given that urban areas differ in
many aspects from natural environments. Nonlinear effects, feedback loops, time lags, and the spatiotemporal context and life history of spe-
cies need to be considered, as well as the possibility that stressors induce contrasting selection pressures that can constrain adaptation.

Finally the measurement of light pollution needs to be standardized, as different approaches are applied within ecological research and
across disciplines.”* Current approaches vary from single-point to full light field (full-sphere) measurements, while units used vary from light
intensities based on human vision, lux (Ix), to full-spectrum irradiance (or radiance) measurements presented as energy (W/m?) or photon flux
(photons/mz/s) per area.
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