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Abstract
Artificial lighting at night (ALAN) produced by urban, industrial, and roadway lighting, as well as other sources, has dramatically
increased in recent decades, especially in coastal environments that support dense human populations. Artificial Blightscapes^ are
characterized by distinct spatial, temporal, and spectral patterns that can alter natural patterns of light and dark with consequences
across levels of biological organization. At the individual level, ALAN can elicit a suite of physiological and behavioral
responses associated with light-mediated processes such as diel activity patterns and predator-prey interactions. ALAN has also
been shown to modify community composition and trophic structure, with implications for ecosystem-level processes including
primary productivity, nutrient cycling, and the energetic linkages between aquatic and terrestrial systems. Here, we review the
state of the science relative to the impacts of ALAN on estuaries, which is an important step in assessing the long-term
sustainability of coastal regions. We first consider how multiple properties of ALAN (e.g., intensity and spectral content)
influence the interaction between physiology and behavior of individual estuarine biota (drawing from studies on invertebrates,
fishes, and birds). Second, we link individual- to community- and ecosystem-level responses, with a focus on the impacts of
ALAN on foodwebs and implications for estuarine ecosystem functions. Coastal aquatic communities and ecosystems have been
identified as a key priority for ALAN research, and a cohesive research framework will be critical for understanding and
mitigating ecological consequences.
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Introduction

Artificial lighting at night (ALAN) alters natural patterns of
light and darkness by introducing light that varies in intensity
and spectral composition during typically dark periods
(Gaston et al. 2013). Use of, and technological advances in,
electric lighting have rapidly expanded since the incandescent
lightbulbs of the early 1900s; ALAN now generates levels of
intensity visible in satellite imagery of the Earth’s surface at
night. Life has evolved under dynamic environmental condi-
tions, but changes to the daily and seasonal light regimes

associated with ALAN present a truly novel ecological stress-
or. An expanding avenue of research has documented the eco-
logical impacts of down-welling (direct) ALAN from urban,
commercial, and industrial sources, increasing the recognition
of light pollution as a global environmental concern
(Longcore and Rich 2004, Rich and Longcore 2006, RCEP
2009, Davies and Smyth 2018, Sanders and Gaston 2018).

Light acts as a vital resource for aquatic and terrestrial
organisms by driving primary production, informing visual
perception, and maintaining biological rhythms (Navara and
Nelson 2007, Kronfeld-Schor et al. 2013, Ouyang et al. 2018).
Research based in both aquatic and terrestrial ecosystems has
shown that ALAN can profoundly influence biological sys-
tems from the cellular-to-ecosystem levels. Ecological im-
pacts include changes in daily activity patterns (e.g.,
foraging, Bird et al. 2004, Dwyer et al. 2013, Dominoni
et al. 2014), habitat use (Henn et al. 2014), community orga-
nization (Davies et al. 2012, Becker and Suthers 2014), and
provisioning of ecosystem services (Lyytimäki 2013,
Lewanzik and Voigt 2014). In urban settings, ALAN can cross
aquatic-terrestrial ecosystem boundaries as light permeates

Communicated by Kenneth L. Heck

* Martha J. Zapata
zapata.22@osu.edu

1 Schiermeier Olentangy River Wetland Research Park, School of
Environment and Natural Resources, The Ohio State University,
2021 Coffey Road, Columbus, OH 43210, USA

Estuaries and Coasts (2019) 42:309–330
https://doi.org/10.1007/s12237-018-0479-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12237-018-0479-3&domain=pdf
http://orcid.org/0000-0001-5055-3621
mailto:zapata.22@osu.edu


through riparian habitats (Perkin et al. 2011). For example, in
a study investigating cross-habitat impacts of ALAN, Meyer
and Sullivan (2013) found that elevated ALAN levels were
associated with reduced diversity, body size, and biomass of
emerging aquatic insects, which in turn are expected to have
implications for terrestrial consumers (e.g., spiders, birds,
bats) that rely on aquatic prey subsidies (reviewed in Baxter
et al. 2005). However, few studies have explicitly tested for
direct and indirect consequences of ALAN across aquatic-
terrestrial boundaries (but see Manfrin 2017, Sullivan et al.
in press).

One of the key knowledge gaps in our understanding of the
effects of ALAN is how responses scale from the individual
organism to the functioning of ecosystems. For example, if a
fish that is normally active during the day starts foraging at
night under ALAN, there will be consequences for its prey.
What effect might this alteration in behavior of one organism
have on species interactions, community dynamics, and ulti-
mately the functioning of the ecosystem? Coastal-estuarine
ecosystems, which are disproportionately affected by ALAN
due to urbanization along coastal waterways (Aubrecht et al.
2010a, Davies et al. 2016), may offer insights on individual-
to-ecosystem-level effects of ALAN. Aquatic and terrestrial
ecosystems are known to be tightly linked in estuaries and
coastal regions. Thus, further investigation using these linked
systems—and what we know of organismal, community, and
ecosystem level responses to ALAN—offer an opportunity to

make connections across levels of biological organization
(Fig. 1).

Estuaries and coastal wetlands provide vital ecosystem ser-
vices by contributing to fisheries, water quality, carbon se-
questration, coastal protection, and pollution control (Levin
et al. 2001, Barbier et al. 2011). The introduction of ALAN
poses a growing threat to estuarine biodiversity and ecosystem
services in densely populated coastal habitats (Davies et al.
2014, Stanley et al. 2015). Assessments of ALAN in coastal
environments are limited (Depledge et al. 2010), yet coastal-
estuarine ecosystems are often replete with lighting sources
including urban centers, off-shore oil and fisheries operations,
commercial and recreational vessels, and the scattering of
light in the atmosphere and downcasting by clouds (Kyba
et al. 2011). ALAN now infiltrates many protected coastal
areas including mangrove forests in subtropical and tropical
regions (Aubrecht et al. 2010b, Bennie et al. 2015b).
Furthermore, global emissions of ALAN are projected to in-
crease by ~ 6% each year (Hölker et al. 2010a), with ecolog-
ical impacts to coastal marine and estuarine ecosystems.
Challenges to managing the valuable biological resources of
these regions considering this and many other environmental
stressors in estuaries should be met with a strong understand-
ing of system-specific processes and ecological impacts.

Here, we synthesize known and potential impacts of
ALAN on estuarine organisms, communities, and ecosystem
functioning (Fig. 1), with the goal of highlighting linkages

Fig. 1 Conceptual map of individual- to ecosystem-level responses to
ALAN in estuarine ecosystems with summary of responses and example
mechanisms for responses at each level of biological organization.
Highlighted frames (communities, food webs, ecosystems) represent
levels of organization whose response to ALAN is currently underrepre-
sented in the literature. Quantifying and understanding linkages across

levels of biological organization (e.g., individuals-ecosystem linkages/
feedbacks) will be crucial in developing an integrative ALAN research
and conservation framework. This conceptual map serves as the basis for
a cohesive research framework and key research questions (see
Conclusions & Future Directions)
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between levels of biological organization that require more
attention. We draw from studies that focus on physiology,
behavior, and ecology of aquatic-associated animals and on
the ecological effects of natural and artificial light in terrestri-
al, freshwater, estuarine, and marine systems. First, we con-
sider how the intensity, spectral composition, and duration of
ALAN impacts the physical light environment at night,
changing interactions between the visual physiology and be-
havior of estuarine biota at the individual level. We then dis-
cuss potential links from individual-level responses to com-
munity and ecosystem responses, with a focus on the impacts
of ALAN on ecological trophic networks (i.e., food webs).
Finally, we discuss implications for estuarine ecosystem func-
tioning and the ways that understanding individual-to-
ecosystem linkages can inform future research and conserva-
tion efforts.

ALAN and the Light Environment

Understanding how ALAN affects the natural light-dark
regime and how animals perceive these changes is
fundamental to linking individual and population responses
to ALAN with community and ecosystem processes.
Sanders and Gaston (2018) categorize light (and the absence
of light) based on how an organism uses light: (i) as a re-
source, and (ii) as a source of information. Light as a resource
contributes to photosynthesis and primary production in the
aquatic environment (reviewed in Kirk 2011). Animals per-
ceive information from light in various ways, which requires
light-sensitive photoreceptors. The detection and neural pro-
cessing of variability in the light environment can inform sco-
topic (dim-light) and photopic (color) vision, spatial orienta-
tion, and biological rhythms (including circadian, migratory,
and reproductive cycles). In this section, we provide an over-
view of light in the environment, how it is detected and used
by animals with an emphasis on estuarine communities, and
how ALAN alters the natural lightscape. We briefly outline
how animals detect light and then offer several relevant exam-
ples of ways in which animals utilize light as an information
source.

The Estuarine Lightscape

Light environments are determined by the cyclical nature of
light intensity and spectral patterns and by the way that light
moves through air and water. The timing and duration of light-
dark cycles throughout the day and year have been predictable
cues for organisms through evolutionary time, until the last
century when ALAN was introduced. The predictable nature
of the transition from light to dark on daily and seasonal time
scales has favored the evolution of light-detection mecha-
nisms coupled with behavioral and physiological shifts (e.g.,

diel migration in invertebrates [zooplankton, Moore et al.
1998], melatonin production and decreased activity in diurnal
fish [Ouyang et al. 2018]). However, at a given time and
environment, the nature of light is largely determined by the
absorption and scattering of down-welling light moving
through the medium (e.g., air or water), and light reflecting
from a surface (Lythgoe 1979). This dynamic of predictable
light cycles and variation in the intensity and color of light at a
given time and place creates complex lightscapes with which
organisms must contend.

Light at the air-water interface is critical in linking terres-
trial and aquatic biota. In air, light is scattered and absorbed by
particulates ranging from water molecules to dust particles,
resulting in variable sky colors (Lythgoe 1979). Structurally
complex terrestrial environments, such as forested riparian
zones, further filter certain wavelengths of light so that the
amount and color of light reaching the water surface is much
reduced (Endler 1993). Light is then either reflected into the
air or penetrates the water surface and is refracted. Animals
living and foraging at the air-water interface exhibit numerous
adaptations to this complex lighting environment. For exam-
ple, wading birds must have sufficient visual acuity to find
their prey through this air-water interface, while avoiding be-
ing detected by their fish prey looking up through the inter-
face. Green and Leberg (2005) found that white plumage color
in snowy egret (Egretta thula) and little blue heron
(E. caerulea) was more cryptic than dark plumage in open
intertidal zones based on the response of their preferred prey
(crayfish, Procambarus spp., western mosquitofish,
Gambusia affinis). This advantage disappeared when the birds
were viewed against a vegetated background.

Underwater, selective absorption of wavelengths by
suspended particulates influences irradiance (i.e., radiant flux
received by a surface per unit area) at different water depths
and depending on particulate shape and size (Loew and
McFarland 1990). In shallow coastal waters, the photic envi-
ronment is dominated by medium-to-short wavelengths of
light, producing the blue-green color typical of these zones.
In organic-rich brackish and freshwaters, dissolved organic
carbon (DOC) creates a red-shifted (dominated by longer
wavelengths) and less-intense (darker) photic environment
(Lythgoe 1979). Additionally, turbidity derived from
suspended silt, phytoplankton, detritus, and other particulate
and dissolved materials (e.g., colored dissolved organic matter
[CDOM]) determines the spectral absorption and scattering
properties of coastal surface waters (Cannizzaro et al. 2013).
Spectral absorption by phytoplankton and detritus can deter-
mine the light field of aquatic habitats just as a forest canopy
filters light that permeates into the understory (Endler 1990).
For example, in the subtropical Pearl River estuary of China,
spectral absorbance by non-algal particulates wasmore impor-
tant thanwithin the inner river plume, where terrestrial detritus
from runoff dominates the visual scene (Cao et al. 2003); and
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further, algal particulate absorption was found to be more
important to spectral absorbance in more saline coastal habi-
tats. Similarly, in a subtropical Florida estuary, shorter wave-
length ultraviolet (UV) light is more readily absorbed by
CDOM in the upper estuary compared to downstream (Chen
et al. 2015), contributing to a red-shifted light environment in
the upper estuary. Light attenuation related to this turbidity
Bfilter^ can further drive the distribution and productivity of
phytoplankton, benthic algae, macrophytes (Burford et al.
2012, Cloern et al. 2014, Radabaugh et al. 2014), and poten-
tially higher trophic-level consumers.

Light as Information

Given the predictable nature of light cycles, animals have
evolved a variety of mechanisms for detecting and interpreting
variation in the intensity (and in many cases, color) and direc-
tion of light. Key to light detection are photoreceptors, which
can be found in the retinae of animal eyes, but also in the
integument and internal organs (e.g., pineal gland of non-
mammalian vertebrates). Evolutionary adaptations in visual
physiology—spectral sensitivity, visual orientation, and circa-
dian functioning—are examples of how ambient light can
function as a selective pressure for estuarine animals. By
changing the color (or spectral qualities), duration, and rela-
tive orientation of down-welling and polarized light in the
nocturnal environment, ALAN is expected to disrupt these
basic mechanisms and natural ecological functioning in
estuaries.

Light Detection

Animal visual systems are composed of light-sensitive pro-
genitor cells and photoreceptors that evolved in response to
the spectral qualities of the photic environment (Lythgoe
1979). As such, the ability to detect different light intensities
and wavelengths varies among individuals and species that
inhabit distinct light environments (Cronin et al. 2014). For
example, freshwater threespine stickleback (Gasterosteus
aculeatus) exhibited differences in visual sensitivity important
for mate selection in clear versus tannin-stained lakes
(Boughman 2001). Studying the spectral qualities of terrestrial
light environments has also informed our understanding of
diurnal visual ecology, and specifically how color vision is
integral in detection of food and prey resources, mates and
competitors, and potential threats (Endler 1993). Spatial and
temporal niche partitioning have led to the evolution of visual
sensory systems in invertebrates, birds, and fishes that are
specialized for performance in different light environments
(e.g., habitat or time of day; Cronin et al. 2014). For example,
the eyes of nocturnal fish species are generally characterized
by a larger lens and pupil diameter that enhance light sensi-
tivity, dim-light image formation, and spatial resolution, but

sacrifice depth of focus and accommodative lens movement
(Schmitz and Wainwright 2011). Similar optical traits are ob-
served in nocturnal shorebirds (Rojas et al. 1999a, Thomas
et al. 2006). In addition to temporal partitioning of resources,
the variables that influence the underwater visual environ-
ments described above, such as turbidity or dissolved organic
matter, can be strong drivers of the evolution of animal visual
systems. Some estuarine fish species, such as the flathead grey
mullet (Mugil cephalus), living in waters with high
suspended-sediment loads and associated lower ambient light
levels, also exhibit morphological traits (e.g., high rod density
in the retina) that support scotopic (dim-light) vision.
Euryhaline and diadromous fishes tend to have mixed
photopigment systems that allow them to adapt to varying
light environments encountered throughout their life histories
(Toyama et al. 2008).

Visual Sensitivity

The sensitivity of animal visual systems to the amount and
color of light in an environment depends on the type, number,
spectral characteristics, and distribution of photoreceptors in
the retina (Fig. 2; Lamb et al. 2007, Lamb 2013, Le Duc and
Schöneberg 2016). Visual photopigments bind with photons
via opsin proteins (G protein coupled receptors) bound to an
inactive form of photosensitive vitamin A-based chromo-
phores (Wald 1935). Cone opsin classes differ in wavelength
sensitivity, and multiple classes of cone opsins are required for
color vision. The photopigment rhodopsin evolved in a com-
mon metazoan ancestor, and photoreceptors have evolved in-
dependently along multiple invertebrate and vertebrate line-
ages (Yokoyama 2008). Aquatic invertebrates exhibit a re-
markable diversity of photoreceptors, deriving from ciliary
(e.g., polychaete tubeworms), cnidarian (e.g., cephalopods,
corals), rhabdomeric (e.g., arthropods, molluscs), and Go/
RGR (e.g., scallops) opsins that vary in function (Shichida
and Matsuyama 2009). Molluscs, arthropods, and vertebrates
possess rhabdomeric melanopsins, which support circadian
rhythms, pupillary reflex, and other non-image forming func-
tions (Shichida and Matsuyama 2009). Rhabdomeric Gq op-
sins allow for color vision in arthropods (Koyanagi et al.
2008). Vertebrates possess two kinds of ciliary photorecep-
tors: rods (Rh1) are responsible for scotopic vision, and cones
(long-wavelength sensitive, LWS; short-wavelength sensitive,
SWS1, SWS2; and, rhodopsin, Rh2) provide for color dis-
crimination and visual acuity (i.e., photopic vision). Other
visual opsins in vertebrates include the melanopsins and op-
sins of the pineal subfamily (governed by PARA, PARE, and
PIN genes). Whereas humans are limited to three photorecep-
tor classes for color vision (e.g., red [LWS], green [Rh2], and
blue [SWS]), birds and many shallow-water fishes have
retained all four classes of cone visual pigments for
tetrachromacy. Sabbah et al. (2013) suggest that this allows
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fishes to efficiently process signals in the higher spec-
tral complexity of underwater light environments.
Nocturnality in birds is associated with rod-dominated
(80–90%) retinas compared to diurnal species (20–
30%; Le Duc and Schöneberg 2016). A similar retinal
composition is present in waterbirds, such as Adelie
(Pygoscelis adeliae) and Emperor (Aptenodytes forsteri)
Penguins that have adapted to extreme seasonal light
cycles (Le Duc and Schöneberg 2016).

The ability to tune photoreceptors, either by change to the
molecular configuration of opsins or expression of different
opsin genes, allows aquatic animals to be more sensitive to
specific wavelengths of light. Spectral tuning specifically re-
fers to plastic or evolutionary change in peak sensitivities of
visual pigments in response to the photic environment
(Carleton 2009). Plasticity in opsin gene expression allows
for tuning of visual pigments to different light environments
(Viets et al. 2016). Evolutionary shifts in mammals and birds
from nocturnal toward diurnal habits led to a loss of sensitivity
to UV irradiation (Hunt et al. 2009) and increased sensitivity
to longer wavelengths that correspond with crepuscular light
in forests (Endler 1993). These shifts were likely adaptive in
preventing retinal damage from UVexposure. In contrast, the
SWS1 in gulls (Laridae) are tuned to UV (Hastad et al. 2009),
which may aid foraging in highly polarized bright light.

Fluidity in opsin gene expression has led to a range of sensi-
tivities across taxa, yet certain patterns have emerged for or-
ganisms that live in aquatic environments.

Blue light (~ 480 nm) plays a primary role in non-image-
forming photoreception in marine and terrestrial vertebrates as
the dominant light available in deeper water (λmax, 470–
490 nm; Lythgoe 1979) and in terrestrial environments at cre-
puscular intervals (λmax, 450–500 nm; Munz and McFarland
1973; Endler 1993). Circadian rhythms (also see BBiological
rhythms: circadian activity levels^, below) in aquatic organ-
isms are thought to have coevolved with blue-light photore-
ception (Erren et al. 2008). For example, the blue-sensitive
pigment PIN expressed in the pineal gland of birds plays a
role in controlling avian biorhythms. Other cases of
spectral tuning have been linked to aquatic environ-
ments. For instance, expression of the RH1 opsin has
undergone spectral tuning in marine mammals as related
to water turbidity (Borges et al. 2015). Visual speciali-
zations (i.e., opsin gene expression and spectral tuning)
associated with habitat and temporal niches are expected
to result in species-specific responses to common artifi-
cial light spectra (Fig. 3). However, blue emissions,
which are included in some broad-spectrum artificial lights,
may influence circadian functioning in many aquatic and ter-
restrial organisms.

Fig. 2 Estuarine fishes are known to have rhodopsin and porphyropsin
photopigments, which vary in their spectral absorption properties. Light-
sensitive photopigments are composed of opsin bound to an A1 chromo-
phore to make rhodopsin (λmax = 500 nm) in marine fish or bound to an
A2 chromophore to make porphyropsin (λmax = 525 nm) in freshwater
fish (Toyama et al. 2008). Mixed photopigment systems that express A1
and A2 photopigments are common in freshwater, diadromous, and cer-
tain coastal-marine fishes that adapt to varying light environments
throughout their life history. In these species, ratios of porphyropsin and
rhodopsin are generally dependent on ambient light and spawning habitat
(Toyama et al. 2008). Euryhaline fishes like a the gray snapper (Lutjanus
griseus) and b common snook (Centropomus undecimalis) exhibit greater
sensitivity toward longer or shorter wavelengths along the freshwater-
marine gradient of an estuary. The changing proportion of these photore-
ceptors allows diadromous fishes to adapt to their environment during
ontogenetic changes between marine and freshwater habitats (Allen and
McFarland 1973, Robinson et al. 2011). ALAN implications: Artificial
light spectra will theoretically stimulate the photopigments of freshwater,

euryhaline, and marine fishes to varying degrees. Marine fishes are ex-
pected to be especially sensitive to light-emitting diodes (LEDs; see Fig. 4
for details on intensity and wavelength), which emit high-irradiance spec-
tra that can be readily absorbed by rhodopsin. Although low-pressure
sodium (LPS) lamps are commonly used to minimize ecological impacts
(e.g., disorientation of sea turtle hatchlings), certain freshwater and eury-
haline fishes would still perceive this narrow-spectrum lighting (Bird
et al. 2004, Davies et al. 2012). Thus, LEDs might be expected to elicit
behaviors typical during daylight in some fishes. For example, Becker
et al. (2013) observed that large, predatory fish were more abundant on
nights when a LED light was turned on, mimicking diurnal predatory
activity. Whether such short-term individual behavioral responses would
be favored over time would likely depend on the consistency of exposure
to ALAN and the concomitant behavioral responses of their prey. The
long-term, evolutionary impacts of ALAN on visual sensitivity, further
enhancing the ability of some fishes to thrive under ALAN, are not
known
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Visual Orientation: Polarotaxis

Polarotaxis is the ability in some animals to orient based on
the angle of the sun’s rays. Polarization sensitivity or adaptive
camouflage in polarized habitats are understudied organismal
responses that can have consequences for individual fitness
and predator-prey interactions. For instance, polarized light
can provide cues for spatial navigation and habitat selection
important to animals sensitive to polarized light, such as
aquatic and terrestrial insects (Boda et al. 2014, Perkin et al.
2014a), fishes (Hawryshyn 2010, Kamermans and
Hawryshyn 2011, Pignatelli et al. 2011), birds (Muheim
2011), and bats (Greif et al. 2014). Polarization detection de-
pends on the presence of a photopigment that is sensitive to
either UVor short wavelength light (e.g., less than 400 nm).
The freshwater crustacean Daphnia pulex exhibits sensitivity
to polarized light although this ability is lacking in its conge-
ners (Flamarique and Browman 2000), indicating that
polarotaxis can be species-specific in aquatic macroinverte-
brates. Polarization sensitivity can be especially important
for aquatic insects active during crepuscular light intervals
(Bernath et al. 2004) or inhabiting environments characterized
by high UV (< 360 nm) such as clear, oceanic waters or
yellow-green (550 nm) light (Schwind 1995), such as waters
with dense phytoplankton growth. Polarized light created by

reflective non-water surfaces (e.g., asphalt, glass) can create
Becological traps^ for polarotactic insects (Horváth et al.
2009, Boda et al. 2014). For example, flying adult aquatic
insects returning to water for oviposition detect the horizontal
polarization of water-reflected light under natural conditions,
but under ALAN are instead often attracted to urban light
sources and horizontally polarizing non-water surfaces
(Robertson et al. 2010).

Polarization sensitivity can allow predators to perceive
prey as more conspicuous (i.e., higher contrast) in polarized
habitats (Shashar et al. 2000). Some open-ocean fishes
have modified reflect ive platelets that support
polarocrypsis from predators (Brady et al. 2015).
Polarization sensitivity has also been studied relative to
habitat orientation by estuarine fishes—primarily salmo-
nids and cyprinids. Species with specialized UV-
sensitive SWS1 cone photoreceptors can detect cues pri-
marily from celestial polarization that help in mapping
natal stream location (Hawryshyn 2010). As migratory
Pacific salmonids adapt from living in freshwater to
saltwater (i.e., during smoltification), UV-sensitive cones
undergo apoptosis to prevent retinal damage in clearer
coastal environments but are later regenerated as mature
adults migrate back upstream to natal habitat (Quinn
2004).

Fig. 3 Emission spectra of four artificial lighting types including a metal halide, b light-emitting diode, c halogen, and d high-pressure sodium lamps
(spectra from Lamp Spectral Power Distribution Database 2017)
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Biological Rhythms: Circadian Activity Levels

Temporal shifts in natural light (e.g., daily, seasonal) structure
internal circadian rhythms that drive many physiological pro-
cesses and behaviors of visual and light-detecting organisms.
Diel patterns of light create optimal and suboptimal periods
for activity by aquatic-associated animals. For example, the
polarotactic detectability of water by aquatic insects
(governed by solar elevation) during mid-morning, early af-
ternoon, and dusk make these optimal periods for dispersal
(Csabai et al. 2006). Furthermore, the duration of these opti-
mal dispersal periods varies latitudinally. Changes to the
Bpolarization sun dial^ (sensu Csabai et al. 2006) induced by
ALANmay have a stronger impact for aquatic insects in trop-
ical systems where morning and evening periods are shorter.

Variability in light intensity throughout the lunar cycle di-
rectly influences foraging behavior by aquatic-associated or-
ganisms. During a full moon (Fig. 4), some nocturnal seabirds
tend to forage for shorter intervals, whereas foraging activity
is extended for some diurnal species (Tarlow et al. 2003,
Navara and Nelson 2007). A breakdown of natural light cy-
cles disrupted by ALAN may influence temporal niche
partitioning, stemming from changes in foraging and
predator-avoidance behaviors. Although here we focus on po-
tential effects of ALAN on diel activity patterns, light also
plays a key role in physiological and molecular pathways that
influence seasonal breeding, migration, and orientation
(reviewed in Dominoni 2015).

The impacts of ALAN on circadian activity levels of avian
consumers relate strongly to feeding strategies. Shorebirds
and wading birds are resident and transient consumers in

estuaries and coastal wetlands. Common taxa—such as
herons, egrets, sandpipers, and plovers—vary in their visual
capabilities, feeding strategies (visual or tactile), and diel ac-
tivity patterns. Wading birds with weaker photopic vision ca-
pabilities (e.g., night herons and spoonbills) more often forage
at night. Among the shorebirds, plovers (Pluvialis and
Charadrius) and sandpipers (Scolopacidae) are cathemeral,
or actively forage for periods during both day and night.
Aerial insectivores such as pratincoles (Glareola) and swal-
lows (Hirundinidae) are particularly active during crepuscular
periods. Night-feeding can help meet energetic requirements
and minimize encounters with diurnal predators (reviewed in
McNeil and Rodríguez 1996) and while the introduction of
ALAN may directly impact visually feeding shorebirds by
enabling longer foraging intervals, this benefit can also extend
to diurnal predators.

ALAN and the Estuarine Lightscape

The increasing intensity of ALAN, especially in coastal zones
(Davies et al. 2016), is expected to disrupt natural light-dark
cycles by introducing light during historically dark periods,
and by providing enough light for day-active animals to see at
night. The lightscape of estuarine habitats is extremely com-
plex and thus is expected to be especially sensitive to ALAN:
organismal-to-community responses to light pollution will
likely vary throughout the freshwater-marine ecotone.
Artificial lights can emit light in narrow or broad-spectrum
bands (Fig. 3), the latter more closely mimicking natural light
(Fig. 4). Davies et al. (2013) compared low- and high-pressure
sodium, light-emitting diode (LED), and metal halide (MH)

Fig. 4 Emission spectra of solar (source: Lamp Spectral Power
Distribution Database) and lunar light (source: Moon-Olino.org). From
a visual perspective, ALAN increases the intensity (measured in lux or
irradiance) of nocturnal light environments and shifts the spectral
distribution typically to longer wavelengths (Johnsen et al. 2006,
Cronin and Marshall 2011). ALAN can illuminate the nocturnal

environment to intensities ranging between that of nautical twilight to
brighter than a full moon on clear nights by more than 2 orders of mag-
nitude (Kyba et al. 2011, Gaston et al. 2013, Bolton et al. 2017). Without
moonlight, ALAN can exhibit peak fluxes at 560, 590, 630, and 685 nm
(Johnsen et al. 2006)
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lamps to determine potential overlap with the visual sensitiv-
ity of arachnids, birds, insects, mammals, and reptiles to these
different light spectra. Broader-spectrum emissions (e.g.,
high-pressure sodium, light-emitting diode, and metal halide
lamps) are expected to have profound ecological effects be-
cause more species can perceive this spectral range. In partic-
ular, the increasingly popular LED lights produce broad-
spectrum white light of sufficiently high intensity across the
visible spectrum to allow color-mediated vision in a range of
taxa from spiders to mammals (Davies and Smyth 2018).
However, few comparisons of spectral perception to natural
or artificial light have been drawn among riparian, freshwater,
and marine taxa (Nightingale et al. 2006, Toyama et al. 2008).
Building upon this approach would support theoretical under-
standing of physiological and behavioral responses to artificial
lightscapes in estuaries. In addition, depth, turbidity, benthic
substrate, and other habitat variables that define estuarine gra-
dients may serve as useful indicators in forecasting
the ecological effects of ALAN.

Consideration of the sensory environment in the context of
conservation and management is an emerging field (Madliger
2012; Cooke et al. 2013; Blumstein and Berger-Tal 2015). We
expect physiological and behavioral responses to the visual
environment to inherently depend on the amount and spectral
composition of artificial light as well as the visual sensitivity
of individual organisms (Fig. 2). Growing evidence indicates
that disruption to the visual environment through human-
induced changes (e.g., elevated turbidity, eutrophication)
leads to loss of biodiversity and alteration of communities
(e.g., Seehausen et al. 1997, Seehausen et al. 2008). Our
knowledge of natural nighttime light environments and com-
munities also continues to expand (e.g., Veilleux and
Cummings 2012), providing a more complete understanding
of vision-mediated community dynamics; however, an under-
standing of how ALAN might shift those dynamics from a
mechanistic (i.e., individual) level is lacking. This is particu-
larly important for estuaries and other coastal areas, which are
experiencing human population growth at a rate three times
greater than the global average (Small and Nicholls 2003),
with concomitant increases in ALAN.

Individual-Level Responses to ALAN

Individual-level responses to ALAN span the range of light-
mediated behavioral and physiological processes.
Variability in light-detection abilities (as described above)
among individuals, developmental stages, populations, and
species sets the stage for a wide range of responses under
ALAN. After light information is detected and processed in
the brain, a physiological cascade can be triggered that can
disrupt hormone production (e.g., cortisol, melantonin, gonad-
otropins), associated biological rhythms (e.g., circadian,

reproductive), and behavior (e.g., Ouyang et al. 2018,
Sanders and Gaston 2018). Here, we explore examples of
individual-level responses to ALAN and provide some initial
examples of how behavioral shifts might help us to link re-
sponses to populations and communities (Fig. 1), a subject we
address explicitly in the subsequent section (BScaling-up from
individual to ecosystem-level impacts^).

Biological Rhythms and Hormones

Biological rhythms are often informed by predictable variabil-
ity in the light regime—whether through daily light-dark
schedules, moon phases, or seasonal shifts in photoperiod.
The physiological and behavioral processes driven by these
cycles are controlled by hormonal cascades. Thus, a key
individual-level response to ALAN, with direct (but as of
yet untested) links to fitness and population- and
community-level processes, is a change in biological rhythm.
As one example, by disrupting the natural light-dark daily
cycle, ALAN can act as an endocrine disruptor (reviewed in
Ouyang et al. 2018). Under natural conditions, melatonin (a
hormone involved with regulating daily physiological and be-
havioral activities) is upregulated in diurnal animals with the
onset of dark, leading to decreased activity, but under ALAN,
melatonin production may be inhibited by the artificial light
signal (Ouyang et al. 2018). This can have profound effects on
timing of activities, which are typically adapted to be optimal
at particular times of the day or night (e.g., when food is most
available), potentially resulting in reduced fitness. In Atlantic
salmon (Salmo salar), for example, fry exposed to a moderate
level of ALAN meant to mimic street lights (12 lx) were
smaller and dispersed later than fry held under normal light/
dark cycles (Riley et al. 2013). Additionally, the timing of fry
dispersal from emergence to feeding territories was compro-
mised; instead of dispersing at night, ALAN-treated fry dis-
persed throughout the day, an activity that could lead to re-
duced survival via increased predation or inferior feeding ter-
ritories. Even at very low levels of ALAN (~ 1 lx), Eurasian
perch (Perca fluviatilis) showed inhibited melatonin produc-
tion and higher nighttime activity (Brüning et al. 2015).
Similarly, a passerine bird, the great tit (Parus major), exper-
imentally showed depressed melatonin levels and associated
increased nighttime activity when exposed to ALAN (de Jong
et al. 2016). In these examples, the intensity of light was the
important signal leading to decreased melatonin and a change
in timing of activity; however, further work has shown that the
spectral content (or color) of light can have differential effects
on endocrine function (Brüning et al. 2016). Eurasian perch
exposed to different colors of light showed differentially re-
duced melatonin production, with blue (short wavelength)
light inhibiting production the least (though all colors and
intensities showed reduced melatonin relative to the dark con-
trol). Interestingly, Brüning et al. (2016) also found sex-
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specific differences in gonadotropin (reproductive hormones)
production under white light: exposed to only 1 lx of white
(broad spectrum) light, female perch showed suppressed go-
nadotropin gene expression. The implications for this could
include reduced fecundity and fitness.

Stress response is another endocrine pathway of potential
concern for ALAN-affected species, which is facilitated by
elevated glucocorticoid hormones (e.g., cortisol). Long-term
exposure to stress with elevated levels of glucocorticoids can
lead to compromised immune responses, regulation of
metabolism, and decreased reproductive output. In one of
the few studies assessing stress responses to ALAN, Migaud
et al. (2007) found that Atlantic salmon exposed to high in-
tensities of blue LED light showed elevated cortisol within 3 h
of exposure. Cortisol levels then dropped after 24 h of expo-
sure, suggesting an acute response. While studies of glucocor-
ticoid expression and the potential impact for individuals
(with potential links to population-level changes) experienc-
ing environmental stressors are increasing (see Dantzer et al.
2014), the results for the few studies studying stress responses
to ALAN are somewhat equivocal. For example, Brüning
et al. (2015) found no effect of white ALAN on cortisol levels
in Eurasian perch, while Ouyang et al. (2015) found elevated
corticosterone in songbirds exposed to similar levels of white
street lighting. More studies that test the effects of multiple
colors and intensities of ALAN across a variety of taxa, espe-
cially across estuarine gradients, would be informative in the
pursuit of an underlying mechanism that could inform predic-
tions about population responses.

Behavioral Responses

One of the classic cases demonstrating the detrimental impacts
of ALAN on animals was the observation that newly hatched
sea turtles orient and move toward artificial lights rather than
toward moonlight and starlight reflecting off the water’s sur-
face (Butler 1998). This behavior was implicated in the de-
cline in sea turtle populations, likely through both failure to
reach the sea and enhanced predation pressure. There is now
strong evidence that light-mediated behaviors across a diverse
array of taxa will be influenced by ALAN (e.g., habitat choice
and use, migration, foraging, competition, reproductive be-
havior, predator-prey interactions; reviewed in Gaston et al.
2015, Davies and Smyth 2018). We can draw from a number
of examples in both aquatic and terrestrial animals to illustrate
that behavioral shifts might be an extremely important link
between individual responses, interspecific interactions, com-
munity dynamics, and ecosystem functioning (Fig. 1).

Reproductive cycles are directly tied to endocrine path-
ways, and because these pathways are disrupted by ALAN,
we also expect to observe shifts in reproductive behavior.
Songbirds, for example, show enhanced gonadal development
(Ouyang et al. 2018), sing earlier in the morning and receive

higher extra-pair copulations when near street lamps
(Kempenaers et al. 2010). In freshwater, male nest guarding
in smallmouth bass (Micropterus dolomieu) was also impact-
ed by ALAN: nesting males exposed to ALAN (either contin-
uous low intensity dock lights or intermittent high intensity
light mimicking car headlights) displayed more intense
guarding behavior than males not exposed to ALAN (Foster
et al. 2016). The energetic repercussions of increased guarding
activity could lead to reduced reproductive success and
population-level consequences. Altered underwater light en-
vironments are known to contribute directly to the loss of
biodiversity in aquatic systems, for example via disruption
of visual signals used for mate choice during reproduction
(van der Sluijs et al. 2011). In these cases, light intensity
was decreased, and color content shifted due to elevated tur-
bidity levels; however, since ALAN provides more light at
night, and in particular broad-spectrum light that allows for
color-mediated behaviors, it is unclear if reproductive output
will always be compromised directly.

The impact of ALAN on migration can be both direct and
indirect. Direct effects include changing the timing and path of
migration. For example, unmanaged exposure to ALAN along
precarious migratory routes through estuaries (Stich et al.
2015) may potentially impede navigation that leads to suc-
cessful recruitment of salmonids to natal upstream habitats
(Mueller and Simmons 2008). Diel migration of zooplankton
(e.g., copepods) can similarly be directly affected by ALAN
through an inhibited upward migration at night (reviewed in
Davies and Smyth 2018). Indirect effects on migratory behav-
ior stem from the potential change in predator behavior along
ALAN-infiltrated migration routes (reviewed in Nightingale
et al. 2006). For example, juvenile salmon were more heavily
preyed upon by sculpin (Cottus spp.) during outward migra-
tion in areas of intense ALAN (Nightingale et al. 2006). It is
apparent from these examples that behavioral shifts can be
linked to population-to-community level responses.

Changes to intra- and inter-specific behavioral interactions
are expected to be especially important in determining how
individual responses to ALAN scale to changes observed in
community structure and function. For example, predator-
prey relationships contribute to the structuring of communi-
ties, thus any change in the behavior of either prey or predators
may have profound effects on an ecosystem. As an example,
in certain migratory bat species (Pipistrellus spp.), different
colored lights elicited different behavioral responses: red LED
light resulted in increased activity but not foraging behavior,
while exposure to white LED light produced the opposite
result, with increased foraging behavior and no change in
activity (Voigt et al. 2018). Coupled with evidence of
shifts in the abundance of insect emergence from streams with
ALAN (Meyer and Sullivan 2013), such impacts on bat for-
aging behavior could further alter observed community dy-
namics in stream-riparian subsidies. By augmenting
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competition among visual diurnal competitors and predators
that often feed under ALAN, nocturnal species are likely to
experience changes in foraging effort and energetic intake. In
estuary tidal zones, the influence of ALAN will interact with
the way individuals contend with nighttime tides. For in-
stance, foraging activity of tactile-feeding shorebirds (e.g.,
Scolopacidae) closely follows the tides, which determine for-
aging habitat and prey availability (Le Duc and Schöneberg
2016). However, under ALAN, the distribution of prey, com-
petitors, and predators shifts. Estuaries represent critical hab-
itat for threatened migratory shorebirds that must maximize
their energetic intake during narrow stopover intervals in order
to successfully travel long distances between breeding and
wintering habitats. In an estuary of Northern Europe, ALAN
influences stopover habitat selection and foraging behavior of
the common redshank (Tringa totanus), with more opportuni-
ties for nighttime visual foraging (Dwyer et al. 2013). Regions
in the northeastern U.S. with high levels of ALAN attract a
higher density of nocturnal autumnal migrants, which may
lead to increased levels of competition for habitat and food
resources during these critical periods (McLaren et al. 2018).

As the examples described above demonstrate, ALAN can
interact with sensitivity to light, biological rhythms, and
endocrine systems to drive individual behavior. In addition
to altering nighttime behavioral patterns, daytime behaviors
of aquatic organisms can also be affected by ALAN. For
instance, Kurvers et al. (2018) showed that ALAN affected
diurnal risk-taking behaviors in Trinidadian Guppies (Poecilia
reticulate), thereby illustrating how ALAN can have conse-
quences that extend beyond the immediate nighttime re-
sponses of animals to changes in lighting conditions. The
cumulative effect of these responses should translate from
the individual-level to population consequences, and
to processes within communities and ecosystems.

Scaling-Up from Individual
to Ecosystem-Level Impacts

Functionally linking individual-level characteristics to com-
munities and ecosystem processes is among the biggest chal-
lenges to understanding the mechanisms of and responses to
human-induced environmental change (Levin 1992, Gilbert
et al. 2015, Cooke et al. 2017). ALAN has the potential to
influence evolutionary and population trajectories by altering
behaviors that are mediated by visual sensitivity, habitat se-
lection and orientation, and circadian activity rhythms of
aquatic organisms. Furthermore, because natural light drives
primary production and trophic interactions (e.g., grazing, pre-
dation), ALAN may alter estuarine communities, with ramifi-
cations for food-web structure and ecosystem functioning
(Table 1, Fig. 1). For instance, Bolton et al. (2017) observed
increased predatory fish behavior under ALAN in an

Australian harbor, which in turn was associated with shifts
in prey fish and sessile invertebrate community structure.

Here, we consider how individual- and population-level
responses to ALAN can mediate potential impacts on estua-
rine community dynamics and ecosystem functioning.
Specifically, we address how ALAN may affect (i) individual
and species-to-population and -community responses and (ii)
community-to-ecosystem responses.

Linking Individual and Species Responses
to Population and Community Dynamics

Individuals are expected to respond to ALAN-related changes
in the light environment; thus, we expect modification of in-
dividual activities to translate into population- and
community-level effects. As examples, we focus on two
individual-level mechanisms—trophic-niche partitioning and
movement of estuarine organisms—that are closely tied to
lighting regimes and that might be expected to affect commu-
nity structure under ALAN.

Temporal-Niche Partitioning

Natural light cycles structure temporal-niche partitioning in
ecological communities, as community interactions are driven
by energetic and risk trade-offs at different times of day. The
temporal predictability of resource distribution and predation
risk has led to ecomorphological adaptations for diurnal, noc-
turnal, or cathemeral activity. Diurnal disposition has led to
the evolution of greater morphological, optical, and trophic
diversity. Yet nearly 15% of all described fishes feed, spawn,
or migrate nocturnally during at least one life-history stage
(Hölker et al. 2010b). Although ocular adaptations allow for
optimal visual performance at certain diel intervals, the
strength of competitive interactions also drives optimal forag-
ing strategies (Brown et al. 1999). The constriction or expan-
sion of diel niches can largely depend on shifts in predator
communities (McCauley et al. 2012) and may contribute to
the avoidance of competitive exclusion and mediate coexis-
tence among predators, prey, and competitor species
(Kronfeld-Schor and Dayan 2003). Diel-niche partitioning
based on differences in photopic vision capabilities has been
suggested as a mechanism that reduces competition among
diurnal (e.g., great egret, Ardea alba), cathemeral (e.g., roseate
spoonbill, Platalea ajaja), and nocturnal (e.g., black-crowned
night heron, Nycticorax nycticorax) wading birds (Britto and
Bugoni 2015). Under ALAN conditions, we may then expect
a reorganization or a breakdown of temporal niche
partitioning with implications across the estuarine community.

ALAN also has the potential to alter competitive interac-
tions via changes in day-night activity of predators, prey, and
competitors in estuarine communities (Fig. 5). For example,
ALAN disrupts orientation of sea -turtle hatchlings, yet it may
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also increase hatchling predation by birds, reptiles, and mam-
mals as the hatchling turtles disperse from nest to sea. Sea-
turtle nesting beaches are among the few, if not the only,
nearshore aquatic habitats managed for ALAN intensity and
spectra (Butler 1998). However, early studies on light pollu-
tion gleaned some understanding of its effects on community
interactions on coastal beach habitats; researchers observed
limited foraging (i.e., number of seeds harvested) and reduced
patch preference for ALAN-treated (incandescent and LPS
lighting) habitat by the nocturnal beach mouse (Peromyscus
polionotus leucocephalus) (Bird et al. 2004). Later studies
attributed this response to a heightened perceived risk of pre-
dation (Falcy and Danielson 2013, Wilkinson et al. 2013). By

influencing risk trade-offs for individuals, ALAN may trans-
form intraguild competitive interactions. Diurnal mice conge-
ners in this habitat were not more active under ALAN condi-
tions (Rotics et al. 2011), implying that both species may have
faced increased daytime competition for resources. In some
scenarios, using ALAN to induce these behavioral shifts may
provide a unique management approach. For example, expos-
ing the nocturnal signal crayfish (Pacifastacus leniusculus) to
high-pressure sodium (HPS) lighting at night inhibited activ-
ity and competitive interactions with native crayfish species
(Thomas et al. 2016). However, chronic exposure to ALAN
may lead to habituation and thresholds (intensity or duration)
at which behaviors depend on physiological sensitivity and

Fig. 5 Cross-boundary fluxes of prey represent a key mechanism linking
terrestrial and aquatic ecosystems (reviewed in Baxter et al. 2005,
Sullivan and Rodewald 2012). Here, we highlight the potential influences
of ALAN on avian consumers in estuaries that feed on both aquatic
insects (larval and emergent), other aquatic invertebrates, and fish. In
particular, wading birds (i.e., shorebirds and long-legged waders) are both
permanent and transient residents in temperate and tropical estuaries.
Waders are highly effective visual and tactile foragers (with color vision
mediated by four cone photoreceptor classes) and often exhibit sensitivity
to UV light (Hart 2001a). There are important differences in the visual
morphology of wading birds associated with foraging tactic and time of
day (McNeil et al. 1992, Thomas et al. 2006). Visual foragers that feed
both during the day and night (e.g., plovers and stilts) have a higher
density of retinal photoreceptors compared to tactile-feeding sandpipers
(Rojas de Azuaje et al. 1993, Rojas et al. 1999a). More specifically,
species that forage at crespuscular or nocturnal periods have greater rod
densities and rod/cone ratios (Rojas de Azuaje et al. 1993, Rojas et al.
1999a, b, McNeil et al. 2004). A visual system most sensitive to wave-
lengths in which up-welling light from the water is rich and surface
reflectance relatively poor (425 to 500 nm for clear blue oceanic water)
is best suited for seeing through the water surface (Lythgoe 1968), but that
is rarely observed. Birds that look through an aquatic surface to locate
prey tend to have a relatively high proportion of long-wavelength-

sensitive cones and yellow-red ocular filters (Hart 2001a, b). ALAN
implications: Collisions with lighted structures over land (e.g., buildings
with reflective surfaces) and at sea (e.g., vessels) represent the most direct
impact of ALAN on aquatic birds. These events are especially common in
urban areas, posing an additional threat to nocturnal migrants including
shorebirds and wading birds that tend to fly at lower elevations (Evans
Ogden 1996, Loss et al. 2014, Rodriguez et al. 2017). Indirect effects of
ALAN on aquatic-associated birds are less understood; however, under-
standing their visual physiology may help glean insight on potential re-
sponses. Analysis of spectral sensitivity of 16 avian species to artificial
light spectra suggests that, like other visual organisms, they would be
most affected by LED lighting and less by LPS and other lights with
long-wavelength shifted spectra (Davies et al. 2013). This analysis was
largely based on songbirds and future research should address whether
visual sensitivities of aquatic-associated birds may lead to similar or dis-
tinct response. One of the most likely responses of wading birds may be
an increase in activity throughout the night under ALAN (Gaston et al.
2013), whichmay exert additional top-down pressures on fish and aquatic
invertebrates with concomitant repercussions to aquatic ecosystems, such
as estuaries (e.g., predation-induced reductions in densities of herbivo-
rous fish and invertebrates may release aquatic primary producers from
grazing pressure and lead to an increase in primary productivity)
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predation-risk regime. Facilitative diurnal foraging by noctur-
nal fishes has been observed in predator-depauperate reefs in
the Pacific atolls (McCauley et al. 2012) suggesting that, in
certain cases, predation risk can be a stronger force in struc-
turing day-night communities than visual sensitivity.
Facilitative nocturnal foraging by diurnal predators has been
observed with wading birds (Santos et al. 2010, Dwyer et al.
2013) and fishes (Becker et al. 2013) in estuarine habitats with
implications on prey activity. Understanding the short-term
and long-term effects of ALAN on competitive interactions
will be valuable in predicting how communities will respond
to this environmental stressor over time.

Natural lighting regimes have been shown to drive activity
and distribution of different size and trophic classes in estua-
rine fish communities. In estuarine mangroves, for instance,
nocturnal fish assemblages are often composed of
planktivores and piscivores, whereas detritivores have been
shown to dominate diurnal communities (Ley and Halliday
2007). In an estuary of South Africa, Becker et al. (2013) used
acoustical survey methods to record the effect of a sodium-
vapor floodlight on the abundance and behavior of different
size classes in the fish community. Observations included a
shift from exploratory behavior or foraging activity to more
vigilant behavior by smaller fishes when exposed to nocturnal
lighting, while larger predators took advantage of a sit-and-
wait foraging tactic at the edge of the light-dark boundary. A
change in species-specific predatory behavior altered commu-
nity dynamics by reorganizing the size structure of the noctur-
nal fish assemblage.

Both terrestrial and aquatic species that rely heavily on prey
with phototaxic behaviors (e.g., aquatic insects) often demon-
strate facultative nocturnal activity to exploit ALAN-related
foraging opportunities. An increase in predator-prey interac-
tions mediated by ALAN could potentially redefine optimal-
foraging strategies. Because many swimming prey and inver-
tebrates in muddy estuarine habitats are closer to water and
sediment surfaces at dusk and at night, visual predators may
forage more efficiently in estuarine habitats under artificial
lightscapes. Visually feeding wading birds that forage oppor-
tunistically under artificial light are thought to exert low pre-
dation pressure (i.e., lower catch success) compared to day-
time foraging (Santos et al. 2010, Dwyer et al. 2013), yet
nocturnal activity may have non-consumptive indirect effects.
Yeager et al. (2016) observed that the simulated presence of a
wading bird tripled foraging interactions between mangrove
crab (Aratus pisonii) and a euryhaline mesopredator, the gray
snapper (Lutjanus griseus; λmax = 513 and 560 nm, McComb
et al. 2013). As crabs move to lower-root habitat structure to
avoid detection from wading birds, they may become prey for
visual fish predators. The strength of this and similar interac-
tions should vary depending on the spatial and temporal dis-
tribution of prey and predators (Alvarez et al. 2013) through-
out an estuary with implications for top-down trophic effects.

Dispersal, Migration, and Foraging Movement of Estuarine
Organisms

Dispersal of riverine and marine invertebrates is a vital mech-
anism driving population dynamics and habitat connectivity
in estuaries (Chew et al. 2015). By affecting aerial dispersal of
adult aquatic insects (Horváth et al. 2009, Boda et al. 2014),
ALAN hinders insect recruitment and prey availability for
higher consumers (Horváth et al. 2009, Robertson et al.
2010). The potential consequences of ALAN on aquatic dis-
persal dynamics (i.e., organisms moving/dispersing through
the water) are less clear. Dispersal of planktonic invertebrates
and larvae are passive processes driven by the physical move-
ment of water (i.e., downstream, tidal, and surface current
flow; reviewed in Norcross and Shaw 1984). In estuaries,
these processes are mediated by tidal dynamics (i.e., timing,
stratification, and mixing). Passive dispersal and active migra-
tions by zooplankton and mobile consumers are also strongly
linked with seasonal and diel light cycles (Brittain and
Eikeland 1988, Palmer et al. 1996). For example, larval inver-
tebrate drift in freshwater systems has been shown to peak
during nocturnal periods, which aligns with lower predation
risk (Flecker 1992, Miyasaka and Nakano 2001, Hernandez
and Peckarsky 2014). If predator activity increases under
ALAN, nocturnal drift communities may face elevated per-
ceived risk of predation. Although nocturnal activity generally
persists even if predators are experimentally or naturally ex-
cluded (Flecker 1992, Hampton and Duggan 2003), foraging
and drift behaviors may vary based on the type of predator
(e.g., active visual predators vs. smaller tactile predators;
Peckarsky and McIntosh 1998). Nocturnal drift activity by
stream invertebrates reduced following the addition of
ALAN (Henn et al. 2014, Manfrin 2017), suggesting that
ALAN can enhance, or exert a stronger effect than, predation
risk on nighttime foraging and dispersal.

Zooplankton exhibit passive and active migration behavior
that varies across tidal, diel, and lunar cycles. For example, in
tropical estuaries, diel vertical migrations are induced by light
and tidal patterns; these dynamics can differ among species
based on salinity tolerance (Chew et al. 2015). Species
adapted to lower salinity conditions ascend for nocturnal flood
tides and descend for diurnal ebb tides whereas euryhaline and
stenohaline species exhibit the opposite behavior to maintain
optimal water-column position in the estuary. In a North
Wales estuary, macroinvertebrates in the drift in a tidal fresh-
water area were also spatially distributed based on salinity
tolerances. Freshwater chironomids, caddisflies, stoneflies,
and mayflies drifted downstream whereas marine copepods
and oligochaetes often exhibited Breverse^ drift as the flood
tide moved them upstream (Williams and Williams 1998). If
the onset of drift behaviors is interrupted due to ALAN-
mediated changes in predator behavior, estuarine invertebrates
could experience physiological stressors (e.g., osmotic stress)
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that influence fitness. Light is often the primary factor regu-
lating migrations for nocturnal and euryhaline species
(Flecker 1992). Notably, the synchronization of vertical posi-
tioning within the water column and tidal regime determines
upstream-downstream movement and retention within the es-
tuary (Chew et al. 2015). Even minor changes in light can
influence migration patterns (Haney 1993, Ringelberg
1999). Thus, spill-over of ALAN into estuarine habitats may
desynchronize this process with consequences for recruit-
ment, community composition, and adjacent trophic levels.
For example, if zooplankton are largely confined by ALAN
to deeper depths than under natural lighting conditions, prey
availability to surface planktivores (e.g., nocturnally adapted
juvenile and other planktivorous fishes) is likely to be
reduced.

Few studies have addressed how an ALAN-shifted noctur-
nal plankton community may affect higher trophic-level con-
sumers. Artificial light-addition treatments have demonstrated
potential shifts in the abundance and community structure of
drift invertebrates (Henn et al. 2014). In freshwater streams,
experimental light treatments (HPS) reduced the density of
night-time drift by about 50% but did not affect drift-
foraging cutthroat trout (Oncorhynchus clarkii) growth rates
(Perkin et al. 2014b). Despite impacts on invertebrate prey
during this short-term study, predator responses may take lon-
ger to detect than those of primary consumers. In the short-
term, ALAN can extend foraging conditions for visual preda-
tors, allowing them to compensate with alternative resources.

Natural light also regulates dispersal, diel migrations, and
circadian behaviors of many coastal and estuarine fishes
throughout ontogeny (Bradbury et al. 2006, Naylor 2006,
Epifanio and Cohen 2016). For example, nocturnal move-
ments by adult and juvenile grunts (Haemulidae) to foraging
habitats are synchronized by size class and cued by changes in
underwater light level (McFarland et al. 1979). Similarly, ju-
venile sockeye salmon (Onchorhyncus nerka) exhibit diel ver-
tical migration to maintain position in an optimal light envi-
ronment that minimizes their exposure to predation
(Scheuerell and Schindler 2003). Artificial light has the poten-
tial to mask circadian light cues and thus disrupt the adaptive
significance of these behaviors (Kurvers and Hölker 2015).
For example, elevated ALAN intensities in mesocosm trials
led to a delay and desynchronization of fry dispersal of
Atlantic salmon (Riley et al. 2012, 2015). In natural systems,
a disturbance of temporal movement patterns of fry would
have implications for larval and juvenile survivorship due to
increased risk of predation (Stich et al. 2015).

Seasonal and diel migrations by consumers can also affect
estuarine connectivity (Nagelkerken 2009, Rosenblatt et al.
2013, Sheaves et al. 2015). Although there is inter- and intra-
specific variability in diel foraging among estuarine fishes
(Ramirez-Martinez et al. 2016), many species (e.g.,
Lutjanidae) seek refuge in tidal mangroves during the day

andmigrate at night to feed in soft-bottom habitats. As another
example, nocturnal foraging by reef-dwelling grunts
(Haemulidae) is temporally partitioned; migration from rest-
ing to foraging habitats occurs chronologically for groups at
different stages of ocular development (McFarland et al. 1979,
Robinson et al. 2011). The spectral composition of light
changes rapidly during dusk, requiring the eye to adjust to a
blue-green dominated environment. During dusk, retinomotor
movement (specifically the shift from stimulation of yellow-
orange cones to predominantly blue-green cones in the retina)
affects the timing and duration of foraging migrations by
grunts traveling among coastal reef, mangrove, and seagrass
habitats (McFarland et al. 1979, McFarland and Wahl 1996).
Disruption or delay of visual adjustment under ALAN condi-
tions may inhibit foraging activity and increase predation risk
at diel or ontogenetic intervals of poor visual acuity. Studies
have highlighted the stark changes in fish communities that
occur across a day-night period (Zapata et al. 2014), as well as
their importance for nursery functioning (Nagelkerken et al.
2000), suggesting that dark periods can support species coex-
istence and high biodiversity. The introduction of ALAN is
likely to lead to the restructuring or loss of diel community
turnover.

Linking Community Responses to Ecosystem
Processes: Food Webs as a Case Study

ALAN impacts on individuals-to-communities will play out at
the ecosystem scale via its alteration of food webs and energy
flow. Flows of energy represent an ecosystem process by
which nutrients, organic matter, and prey are transferred
across and within ecosystem boundaries (e.g., aquatic-terres-
trial) by abiotic (e.g., fluvial and tidal flow) and biotic (e.g.,
movement of consumers) vectors. Trophic networks (i.e., food
webs) reflect energy pathways, species interactions, biodiver-
sity, and ecosystem productivity (Link et al. 2005); and thus
integrate individual, species, and community responses to en-
vironmental change (Thompson et al. 2012).

Quantitative measures of food-web structure—such as
food -chain length (FCL), interaction strengths, and
connectance—describe the topology of trophic networks and
functional ecosystem properties (Thompson et al. 2012). For
example, the number of transfers of energy from basal organ-
isms to apex predator (i.e., FCL) can interact with biodiversity
to affect secondary production and biomass accumulation. For
instance, in the seagrass communities of the York River estu-
ary, predators regulate the grazer community and thus pro-
mote algal production (Duffy et al. 2005). ALAN-induced
changes in biodiversity and trophic networks could contribute
to declines of ecosystem functions (Hooper et al. 2012) and
destabilization of coastal ecosystems (Saint-Béat et al. 2015).

In estuaries, we expect increasing levels of ALAN to alter
how energy is transferred across multiple gradients (e.g.,
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freshwater-to-marine, aquatic-to-terrestrial, and vice versa).
For example, ALAN may delay leaf fall for deciduous trees
(Bennie et al. 2016), affecting the magnitude and timing of
nutrient inputs in the form of leaf detritus into aquatic habitats
and thus shifting aquatic ecosystemmetabolism. Furthermore,
the relative openness of the canopy during this transition has
implications for phytoplankton production (via light intensi-
ty). Increased or continuous light exposure may induce photo-
saturation and -inhibition in aquatic primary producers
(Henley 1993), influencing algal communities and produc-
tion. For example, experimental ALAN-addition led to a 43
to 57% (seasonally dependent) decrease in overall periphyton
biomass and altered community composition in an alpine
stream (Grubisic et al. 2017). Thus, because exposure to
ALAN and in particular to LED white lights can affect prima-
ry producer biomass and community composition in freshwa-
ter systems (Grubisic 2018), bottom-up food-web effects
might be expected in estuaries as well.

Phytoplankton productivity typically varies along estuarine
gradients in response to light limitation often associated with
turbidity (Harding et al. 1986, Cloern 1987); as such, ALAN
may induce differential impacts on carbon assimilation by
phytoplankton across an estuary. Beyond its potential indirect
effects on consumers via primary production, ALAN exposes
terrestrial and aquatic consumers to markedly distinct spectral
and temporal patterns of light, and directly influences con-
sumer interactions that mediate aquatic-terrestrial trophic link-
ages. Further, ALAN is expected to advantage taxa that utilize
light as a resource to locate prey, but hamper those using
darkness as a resource to hide from prey or predators
(Davies et al. 2012, Gaston et al. 2013). In this way, such
taxon-specific responses may elicit top-down trophic impacts
on community structure (reviewed in Bennie et al. 2015a).

Aquatic-Terrestrial Trophic Linkages

Food-web interactions across the aquatic-terrestrial boundary
represent a high level of system integration that reflects mul-
tiple structural and functional properties of both ecosystems
(Fig. 5). In freshwater systems, emergent aquatic insects have
been shown to be a critical nutritional subsidy for a suite of
riparian consumers including arthropods, birds, mammals,
and reptiles (Baxter et al. 2005, Paetzold et al. 2005, Fukui
et al. 2006). For example, emerging aquatic estuarine insects
have been linked to nearshore orb-weaving spider distribution
in a Florida estuary (Zapata and Sullivan 2018). Riparian birds
also can be highly dependent on emerging insects, either di-
rectly as a food source or indirectly through other prey that
feed on emerging insects (e.g., spiders; Alberts et al. 2013,
Kautza and Sullivan 2016). Thus, ALAN impacts on organis-
mal behavior and physiology, or on key ecosystem processes
such as aquatic (or terrestrial) primary productivity and nutri-
ent cycling is expected to propagate through linked aquatic-

terrestrial food webs with cascading implications (Grubisic
et al. 2017, Manfrin 2017). For instance, night lighting has
been shown to influence the feeding activity of riparian bats
due to increased density of insect prey attracted to light
(Kuijper et al. 2008) and the foraging activity of wading birds
via increased visibility of prey (Dwyer et al. 2013). Working
in a stream system, Meyer and Sullivan (2013) found that
higher ALAN levels were associated with an increase in the
density, diversity, and body size of terrestrial arthropods en-
tering the stream, with concomitant reductions in emergent
insect body size and community diversity. Furthermore, their
work suggested shifts in the timing of aquatic insect emer-
gence, with peaks occurring later in the summer under higher
ALAN levels. ALAN-induced changes in the composition,
timing, and phenology of emergent insect communities in
estuaries are likely to affect a suite of insectivorous species
(lizards, birds, bats, etc.) and alter food-web dynamics through
multiple mechanisms. For example, ALANmay affect FCL—
and thus energy flow through ecosystems, nutrient cycling,
freshwater-atmospheric carbon exchange, and bioaccumula-
tion of contaminants in humans via consumption of top pred-
ators (Sabo et al. 2010 and references therein). In fact,
Sullivan et al. (in press) found that invertebrate FCL was low-
er under ALAN in an urban stream-riparian ecosystem, in part
implicating a loss of functional diversity at the community
level. To a certain extent, shifts in FCL (whichmay be positive
in some circumstances; see Sullivan et al. in press) under
ALAN likely occur via greater predation by improving vision
of predators, increasing abundance of positively phototactic
prey, or attracting new predators (Becker et al. 2013, Bolton
et al. 2017).

Management and Conservation Implications of ALAN
Across Levels of Biological Organization

More than a decade after Longcore and Rich’s (2004) seminal
review of ecological consequences of ALAN, governing pol-
icies that regulate artificial light emissions are rare. The well-
known example of replacing broad-spectrum light with
longer-wavelength light to decrease sea -turtle hatchling mor-
tality (Witherington and Martin 2003) addressed population-
level issues by understanding individual-level responses
(Madliger 2012). The Dark Sky Initiative (International
Dark Sky Association 2003) is now setting the stage for man-
agement of ALAN in many protected areas in the United
States with the designation of BDark Sky Parks.^ The Model
Lighting Ordinance (MLO) and The Illuminating Engineering
Society of North America developed the Backlight-Uplight-
Glare (BUG) rating system of outdoor luminaires that evaluate
their performance in terms of light trespass, sky glow, and
high-angle brightness (California Lighting Technology
Center 2014). Together with maximum allowable BUG rat-
ings for various lighting zones (e.g., protected areas are
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classified as Lighting Zone 0) developed by the International
Dark Sky Association and MLO, this creates best-practice
guidelines to assist managers in ensuring the appropriate light-
ing characteristics. The designation of Dark Sky Parks in es-
tuaries and coastal-marine areas (Davies et al. 2016) will fur-
ther encourage ALAN management practices that minimize
individual-to-ecosystem-level impacts. A recent global risk
assessment of light pollution impacts reported that 16.8% of
protected lands, including mangrove forests, in the United
States are subjected to ALAN (Aubrecht et al. 2010b).
Meanwhile, an understanding of ALAN effects on the physi-
ology and behavior of animals (Navara & Nelson 2007;
Hölker et al. 2010b), community structure, and ecosystem
functioning is needed to shape management priorities and
strategies. Certainly, the trends of intensifying artificial
lightscapes in coastal regions demand future research that
quantifies ALAN effects on individual organisms and impor-
tantly, how individual responses scale-up to community and
ecosystem responses.

Increasingly, research is pointing to ways to mitigate the
effects of ALAN (Azam et al. 2015, Verovnik et al. 2015).
Gaston et al. (2012) offer five main categories of mitigation
measures: maintaining and creating dark areas, reducing light
trespass, dimming, part night-lighting, and changing spectra.
Restricting use of ALAN adjacent to natural areas to certain
timeframes and to limited spectral ranges, for instance, allows
communities to ensure public safety while minimizing ecolog-
ical impacts. Part-night lighting approaches are effective
in minimizing impacts on crepuscular periods, which have
been shown to be important times of activity (Day et al.
2015). Whereas these strategies focus on mitigating effects
on animals directly impacted by ALAN, maintaining circadi-
an behaviors and community interactions during critical pe-
riods could support ecosystem functioning (e.g., consumer-
mediated connectivity). When lighting is needed to enhance
human safety, implementing technologies such as motion-
sensing lights, LED lights with spectra that reduce overlap
with common visual sensitivities (short wavelengths), and
limited-angle lighting that reduces exposure to a narrow area
could mitigate ecological impacts (Schroer and Hölker 2017).
As with other ecosystem types, mitigation strategies will need
to be considered in the context of both the relative weight of
scientific evidence in their favor and the potential negative
consequences to human communities, perceived or real.

Conclusions and Future Directions

Based on our review and synthesis of documented ALAN
impacts from individuals to communities and ecosystems,
we conclude by proposing the following key research ave-
nues, which we offer as the basis for development of a cohe-
sive research framework (also see Fig. 1):

1. Characterizing natural diel and seasonal light changes in
estuarine habitats (sensu Veilleux and Cummings 2012)
will help predict ALAN impacts and inform management
of artificial light use (intensity, spectral composition, and
timing).

2. Biological responses may vary with the magnitude, du-
ration, frequency, and predictability of exposure to
ALAN. Future research should work to understand
these variables across aquatic and terrestrial systems
with long-term controlled studies in aquatic, terrestrial,
and coupled systems.

3. Future research should draw connections among known
effects of natural and artificial light on animal physiology
and community ecology to evaluate potential effects on
estuarine processes and functional responses such as the
multiple dimensions of estuarine connectivity and
productivity.

4. Mechanistically linking ALAN-responses across levels of
biological organization will be critical to developing a
predictive understanding of the effects and consequences
of ecological light pollution in coastal areas and beyond,
and in developing effective mitigation strategies.

ALAN is an environmental stressor prevalent throughout
urban and developing coastal areas. Marine protected areas
(MPAs) of the Gulf of Mexico and Caribbean, Atlantic
Mediterranean, eastern coast of South America, and
Australia are subject to extensive ALAN (Davies et al.
2016). Trends of increasing light intensity have been linked
with coastal development (Davies et al. 2014) and thus eco-
logically and economically important estuarine habitats will
receive more light pollution in the coming decades. Yet there
are opportunities to implement policy and technologies that
minimize ecological impacts (Gaston et al. 2012). To better
manage for joint stressors that affect estuaries (e.g., rising sea
level, changing salinity regime, freshwater inputs), we must
also anticipate changes to ecosystem functioning associated
with ALAN. Despite the presence of ALAN in MPAs since
the early 1990s (Davies et al. 2016), research is only begin-
ning to hone understanding of the scale of this environmental
stressor and its consequences on ecological processes in coast-
al ecosystems.
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