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Light pollution may alter host—parasite

iNteractions in aguatic ecosystems

1,%

Robert Poulin @@,

With growing human populations living along freshwater shores and marine
coastlines, aquatic ecosystems are experiencing rising levels of light pollution.
Through its effects on hosts and parasites, anthropogenic light at night can
disrupt host-parasite interactions evolved under a normal photoperiod. Yet its
impact on aquatic parasites has been ignored to date. Here, | discuss the direct
effects of light on the physiology and behaviour of parasite infective stages and
their hosts. | argue that night-time lights can change the spatiotemporal dynam-
ics of infection risk and drive the rapid evolution of parasites. | then highlight
knowledge gaps and how impacts on parasitic diseases should be incorporated
into the design of measures aimed at mitigating the impact of anthropogenic light
on wildlife.

A world alight

Nearly a quarter of the world’s freshwater shores and ocean coasts are illuminated by artificial
lighting at night [1]. Most residential areas and industrial zones are located along lake shores,
river banks, or seashores, and they generate light throughout the night. Even aquatic habitats
far from the shore are impacted by anthropogenic light (see Glossary), such as the areas
surrounding oil rigs and offshore aquaculture facilities. The luminosity and spectrum of artificial
lights vary according to the type of light used, however any artificial light at night represents a
change to the physical habitat experienced by living organisms. With the world’s human population
growing, the spatial extent of artificial lighting shining on aquatic habitats is rapidly expanding, as
are its intensity and spectral characteristics [2]. The impacts of light pollution on the behaviour
and physiology of individual aquatic animals [1,3,4], the abundance of populations ranging from
zooplankton to fish and birds [5,6], and the structure of aquatic communities [5,7], are increasingly
well documented. Although aquatic ecologists have been slow to recognise the threat posed by
light pollution [8], its potential impact on aquatic ecosystems is now widely accepted [1].

Yet, research on the effects of light pollution on parasitism and disease is lagging well behind
research on the broader impacts of anthropogenic light on wildlife (Figure 1). Recent reviews of
the impact of anthropogenic light on biological systems fail to mention its potential influence on
host—parasite interactions and disease [1,9,10]. However, it has been shown that artificial light
at night can affect vector-borne diseases [11-13] and parasitoid attacks on insects [14,15] by
extending the activity period, activity levels and/or increasing the local abundance of both
vectors and parasitoids. Although such effects are not universal (see [16]), these examples pertain
only to terrestrial systems. What about host—parasite interactions in aquatic ecosystems? Recent
reviews of the impact of anthropogenic stressors on parasitism and disease in aquatic ecosystems
completely ignore the potential effects of light pollution [17-19]. Here, | address these omissions by
pulling together evidence of the known influence of light, both natural and artificial on: (i) the
dispersal and activity of infective stages of all major groups of aquatic parasites, (i) the physiology,
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Figure 1. Historical overview of research on the effects of light pollution. Cumulative number of articles on the effects
of light pollution on wildlife in general, and on parasitism and disease more specifically. Data come from a search of the Web of
Science for the period 2000 to the end of 2022, using the search string (‘light pollution” OR “artificial light” OR ‘anthropogenic
light’) AND (wildlife OR fauna* OR ecosystem®) in the first instance, and then the same string with the addition of AND
(parasite* OR disease®).

behaviour, and distribution of healthy animals, and even (i) the behaviour of infected animals.
Based on the available evidence, | propose that light pollution in aquatic systems homogenises
infection risk across day and night, and that stretches of freshwater shores and marine coastlines
that are iluminated at night act as hotspots of transmission by many kinds of parasites for many
kinds of hosts.

Parasite infective stages in the spotlight

Many aquatic parasites have evolved strategies that maximise their transmission success under nat-
ural photoperiod conditions. For example, temporal patterns of egg hatching in a range of fish ecto-
parasites, such as copepods [20] and monogeneans [21,22], are driven by the ambient photoperiod
and changes in illumination at dawn and dusk. In marine ecosystems, gnathiid isopods alternate be-
tween engorging on fish blood as ectoparasites and dwelling on the bottom substrate when they
moult. The timing of their emergence from the substrate in search of host fish is synchronised by
the ambient photoperiod, with different species and developmental stages having their peak periods
of activity at different times of the day—night cycle [23,24]. Similarly, emergence of cercariae from
their molluscan intermediate host in many trematode species often follows a circadian rhythm
synchronised by the day-night cycle, peaking at times of the day when encountering the next
host in the life cycle is most likely [25,26]. It remains to be determined whether constant artificial
lighting at night causes a temporal mismatch between the release of infective stages and the
peak availability of target hosts, and whether this affects infection levels in near-shore ecosystems.

Perhaps more importantly, the free-swimming infective stages of multiple kinds of aquatic para-
sites show either positive or negative phototaxis, that is, swimming toward or away from light.
This is true of helminths such as trematode cercariae [27-29] and monogenean oncomiracidia
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Glossary

Anthropogenic light: light produced
by human civilization, including building
exterior and interior lighting, advertising,
streetlights, industrial activities, port
installations, etc.

Bioluminescence: production and
emission of light by a living organism,
generated through an intracellular
chemical reaction.

Cercariae: free-living and short-lived
trematode infective stages released from
the molluscan first intermediate host.
Circadian rhythm: natural cycle of
biological processes that repeats every
24 h, regulated within an organism

but synchronised by the ambient
photoperiod.

Density-dependent: property of any
biological process that is regulated by
the density of a population, such that it
occurs at a rate proportional to density.
Light pollution: sum total of all adverse
effects of anthropogenic light.
Luminosity: measure of radiated
electromagnetic power, that is, the
amount of light produced by a light-
emitting object per unit time.
Oncomiracidia: ciliated and free-living
larvae of monogeneans, hatched from
eggs in search of a host to infect.
Photoperiod: length of the light period
in the 24 h diurnal cycle.

Phototaxis: locomotory movement
toward (positive phototaxis) or away
from (negative phototaxis) a light source,
associated with either attraction to or
repulsion from light.

Spectrum: range of frequencies of
electromagnetic radiation and their
respective wavelength, which for light
visible to the human eye ranges from
about 380 nm to 750 nm, that is,
between ultraviolet and infrared.
Trophic transmission: transmission of
larval helminths by consumption of an
intermediate host (prey) by a definitive
host (predator).

1051


Image of &INS id=
CellPress logo

¢ CellPress Trends in Parasitology

[30], but also of crustaceans ectoparasitic on fish. For example, the branchiuran fish louse
Argulus foliaceus is not only attracted to lighted areas, but also swims more actively under light
than in darkness [31]. Light traps are very effective to capture the infective stages of gnathiid
isopods [32] but also those of the copepod Lepeophtheirus salmonis, the infamous sea
louse plaguing salmon aquaculture [33]. Sea lice in search of fish hosts react directionally to
light, and achieve greater infection success under light conditions [34]. Since open-cage
salmon farms often remain illuminated at night to increase salmon feeding efficiency, manipulate
their maturation rate, and/or for reasons of maritime safety, they may inadvertently attract more
sea lice than they would under natural light conditions [35].

The movement of parasite infective stages toward (or in some cases away from) artificial light at
night is likely to affect their distribution and transmission dynamics. Constant illumination may
decrease the lifespan of infective stages by stimulating their activity beyond the normal daytime
period, however their attraction toward areas of greater availability of target hosts (see next
section) can still lead to their greater transmission success. Even if these movements only
occur on spatial scales of a few metres, constant illumination and cumulative displacement
may lead to the aggregation of many infective stages near areas of the shore exposed to anthro-
pogenic light (Figure 2). As | argue next, this swarm of infective stages is likely to encounter a high
density of target hosts in areas illuminated at night.

Out of the darkness: effects on hosts

The day-night cycle regulates the timing of most animal activities, including periods of rest,
whereas seasonal changes in daylength provide the main cue for physiological changes associated
with reproduction or migration. Artificial light throughout the night across all seasons disrupts all
these naturally evolved cycles [3,4,10].

In aquatic ecosystems, the biology of animals ranging from plankton and bivalves all the way to
fish and birds is driven by ambient lighting and photoperiod. Artificial light at night can modify
phytoplankton communities, with some wavelengths favouring diatom species associated with
harmful algal blooms [36]. Diel vertical migrations of zooplankton in marine pelagic ecosystems,
which are among the largest regular movements of biomass on the planet, are disrupted by
artificial light, since zooplankton evolved behavioural responses to circadian light cycles [6].
Artificial light at night also impacts molluscs, modulating their feeding activity and reproduction,
with several snail species showing a clear attraction to light sources [37]. This includes several
freshwater genera (e.g., Lymnaea, Physa, Helix) known to act as first intermediate hosts for
numerous trematode species. Cephalopods also show a strong attraction to artificial light, a
phototactic response exploited by the commercial fishing industry [38].

Nocturnal light exposure also impacts hormonal and immune functions, reproduction, behaviour,
and interspecific interactions in many vertebrates [10,39]. In fish, long-term exposure to artificial
light at night can modify the blood concentration of sex steroids and gene expression associated
with reproductive hormones [40], reduce activity levels [41], and decrease growth and survival
[42]. These effects suggest that the general health of many fish may be compromised under
constant night-time illumination. In addition to these physiological impacts of artificial light at
night on fish biology, many fish species are simply attracted to light across a range of intensities
and wavelengths [43,44]. The congregation of multiple fish species in areas subject to anthropo-
genic light can affect interspecific interactions among species, such as predation. In an experi-
ment conducted in a South African estuary, anthropogenic night-time illumination around an
artificial structure attracted more small schooling fish, and in turn more large-bodied predatory
fish, than were present during nights when the lights were turned off [45]. Other studies also
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Figure 2. Artificial light at night attracts parasites and their hosts. Infective stages (red dots) of many parasite species
as well as both infected (with red dot) and uninfected invertebrates and vertebrates tend to congregate near sources of
anthropogenic light along the shore. This creates higher densities of hosts and parasites that maintain higher activity levels
than in nonilluminated stretches of the shore. These conditions should maximize infection success by free-swimming
infective stages (thin broken arrows), and also promote trophic transmission from infected intermediate hosts to definitive
hosts (thick arrows). Figure created with BioRender.com.

suggest that predation on small fish increases under artificial night-time lights [46]. Anthropogenic
light at night may therefore extend the foraging period of visual predators, and increase trophic
transmission of helminths up the food chain, from intermediate hosts to definitive hosts.

In birds, the day—-night cycle and seasonal changes in photoperiod control circadian patterns in
activity and synchronise most behaviours from foraging to reproduction. The aspect of avian
biology that has received the most attention with respect to artificial light at night is migration
[47,48]. The influence of night-time illumination on bird movements and migrations depends on
wavelength and varies across species, with some species being attracted to various wave-
lengths, others showing disorientation, yet others being unaffected [47]. From the perspective
of aquatic parasites, impacts of artificial light at night on the short- or long-distance migrations
of shore birds could affect dispersal of eggs and local host abundance. As with fish, night-time
light shining on intertidal areas can also extend the foraging period of shore birds that depend
on visual prey detection [49], and thereby increase rates of trophic transmission of helminths.
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As a general rule, artificial light at night disrupts the normal physiology and behaviour of many
animals. It can negatively impact hormonal and immune functions. Yet, many animals are never-
theless attracted to light and aggregate near light sources. Thus, higher densities of invertebrates
and vertebrates, many of which may be immunocompromised or at least experiencing some form
of light-induced physiological stress, tend to accumulate near artificial light sources (Figure 2).
Host aggregation in lighted areas should increase the transmission success of free-swimming
infective stages, since transmission success is generally density-dependent. For host and
parasite taxa that are attracted to light, the upshot may therefore be that anthropogenic light at
night increases the exposure and/or susceptibility of aquatic animals to infection. For those that
are repelled by light, the opposite may happen; either way, light pollution may alter the infection
dynamics of many parasite species.

Seeing the light: effect on infected hosts

Many helminth parasites transmitted by predation from an intermediate host to their definitive host in-
duce behavioural changes in the former to enhance their transmission success to the latter [50]. One
particularly common type of parasite-induced behavioural modification is altered phototaxis, which
serves as an adaptation to bring infected intermediate hosts closer to areas where predatory definitive
hosts are feeding. This has been particularly well-documented in small aquatic crustaceans infected
by larval helminths including acanthocephalans [51], trematodes [52], cestodes [53], and nematodes
[54]. A preference for well-lit microhabitats may also develop in fish infected with eye flukes [55]. What
originally caused a vertical segregation (with solar light coming from above) between uninfected and
infected individuals leading to increased parasite transmission may now also cause the horizontal dis-
placement of infected individuals toward the illuminated sections of the shoreline (Figure 2), where
the next hosts in the parasites’ life cycles are also congregating.

The net effects of artificial light

For millions of years, sunlight during the day and limited moonlight and starlight at night repre-
sented the only light sources (apart from bioluminescence) affecting biological processes.
Adaptive responses of hosts and parasites evolved through countless generations under natural
light conditions are now being over-expressed under the abnormal stimulus provided by artificial
light at night. This will be true in all aquatic habitats exposed to light intensities above the threshold
of detection for parasites and hosts, and within the range of wavelengths to which they respond.

To encourage research in this area, | propose three testable hypotheses. First, permanent
lighting at night along the shores of lakes or oceans will disrupt the temporal transmission
dynamics of many parasites, and homogenise infection risk between day and night (Figure 3). In
many parasite species, the emergence of infective stages from eggs or intermediate hosts, their
swimming activity and orientation are all driven by light, with the changing light conditions between
day and night creating periods of peak transmission separated by periods of little to no transmission.
Under artificial light at night, the normal night-time period of low activity and limited infection risk may
no longer exist. Anthropogenic light decreases the difference in illumination between night and day,
and can even create constant daytime conditions, such that infection risk may remain similarly high
all the time. The prediction could be tested using host-parasite systems maintained in replicated
mesocosms exposed to different light regimes, possibly even outdoor mesocosms located in a
dark sky sanctuary' where no other artificial light source would interfere with the experiment.

Second, the aggregation of infective stages, infected and uninfected intermediate hosts
and definitive hosts near artificial light sources will create hotspots of transmission, by spatially
structuring infection risk around light-driven foci of transmission (Figure 3). During the day,
natural sunlight is generally diffuse and omnipresent, while the absence of significant light at
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Figure 3. Predicted impact of artificial
light at night on the spatiotemporal
~ /7 - distribution of infection risk. (A) The
\/\M day-night fluctuations in parasite
/ transmission and host infections under

conditions of anthropogenic light at night

N S~ \ / (unbroken line) are less pronounced than
those under normal photoperiod (broken
line), resulting in lower temporal variability
and higher mean values. (B) The
attraction of parasites and their hosts
to anthropogenic light creates strong
gradients in host and parasite densities
along the shore, resulting in hotspots of
high transmission of parasites, and thus
high infection risk for hosts, in areas
iluminated at night. Artificial light at night
can thus drive the spatial structure of
host parasite interactions in aquatic
ecosystems. The hypothetical patterns
in (A) and (B) pertain to positively
a phototactic parasites with greater hatching

(A)

Transmission rate
~
-~
~
—

Day-night cycle

(B)

i

rates and host-seeking activities under
light conditions; they would be different
for other parasites. Figure created with

Infection risk BioRender.com.
High

Low

(I

Trends In Parasitology

night in areas not affected by anthropogenic activities does not cause animals to move in any
particular direction. By contrast, anthropogenic light at night is more localised, creating dark
versus well-illuminated areas, and thus more likely to induce directional movement. High
densities of infective stages and hosts made more susceptible through light-induced immune
suppression can lead to higher infection levels in aquatic animals near coastal cities, ports, or
industrial areas that remain illuminated throughout the night. This prediction could be tested
by sampling replicated, paired dark and illuminated coastal areas (i.e., not exposed or exposed
to anthropogenic light at night) and comparing infection levels in aquatic animals of the same
species. Of course, this is more difficult than it sounds, as one would also need to control for
the possible effects of other environmental variables likely to differ between these areas,
such as chemical pollution levels. This may be achieved by including these other factors as ad-
ditional predictors in multivariate analyses, or by carefully selecting paired sites in order to limit
variation in these other variables.

Third, over evolutionary time, artificial light at night will represent a strong anthropogenic selective
pressure and lead to adaptive changes in the responses of hosts and parasites to light. If their
environment is constantly illuminated, coastal populations of parasites may no longer be under
selective pressures to synchronise egg hatching or emergence from their host with the day—
night cycle, and their infective stages may no longer benefit from directional movement toward
light. Helminth phenotypes can indeed respond in just a few generations to artificial conditions
that exert new selective pressures on their transmission success [56]. Although more challenging
to test, this hypothesis could be investigated through multigeneration selection experiments
under different light regimes, with parasites being tested for phototactic responses every few
generations. Cultures of parasites with simple life cycles and short generation times, such as
monogeneans [57], would be ideal systems for such evolutionary studies.
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Concluding remarks and future perspectives

Artificial light must be included as an important anthropogenic factor in One Health approaches
to the management of aquatic parasites [58], and as a potential promoter of emerging aquatic
diseases [59]. To date, the only study investigating the possible connection between artificial
light at night and parasite infection in aquatic ecosystems has found that frog tadpoles exposed
to night-time light were a little more susceptible to infection by cercariae of the trematode
Echinostoma sp. than those not exposed to night-time light, possibly due to a reduction in the
tadpoles’ swimming activity [60]. The result suggests that anthropogenic light at night can indeed
affect parasite infections, yet many unknowns remain (see Outstanding questions). Research
addressing these basic unresolved issues, as well as research testing the three hypotheses
presented in the previous section, is urgently needed to evaluate the consequences of light
pollution for aquatic parasitism.

As with other recently recognised impacts of human activity on wildlife, such as noise pollu-
tion [61], we urgently need to determine how light pollution affects parasitism and disease.
We also need to understand how this particular stressor interacts with other anthropogenic
impacts on natural ecosystems, such as climate change [62] and noise pollution [63], the
latter probably frequently co-occurring with light pollution. In particular, it will be important
to assess whether other anthropogenic changes to aquatic habitats that dampen light
penetration through water can offset the increasing use of artificial light along the land-
water interface. Indeed, increasing precipitation run-off is delivering large amounts of
dissolved organic matter from terrestrial sources into the littoral zones of lakes and oceanic
coastal waters, causing ‘lake browning’ and ‘coastal darkening’ [64,65]. The resulting
reduction in water transparency and greater attenuation of light with depth will no doubt
modify the net effects of light pollution.

Importantly, we definitely need to seek ways to minimise any negative effects of light pollution on
disease risk in both natural habitats and aquaculture facilities. For this reason, potential impacts
on parasitism and disease must be considered in the design and implementation of mitigation
measures currently proposed to limit the effects of light pollution on wildlife. To date, most
research in this area has focused on designing lighting at night that will not interfere with the
orientation of sea turtle hatchlings heading to the sea [66,67]. Light-emitting diode (LED) lamps
(Box 1) have rapidly become widely used for a range of domestic, commercial, and industrial
applications due to their energy efficiency. However, the white light they produce is rich in
short-wavelength blue light, which is thought to be the most detrimental part of the light spectrum
for all kinds of organisms [4,68]. Light from LEDs can penetrate coastal waters and its shortest
wavelengths can reach tens of metres down to the seafloor [69]. Simple measures to mitigate
the impact of light pollution would include using lower intensity lights and lamps that produce
longer-wavelength ‘reddish’ light [70]. Indeed, shifting from short wavelengths to longer wave-
lengths within the visible spectrum has been demonstrated to mitigate negative physiological
and behavioural impacts of artificial light on some organisms [71]. However, the widespread
implementation of changes to the types of lights manufactured and commercially available
would require legislative action at local and federal levels. Organisations such as DarkSky
International” are working with communities and manufacturers to promote and certify ‘dark
sky friendly’ outdoor lighting, providing a great example of the way forward. Yet it remains unclear
whether mitigation measures proposed to limit impacts of light pollution on free-living organisms
would also limit the risk of parasitic diseases, since the responses of parasite infective stages to
different wavelengths remain to be investigated. Future research aiming to answer the outstanding
questions and test the hypotheses proposed here would certainly help to ‘shed light” on this poten-
tial anthropogenic driver of aquatic diseases.
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Outstanding questions

Does artificial light at night cause a
decrease in host immune defences
due to its disruption of normal
physiological functions? Is this more
likely in some host taxa than others?

Can constant night-time illumination
lead to an overall higher rate of trophic
transmission for helminth parasites,
by extending the foraging period of
predatory fish and avian definitive
hosts?

Have parasite populations living along
shores with dense human settlements,
which have been exposed to night-
time illumination for many generations,
already evolved new adaptations, such
as different phototactic responses in
their search for hosts, compared with
populations along shores not affected
by human activities?

Are the light wavelengths that are most
impactful on free-living organisms also
the most influential for parasite infective
stages? Are these different for different
parasite taxa?

What type of light design, and what sort
of spatial deployment of lights along
river banks, lake shores, and marine
coastlines are least likely to influence the
distribution and intensity of parasitic
diseases in aquatic ecosystems?

How will the impact of light pollution
on aquatic disease interact with
the effects of other environmental
stressors of anthropogenic origin,
such as eutrophication, global warming,
ocean acidification, and noise pollution?


CellPress logo

Trends in Parasitology ¢ CellPress

Box 1. Types of artificial light

Different electrical light sources have different characteristics and usage. Their potential impact on aquatic organisms
depends on their luminosity, colour spectrum, distance from water, etc.; here, they are roughly ranked from potentially
least to most impactful [72]:

Incandescent light bulb

A wire filament is heated until it glows, encased in a glass bulb in a vacuum or inert gas. Incandescent bulbs have been
widely used for indoor household and commercial lighting since they were perfected by Thomas Edison.

Halogen lamp
Similar to the incandescent lamp, a tungsten filament is sealed in a mixture of an inert gas and a small amount of a halogen,

such as bromine or iodine. This allows the filament to operate at a higher temperature and achieve high luminosity. Halogen
lamps are often used for flood lighting, but are being phased out around the world due to their poor energy efficiency.

Fluorescent tube

An electric current passing through the tube excites the mercury vapour it contains, producing ultraviolet light that causes
the phosphor lining inside the tube to glow. Fluorescent tubes are energy efficient and achieve much greater luminosity
than incandescent lamps. They are widely used for indoor household and commercial lighting.

Mercury vapour lamp

This gas-discharge lamp uses an electric arc passing through vapourised mercury to produce light, within a small tube
mounted within a larger glass bulb, the latter being either clear or coated with phosphor. Mercury vapour lamps have a long
lifespan, are very energy efficient, and produce high-intensity clear white light. They are widely used for streetlights and for
overhead lighting in factories, warehouses and sports grounds.

Metal halide lamp
This type of lamp produces light by an electrical arc through a gaseous mixture of vapourised mercury and metal halides

(e.g., sodium iodide) inside a quartz tube. The intense white light produced makes this type of light ideal for large indoor or
outdoor spaces, such as factories, parking lots, and sports grounds.

Light emitting diode (LED) lamp

An electrical current passing through a microchip illuminates the tiny LEDs to produce visible light in a specific direction,
with the associated heat absorbed in a heat sink. LED lights are much more energy efficient that traditional incandescent
and fluorescent lamps, and they last much longer. They can produce light of various colours as well as white light. They are
now used for everything from indoor lighting to outdoor flood lighting and streetlights. If unfiltered, blue-rich LED lamps can
be quite disruptive to the circadian rhythms of many organisms.
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