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The Earth is getting brighter at night, as artificial light at night (ALAN)

continues to increase and extend its reach. Despite recent recognition of

the damaging impacts of ALAN on terrestrial ecosystems, research on

ALAN in marine systems is comparatively lacking. To further our under-

standing of the impacts of ALAN on marine organisms, this study

examines how the reproductive fitness of the common clownfish Amphiprion
ocellaris is influenced by the presence of ALAN. We assessed how exposure

to low levels of ALAN affects (i) frequency of spawning, (ii) egg fertilization

success, and (iii) hatching success of A. ocellaris under control (12 : 12

day–night) and treatment (12 : 12 day–ALAN) light regimes. While we

found exposure to ALAN had no impact on the frequency of spawning or

fertilization success, ALAN had dramatic effects on hatching. Amphiprion
ocellaris eggs incubated in the presence of ALAN simply did not hatch,

resulting in zero survivorship of offspring. These findings suggest ALAN

can significantly reduce reproductive fitness in a benthic-spawning reef

fish. Further research in this field is necessary to fully understand the

extent of this impact on population and community dynamics in the wild.
1. Background
For most of evolutionary history, organisms have experienced invariant cycles of

light days and dark nights, that shifted predictably with lunar and seasonal

phases [1]. This reliable day–night cycle has led to biological clocks, circadian

rhythms, that coordinate and regulate daily behaviours and physiology for most

organisms on Earth. Changes in light–dark rhythms are often closely linked to

the timing of significant events such as courtship, reproduction and migration

[2]. Day–night cycles also influence species interactions (predation, competition)

and habitat use, by regulating the duration and time in which organisms conduct

key activities [2]. The correct functioning of natural systems fundamentally relies

on light days and dark nights. However, the relatively recent invention and pro-

liferation of artificial lights have altered the night environment over a substantial

portion of the Earth’s surface [3], resulting in a mismatch between evolutionary

adaptations and the present environmental conditions many animals now face.

The Earth is getting artificially brighter, at a rate of 2.2% per year [4]. As a

result of these brighter nights, the impacts of artificial light at night (ALAN)

have become an increasing focus in terrestrial ecology. Research has shown

that ALAN is a major form of anthropogenic pollution that can affect a wide

range of biotic processes, including physiology [5,6], behaviour [7,8], animal

movements [9,10], species interactions [11], community structure [12,13]) and

reproduction [14–16].

Despite recent recognition of the damaging and far-reaching impacts of

ALAN in terrestrial ecosystems, research on the impacts of ALAN in subtidal

marine ecosystems is less studied ([17], but see [18–20]). The marine
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environment is not exempt from light pollution and just as on

land, light pollution is increasingly spreading to even remote

marine habitats through growing urbanized coastlines and

increasing marine infrastructure emitting ALAN (e.g. offshore

oil platforms, piers, cruise ships and hotels constructed

directly above reefs; [17,21]). There is, therefore, a critical

need to understand the extent and ecological impacts of

ALAN in marine systems [1,13].

To further our understanding of the impacts of ALAN on

marine organisms, we examined whether ALAN impacts the

reproductive fitness of coral reef fishes. Using the common

clownfish Amphiprion ocellaris (Pomacentridae), we explored

how ALAN influenced (i) frequency of spawning, (ii) egg fer-

tilization success, and (iii) hatching success of A. ocellaris under

control 12 : 12 day–night, and treatment 12 : 12 day–ALAN

light regimes. As both A. ocellaris parents and eggs are site

attached, often on shallow reefs, the presence of light pollution

in their natural habitat could mean direct and chronic

exposure to ALAN. Furthermore, many pomacentrids are

known to spawn near dawn [22], and embryos of some species

are known to hatch immediately after dusk (e.g. [23,24]),

suggesting light pollution has the potential to disrupt the

natural light cues used for timing reproductive processes.
2. Material and methods
This study used 10 breeding pairs of the common clownfish

A. ocellaris, housed at Flinders University’s Animal Housing

facilities. Each of 10 aquaria was fitted with an overhead LED

light programmed to emit near white light of approximately

5000 K, to imitate commercially available and widely used

white LED lights (full details in electronic supplementary

material, S1). Five breeding pairs were randomly assigned to

the control treatment, and were on a 12 h light (mean (+s.e.)

lx ¼ 2482.4+ 41.8) and 12 h dark (no detectable light with light

meter (0.1 lx resolution)) cycle, and five breeding pairs were

given an ALAN treatment, with a light cycle of 12 h light

during the day (same as the control treatment), and 12 h of

dim light during the night (mean (+s.e.) lx ¼ 26.5+ 1.5). Light

measurements were taken by point measurements at the

water’s surface of each aquaria, during the day and night at

two time points throughout the experiment. Lux was determined

using an Extech LT40 LED light meter (FLIR Commercial Sys-

tems Inc., USA), by taking one reading 6 cm beneath each

light, directly above the water in each aquarium. This measure-

ment represents the light reaching the surface of the water, but

does not account for the light attenuation and the reduced

light intensity that would have reached the bottom of the aquaria

(estimated to be 10–15 lx). These lux levels were comparable to

levels measured in near shore light-polluted areas (e.g. 5–21.6

lx [13]; 25–68 lx [25]), and were conservative relative to locations

illuminated at night by marine infrastructure (e.g. approx.

150–210 lx [18]). Light treatments were separated by black plastic

sheeting to block all light at night from control treatments.

Aquaria were checked each morning for the presence of eggs.

Fish consistently laid eggs on a terracotta pot placed in each

aquarium. Each new egg clutch was photographed with an

underwater camera (Olympus Tough TG4), and the date of

spawning recorded. Egg clutches were photographed each day

of development to record fertilization success. Egg clutches

were reared with their parents until the evening of the eighth

day—the evening of hatching—at which time each egg clutch

was photographed, and the pot with attached eggs were trans-

ferred to a 7 l hatching tank. Hatching tanks were exposed to

identical conditions as their parent tank, including the same

light treatment. Photographs were later viewed in ImageJ [26],
and the total number of eggs, the number of healthy eggs, unfer-

tilized or dead (white) eggs, and missing eggs, were recorded for

each clutch (electronic supplementary material, S1 and figure S3).

Photographs of remaining unhatched eggs on day 9 (post-hatch),

along with counts of hatched larvae in the hatching tank, were

used to calculate hatching success rate for each clutch. ‘Hatch

success’ was calculated as the proportion of eggs that hatched

successfully, out of the total number of healthy, developed

eggs remaining at the end of the embryonic period (day 8).

After 60 days, the experiment was terminated, and the ALAN

treatment lights re-set to 12 h light–12 h dark cycle (same as

the control treatment). The frequency of spawning, egg fertiliza-

tion success and hatching success were monitored for another 60

days to record recovery from the extended light exposure.

Differences in spawning frequency, egg fertilization and

hatching success between ALAN exposed and control treat-

ments, and between the experimental and recovery periods,

were analysed by fitting generalized linear mixed models with

model selection using Akaike information criterion for small

sample sizes (AICc). See electronic supplementary material, S1

for full details of statistical analysis.

3. Results
There was no significant difference in spawning frequency

between control and ALAN treatment pairs of A. ocellaris,

nor between impact and recovery periods (figure 1a), as the

best fit model retained only breeding pair as a random

factor (electronic supplementary material, S2 and table S2).

However, it should be noted the DAICc value for the

model retaining treatment as an explanatory variable was 2,

suggesting similar support for this model. Spawning was

slightly less frequent in the control (19+2.26 day interval)

compared to the ALAN treatment (16.25+1.25 day interval);

however, this relationship was not strong.

The best fit model for fertilization success retained exper-

imental period as an explanatory variable, as fertilization

success decreased slightly in the recovery period (figure 1b).

However, similar support was found (i.e. DAICc � 2) for all

other candidate models excluding the full model, with the

null model ranked a close second best with a DAICc value

of 0.1 (electronic supplementary material, S2 and table S3).

The best fit model for hatching success was the full model,

which retained the interaction term (treatment�experimental

period) as explanatory variables (electronic supplementary

material, S2 and table S4). Hatching success was significantly

lower in clutches that developed under ALAN compared to

clutches from the control group. In fact, eggs from clutches

reared under ALAN conditions during the impact period

had a hatch rate of 0%. This result differs significantly from

eggs from clutches reared under ambient day–night lighting

conditions during the same experimental period, for which a

mean of 86% (+7%) of the eggs successfully hatched

(figure 1c). Furthermore, there was no difference in the pro-

portion of eggs hatched between ALAN and control groups

during the recovery period (mean+ s.e. ALAN ¼ 0.80+
0.09; mean+ s.e. control¼ 0.83+0.11), indicating that this

negative effect of ALAN on hatch rate disappeared as soon

as the impact period ended, and light regimes were restored

to ambient conditions.

4. Discussion
The overwhelming finding from this study is that light pol-

lution can have a devastating effect on reproductive success
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Figure 1. Comparison of mean (+s.e.) (a) spawning frequency, (b) fertilization
success and (c) successful hatch rate from control and ALAN treatment groups,
during the experimental ‘impact’ period and during ‘recovery’ following removal
of ALAN treatment. Numbers represent the sample size for each group.
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of marine organisms. Amphiprion ocellaris eggs incubated in

the presence of ALAN simply did not hatch, resulting in

zero survivorship of offspring. Amphiprion ocellaris embryos

have evolved to hatch after dusk to avoid the threat of diurnal

predators [22,24]. Newly hatched A. ocellaris, like most reef

fishes, are small in size (approx. 5 mm) and transparent,

which likely makes them less visible in darkness, providing

protection from nocturnal predators as they emerge from

their eggs after dusk [24]. Our results show that the presence

of ALAN, even at relatively low levels (approx. 26 lx), masks

the environmental cue that triggers hatching in A. ocellaris.

Through inhibition of hatching, light pollution, therefore,

has the potential to significantly reduce the reproductive
fitness of site-attached reef fish who settle to near shore habi-

tat exposed to chronic ALAN conditions. This inhibition of

hatching by ALAN can also have significant impacts on

metapopulation dynamics through creation of a population

sink—where within-habitat reproduction is insufficient to

balance local mortality [27]. As reef fish populations are

most often replenished by larvae recruiting from distant

reefs, a single source of light pollution has the potential to

impact more distant reef population dynamics by reducing

larval supply. Furthermore, it is well known that many

coral reef fishes are attracted to light in their larval phase

(e.g. use of light traps for sampling larval fish [28]). If

larval reef fish are attracted to and preferentially settle to

ALAN exposed reefs where their reproductive fitness is com-

promised, light pollution would be creating an ecological

trap for recruiting reef fishes, and this could have significant

and broad-scale consequences in areas with extensive ALAN

pollution. Further research is clearly needed to understand

the extent of the impacts of ALAN on habitat selection at

settlement and subsequent population persistence.

These findings likely extend to other reef fish in the family

Pomacentridae, as many species have been shown to share

similar reproductive behaviours, including the timing of

hatching during early evening [23,29]. However, ALAN

may not have the same impact on reproductive success in

fish species with different reproductive strategies. For

example, light pollution may not have the same impact on

marine pelagic spawners, whose eggs are released into the

water column and are carried offshore, as embryos from

these species are unlikely to experience chronic exposure to

coastal light pollution. Furthermore, species whose embryos

hatch during the day (e.g. Oryzias latipes [30], Salmo salar
[31]) will not be entrained to hatch with the onset of dark-

ness, and therefore, hatching is unlikely to be inhibited by

light pollution. However, the presence of ALAN may create

the opposite problem for these species; by masking the

normal day–night cycle, embryos may hatch at the wrong

time of day or night and optimal timing of the hatching

event can be essential for the survival of embryos and sub-

sequent larvae. Thus, the impacts of ALAN are dependent

on species-specific life histories, and given the great diversity

of life-history strategies among marine taxa, much more

research is needed to fully understand the extent of the

impacts of light pollution in marine systems.

5. Conclusion and future directions
Despite growing evidence of the physiological and behav-

ioural effects of light pollution, we still have little

understanding of the ecological consequences, particularly

in the marine environment. This study has demonstrated

the negative impacts of ALAN on one measure of fitness—

reproductive success—in one species of coral reef fish.

Given that ALAN has the potential to disrupt the natural

cycles of light and dark that are used ubiquitously to initiate

or regulate circadian, lunar and annual rhythms, more research

is needed on other aspects of fitness and other organisms to

understand the species-specific impacts of light pollution in

the marine environment. Furthermore, ALAN is an anthropo-

genic disturbance that can simultaneously, directly affect

multiple trophic levels through, for example, modifying behav-

iour [32] and physiology [33], attraction of predator and prey

species (e.g. [34,35]), and shifting temporal niches [18,36].
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Therefore, future research on light pollution should include

in situ studies to include realistic costs (e.g. increased preda-

tion) and benefits (e.g. increased prey resources) associated

with ALAN. Lastly, in order to develop strategies to mitigate

the impacts of light pollution in the marine environment, we

need a broader understanding of the impacts of different

types and different spectrums of light on a wide range of

marine organisms. Understanding the extent of the impacts

of ALAN on marine systems is critical for developing solutions

and complementing current coral reef management strategies

to minimize the additional effects of light pollution on these

already globally stressed and vulnerable ecosystems.
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