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Abstract 
In recent years, artificial light pollution has expanded in area and concentration due to global 
population growth and technological advances in lighting. The impacts of artificial light at 
night (ALAN) are now well acknowledged within terrestrial biomes however, influences to 
surrounding coastal marine ecosystems are poorly recognised. Similarly, research has only 
just begun to reveal the extent of damage to coral reef systems, which have both substantial 
ecological and economic importance. However, the survival of important reef building 
Scleractinia within areas of ALAN is relatively unknown. Here a series of investigations 
underpin the extent of damage of short and long wavelength spectral street lighting to the 
reef building species, Acropora microclados and compared responses to coral of unlit 
coastal areas. A series of experiments quantified the pigmentation degradation throughout 
ALAN exposure and the response to recovery simulations to investigate if restoring natural 
solar cycles allowed pigmentation restoration. Results showed severe degradation of the 
green and red pigmentation within 49 days of exposure to both LED and metal halide lighting 
at night. While yellow ALAN caused more decline than shorter wavelength spectra in 
experiment 1, recovery investigations uncovered that within 28 days of exposure to ALAN, 
corals experienced 20% more green pigmentation decline in shorter wavelengths. Recovery 
experiments showed that recruitment of red and green pigmentation was reliant on previous 
spectral compositions during treatments and the restoration of the natural circadian rhythm. 
Investigations provide insight into species specific responses to real world scenarios of light 
pollution displayed around coastal waters. Additionally, research highlights that current reef 
recovery initiatives may be counterproductive in areas that are enduring the pressures of 
ALAN. Therefore, deeper understanding of the true impacts of ALAN is urgently needed in 
order to appropriately protect coral reef systems in proximity to developed coastlines. 
 
Keywords: Coastal urbanisation, artificial light, ALAN, pollution, coral reefs, bleaching, 
Acropora, zooxanthellae, coral resilience  
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Introduction 
As the global human population continues to increase at an exponential rate, 
migration has promoted urbanisation in coastal zones (Nicholls, 1995). Likewise, 
revolutionary technology advancements have generated structural mechanisms, 
providing economic sustenance to these regions (Marafa, 2008). 2015 was labelled 
as the “International Year of Light” due to advancements in artificial lighting across 
spectra and uses (Davies et al., 2016). However, regardless of the anthropogenic 
progression this grants, research has begun to shed light on the substantial 
consequences of economic growth, which threaten surrounding coastal ecosystems 
(Bird et al., 2004; Gaston et al., 2015b). In recent years, research has emphasised 
artificial light at night, also known as ALAN, as an emerging yet substantial 
anthropogenic stressor (Gaston et al., 2015a). On a global scale, modernisation in 
developing countries is promoting regional expansion of artificial lighting, whereas in 
developed countries increased concentration of the sensory pollution is becoming 
visible (Bird et al., 2004). Consequently, increases in sensory pollution exposure can 
stimulate negative responses which threaten productivity of key ecosystems, 
including coral reefs (Zantke et al., 2013). 
 
Emerging research into the global decline of coral reefs, have highlighted their 
ecological and economic importance (Chadwick et al, 2011; Graham and Nash, 
2013; Ayalon et al., 2021). Anthropogenic stressors including pollutants, dredging, 
land reclamation, and over exploitation of species and habitats have shifted key 
environmental stimuli (Dubinsky & Stambler, 2011; Lam et al., 2015; Hughes et al., 
2018). Scleractinia rely on these stable parameters for adequate building of the 
three-dimensional calcium carbonate structure (Hughes et al., 2018). Therefore, 
ecosystem shifts are altering key relationships between coral and associated flora 
and fauna, and as a result, reef systems are displaying degradations globally (van 
Woesik et al., 2011; Ayalon et al., 2019). Consequences throughout the food chain 
emerge, as lack of nurseries, food, and shelter, shift biodiversity in these regions 
(Moberge and Folke, 1999). Equally, economic viability is threatened as coastal 
defences, fisheries and tourism are likewise vulnerable. 
 
The use of artificial lighting has transformed over the last century as economic 
revolution and global migration drives anthropogenic activity after dusk (Gaston et 
al., 2015a). Concentrated yellow glows are visible from space due to sky glow 
(reflection and dispersion of lighting through the atmosphere) and direct lighting 
(found via shipping, ocean surveying and most commonly inland street lighting) 
(Henderson et al., 2011; Davies et al., 2014; Falchi et al., 2015). Furthermore, the 
use of satellite imagery and in situ monitoring techniques revealed that 22% of 
coastlines were exposed to ALAN in 2010 and this area is expanding at a rate of 
2.2% annually (Davies et al., 2016; Kyba et al., 2017) (Figure 1A and 1B). Alongside 
this, in recent years there has been a global transition from narrow spectrum yellow 
lighting to broader blue lighting (Gaston et al., 2012). This included the switch from 
Low-Pressure Sodium (LPSs) and High-Pressure Sodium (HPSs) lighting to Light 
Emitting Diodes (LED). While these advancements stimulate economic drivers, 
improves human field of vision, and provides more technological control, it exposes 
regions that theoretically would previously only have received lunar illuminance 
between dusk and dawn (Gaston et al., 2015b; Tidau et al., 2021). As a result, 
altered natural light cycles supply an impending pressure to local ecosystems 
(Schröer and Hölker, 2017; Tidau et al., 2021).  

https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2664.13240#jpe13240-bib-0035
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Figures 1A and 1B: Original maps displaying global distribution of the sensory pollution and 
coral reefs, respectively. ALAN is highlighted as yellow areas, comparable to coral reef sites 

as blue. This aims to portray proximity of sensory pollution to keystone coral reef 
ecosystems. Data from these maps were derived from ArcGIS (2021). 

A 

B 
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Though there are extensive investigations into impacts to terrestrial environments, 
research has only just begun to question the scale of pressures to marine systems 
(Ayalon et al., 2021). Examination of artificial lighting through the water column has 
uncovered penetration up to one hundred metres deep (Rosenberg et al., 2019) and 
the true dispersal of artificial light across oceans is now being mapped globally 
(Smyth et al., 2021). This has shed light on the global presence of artificial light 
penetration through the water column, and has revealed that at 1m depth, 1.9 million 
square km of coastal ecosystems are exposed to the influences of ALAN. Moreover, 
at 10m depth, 1.6 million square km are exposed (Smyth et al., 2021). This research 
suggests alterations to essential sensory stimuli in coastal pelagic ecosystems and 
also presents enquiries into the influences on shallower photic zone ecosystems, 
including coral reefs surrounding the Indo-Pacific regions (Sevilla et al., 2019).  
 
Examination of coral reef systems in proximity to urbanisation and coastal 
development (Gorbunov and Falkowski, 2002; Levy et al., 2003; Kaniewska et al., 
2015; Rosenberg et al., 2019) have established fundamental relationships between 
daily light cycles and the key biological functioning of reef building corals; this 
includes mass spawning events of Acropora species and polyp contraction feeding 
methods (Roth et al., 2010; Boch et al., 2011; Hilton et al., 2012; Craggs et al., 2017; 
Ayalon et al., 2021). It is now known that extensive periods of light exposure, or 
fluctuating spectrums of light, result in unsynchronised spawning and distorted 
feeding mechanisms (Rosenburg et al., 2019). Although there is increasing 
investigations into reef system photobiology, research into individual coral response 
is limited. Key papers have discovered the influences of spectral variation to host 
coral growth (Gorbunov et al., 2002; Levy et al., 2003; Ayalon et al., 2019). This 
highlights that further investigations must be completed on an individual level, in 
order to understand the true impacts of modern light on the survival of reef systems. 
 
The existence of blue light in the water column influences chlorophyl a concentration 
and photosynthesis determination (Rosenburg et al., 2019). Invasive coral 
photobiology research has supported this, showing that coral photoreception 
sensitivity becomes critical at smaller wavelengths, from 400-520nm (Gorbunov et 
al., 2002; Levy et al., 2003). However, while these methods have highlighted the 
potential negative consequences of prolonged alterations to spectral composition, 
they were not able to provide details of coral health changes overtime. This was 
because the investigations involved before and after examinations. Therefore, the 
progressive shifts in coral functioning, while enduring ALAN exposure, remains 
poorly understood. This research includes non-invasive methods to holistically 
evaluate signs of inadequate functioning, by including visual representation of 
pigment degradation, (i.e.) bleaching. This is with the aim of providing longitudinal 
data, visualising coral health.  
 
Vast research has investigated the recovery of coral reef systems following other 
anthropogenic induced bleaching events; however, is yet to consider the recovery 
capability of corals after termination of exposure to ALAN (McClanahan et al., 2005; 
Burt et al., 2008; van Woesek et al., 2011). This raises questions regarding the 
recovery of biological and physiological processes within individuals and reef 
systems in a modernising world transitioning to light of shorter wavelength. Previous 
research has presented the impacts of anthropogenic light, which threaten the reef 
building Scleractinia. This guides further enquiries into the influences of the different 
spectrums of light, which are being displayed during the revolutionization of modern 
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lighting technology along highly populated coastlines. The aim of this research is to 
observe the development of reef building corals when enduring enhanced ALAN at 
blue and white spectra. Longitudinal analysis of pigmentation and coral health will be 
examined, followed by similar examinations of recovery in natural cycles compared 
to enhanced aquarist lighting simulations. 
 

Methodology 
Coral Fragging and Dipping 
An Acropora microclados (common name, strawberry cheesecake) mother coral was 
selected to represent reef building corals within the Indo-Pacific region. This area 
was chosen as it represents multiple emerging countries which display intense ALAN 
in proximity to concentrated areas of coral reef systems. Additionally, the economies 
of these regions are heavily reliant on reef tourism. The mother coral was sampled 
from the Biozone 7 exhibit of the National Marine Aquarium, Plymouth, United 
Kingdom. Using a set of Aquamedic stainless steel coral cutters, forty juvenile corals 
were fragged from the mother coral, measuring at <5cm each. To acclimatise and 
sanitize, a series of coral dipping techniques were used. Corals were submerged in 
50ml Coral Revive cleaner: 5L tank water solution for 5 minutes. This was followed 
by 2-3minutes in 100% tank water solution. Gloves were used to avoid 
contamination between solutions. Using Betta Coral Glue, each coral frag was 
‘planted’ to a coral plug to provide a stable surface for the coral to adhere to and 
promote healthy growth and survival. It was ensured that the bases of corals and 
plugs were dry before setting. 
 
Tank Setup 
In the coral propagation laboratory of the National Marine Aquarium, Plymouth, UK, 
three simulation tanks were constructed. This consisted of three pre-built tanks with 
the dimensions 50cm X 53cm X 110cm and filled to 250L with system water. Three 
treatments were set up to simulate a sunrise and sunset cycle (group A, control 
group), Light Emitting Diode (LED) artificial light pollution (group B) and a metal 
halide artificial light pollution (group C).  The forty coral frags were split between the 
three simulations and labelled A1-A10, B1-B5 and C1-C5, using a Sharpie Fine Point 
Marker. Each group then underwent 49 days of treatment. 
 
Experiment 1: Treatment 
Artificial Illumination (AI) Hydra TwentySix HD LED lighting systems were set up in 
each tank to manipulate the lighting spectra. This system enabled the alterations of 
26 LEDs to produce different wavelengths of light typically shown in natural daylight, 
lunar light, LED street lighting and metal halide street lighting. The lighting system 
had a peak PAR of 174, however it averaged 88 PAR over the area of coverage 
when at 100% intensity and overhanging 24 inches above water level. The total light 
coverage across the surface was 91cm. However, coral fragments were kept within 
the focal point of 61cm. Each experimental group experienced a daylight simulation, 
however following sunset at 1800hrs, group B and C were subjected to low level light 
pollution simulations. In comparison, group A experienced natural lunar phases. The 
simulations’ spectra and timings were as follows: 
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• Group A: Control Group. Group A experienced a natural sunrise and sunset 
cycle at 6500K and 5% intensity at 0600hrs, rising to 80% intensity from 1000-
1400hrs and setting at 1800hrs at 5% intensity. From 1810-0550hrs, a lunar 
illuminance was synchronised to monthly lunar cycles of the Indo-Pacific 
region for the period of March-August. The intensity maximized at 5% at a full 
moon and decreasing to 0% at a new moon (Table 1). 

 
• Group B: LED simulation. Group B included a sunrise and sunset cycle at 

6500K and 5% intensity at 0600hrs, followed by 80% intensity at 1000-
1400hrs; decreasing back to 5% at 1800hrs. At 1810hrs, group B experienced 
a low-level LED simulation at 10000K and 5% intensity (Figure 2A). 
 

• Group C: Metal Halide simulation. Group C experienced a sunrise and sunset 
cycle at 6500K and 5% intensity at 0600hrs, followed by 80% intensity at 
1000-1400hrs; lowering to 5% intensity again at 1800hrs. At 1810hrs, group C 
experienced a low-level metal halide ALAN simulation at 5000K at 5% 
intensity (Figure 2B). 

 
Table 1: The calculation for lunar phase intensity with corresponding fraction of illumination 
at each lunar phase. The intensity calculations are shown in column three, where 100% is 

equal to 88 PAR at 24 inches from the light source. The maximum intensity at a full moon is 
5%, therefore the output intensities at column four are given, ranging from 0% at a new 

moon to 5% at a full moon. 

Lunar Phase 
Lunar Illumination 
Fraction 

Intensity 
Calculation Output intensity 

New Moon 0.1 5% x .10 0% 
Waxing Crescent 0.2 5% x .20 1% 
First Quarter 0.4 5% x .40 2% 
Waxing Gibbous 0.6 5% x .60 3% 
Full Moon 1 5% x 1.0 5% 
Waning Gibbous 0.6 5% x .60 3% 
Third Quarter 0.4 5% x .40 2% 
Waning 
Crescent 0.2 5% x.20 1% 

 
Corresponding Parameters 
To correctly simulate reef action, two VorTechMP40 Propellor Pumps were fitted at 
opposite ends of the tanks to provide adequate water movement. The pumps were 
set to ‘reef crest random’ mode, which consisted of irregular influxes of motion, 
followed by lower water movement intensity. Pumps were examined weekly to 
ensure quality maintenance. 
Data Analysis 
Following the data collection, analysis included studies of the weekly photographs in 
the image processing software, ImageJ. Other non-invasive methods have included 
an optical coherence tomography (OCT) (Spicer et al., 2019) to study optical 
properties of colonies.  However, as the specialist cellular analysis equipment was 
not available, photo imagery allowed representative assessment of coral optical 
properties and zooxanthellae response, as a measurement of pigment concentration 
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and composition throughout the host. Current research uses the “Greyscale Model” 
to quantify coral bleaching (McLachlan & Grottoli, 2021), however during this 
research, the green and red band wavelengths were examined to provide an 
observation of chlorophyll a density and zooxanthellae, respectively. Pixel coverage 
across the corals’ surfaces provided numerical and longitudinal visualisations of the 
coral pigmentation within these bands, throughout the treatments. 
 

 
Figure 2A: Spectral makeup (Kelvin, (k)) and intensity (%) of Simulation B (LED ALAN 

treatment) shown in blue. 2B: Spectral makeup (Kelvin (k)) and intensity (%) of Simulation C 
(metal halide ALAN treatment) shown in green. 100% light intensity provides an output of 88 

PAR at 24 inches from the light source. 

Figure 3: Photograph collection using a 1cm x 1cm square grid stand, to retrieve 
longitudinal photographic data of coral pigmentation. Using reference centre alignments, the 

camera was centred to the base of the stand and images were cropped to reveal the final 
raw JPG File image. 
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Using ImageJ, the selected coral and data file were chosen and opened. The colour 
of the image was split into three channels: green, red and blue, and focussing on the 
green and red bands individually, the colouring threshold was set as 100 as a 
constant across all coral images (see Step 1 of Figure 4). Measurements were set to 
include perimeter, area (to provide a pixel count) and area fraction (to provide a 
percentage of pigmentation coverage). Each coral image was outlined using the Star 
G430S graphics drawing table (see Step 2 of Figure 4). The threshold was applied, 
and measurements were analysed (Step 3 of Figure 4).  
 

 
Figure 4: A progression chart of coral pigmentation image analysis, within the green colour 
channel, using ImageJ. Step 1 shows the threshold applied to quantify the pixels covered by 

the focussed pigmentation. The coral fragment is outlined in Step 2 and application of the 
threshold converts the image to black and white in step 3. From here, measurements are 

taken to provide the pigmentation pixel count and area coverage of the selected area. 

 
Statistical Testing 
Data was collated in excel which organised the pixel percentage of the green and 
red pigments at each collection date for groups A, B and C. Using the statistical 
analysis software, Minitab 19, variances between results were tested to examine if 
the means of groups A, B and C were statistically different to each other. A test for 
normality was completed first, followed by a mixed effect model ANOVA. This was 
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completed following the “Stats, “ANOVA” and “Mixed Effects Model” within the drop-
down menu. Fixed terms included “Treatment”, random effects included “Date” and 
the response was “Pixel Coverage (%)”, representing either the green or red bands. 
In all statistical test, the 95% significance level was implemented (а = 0.05 ). The 
hypotheses being tested were as follows: 
 
𝑯𝑯𝟎𝟎: There is no significant difference between the pigmentation responses of Groups 
A, B and C in the green or red band.  
 
𝑯𝑯𝟏𝟏: There is a significant difference between the resulting pigmentation of Groups A, 
B and C in the green or red band.  
 
Experiment 2: Recovery 
Following treatment, experiment 2 considered the recovery of pigment across the 
coral fragments. Twenty coral fragments were cut from the mother Acropora 
microcladus, using the same methods previously mentioned in “2.1 Coral Fragging 
and Dipping”. These frags were split into the same two ALAN simulation as 
experiment 1 and labelled B6-B15 and C6-C15. Following 21 days of ALAN 
exposure, corals were placed into two recovery simulations for 21 days. This was to 
consider if enhanced LED aquarist lighting would improve pigment recovery in terms 
of time and percentage cover, compared to, simply, the restoration of circadian 
rhythms to natural solar light cycles. The recovery simulation groups were as follows: 
 

1. Restoration using natural light cycles. This consisted of the same lighting 
simulations as Group A of experiment 1, including monthly lunar cycles. 
 

2. Restoration using enhance aquarist lighting. The spectral makeup stayed 
consistent throughout the daily cycle, however, intensities ranged from 0% at 
0730hrs increasing to 100% at 1030hrs. From 1430hrs, this decreased again 
to 0% by 1630hrs (Figure 5). 

 
Two Radion Spectrum XR30W Gen 4’s were used to enhance lighting, which 
consisted of a series of LEDs including: 8 “cool white”, 6 “deep blue”, 8 “blue”, 4 
“green”, 4 “photo red” and 4 “UV” lights. At 100% intensity, the spectral makeup is as 
follows: 100% UV, 100% royal blue, 100% blue, 24% green, 24% red, 24% cool 
white and had an average PAR reading of 214. 
 
 
Following data collection, data analysis included the mixed effects model ANOVA 
using Minitab 19, at a 95% significance level. The hypotheses were as follows: 
 
𝑯𝑯𝟎𝟎: There is no significant difference in the use of enhanced artificial lighting compared 
to natural lighting, on the recovery of corals after ALAN exposure. 
𝑯𝑯𝟏𝟏: There is a significant difference in the use of enhanced artificial lighting in 
comparison to natural solar cycles, when considering the recovery of corals after 
ALAN exposure.  
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Data sets were split into groups to compare recovery response after ALAN 
simulations: 
 

• Group 1: LED ALAN treatment, followed by natural cycle recovery simulation. 
• Group 2: LED ALAN treatment, followed by enhanced aquarist lighting 

recovery simulation. 
• Group 3: Metal halide ALAN treatment, followed by natural cycle recovery 

simulation. 
• Group 4:  Metal halide ALAN treatment, followed by enhance aquarist lighting 

recovery simulation. 
 
 
 

 

Figure 5: The daily lighting intensities of two ALAN simulation tanks between the hours of 
06:00 and 18:00. The natural cycle is displayed using orange lines and the enhanced 

aquarist lighting simulation is displayed using blue lines. Spectral makeup is consistently at 
6500K in the natural cycle, whereas the spectral makeup in the aquarist lighting tank is 
measured using intensities of 6 LED lights. At 100% intensity, the spectral makeup is as 
follows: 100% UV, 100% royal blue, 100% blue, 24% green, 24% red, 24% cool white. 

Lighting intensity is measured using percentage (%) and at 100% intensity the average PAR 
is 214. This is represented as a solid line. 

 
 

Results 
Experiment 1: Treatment  
Pixel cover within the green and red channel declined significantly when corals 
underwent ALAN in both treatments. However, there was also some, but less severe 
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pigmentation loss within the control group. Table 2 provides a visual representation 
of the difference in coral pigmentation after 49 days of ALAN exposure. Within the 
green channel, group A showed a mean pixel cover loss of 31.98%, compared to 
groups B and C, at 52.9% and 59.92%, respectively (Figure 7). After 49 days of 
exposure to artificial light pollution, the mean green pixel cover was 40.48% for 
groups B and 33.1% in group C. However, some showed more sensitivity than 
others; the lowest pixel coverages in the ALAN simulations were C5, at 5.88%, and 
B3, at 7.48%.  
 
 

Table 2: An illustration of the decline in pigment within the green band of three example 
corals. A10 represents the control group, B4 represents the LED ALAN simulation and C3 
represents the metal halide ALAN simulation. Green band pigmentation is displayed using 

red pixels and photographs of before treatments (14/04/2021) and after treatments 
(02/06/2021). 

 
 
Measurements across the red channel demonstrated greater decline of pixel 
coverage than green pigmentation. Group A showed an average decline of 64.37% 
within 49 days (Figure 6). Alternatively, the ALAN simulations displayed a mean 
pigmentation loss of 75.79% (Group B) and 77.53% (Group C). After 49 days of 
exposure to ALAN, the average red coverage was 11.91% in group B and 6.73% in 
group C 
 
Longitudinal analysis of the optical properties showed clear differences in coloration 
of both channels between groups within 14 days of exposure to ALAN (Figure 7).  
There was a 3.94% difference between the average green pigmentation colour 
between groups A and B, and 6.33% differences between A and C after 14 days of 
exposure. Within the green channels, the differences between the average green 
pigmentation compared to the control group was 3.12% between groups A and B 
and 13.3% between groups A and C. 
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Pigmentation loss occurred at areas closest to the lighting, before gradually 
spreading throughout the remainder of the host (see table 3). Group B included 
excessive bleaching of one coral, B1, which led to excess turf algae growth (Figure 
8). This led to a distinct line in which bleaching prevented recruitment of 
zooxanthellae and the recovery of pigmentation. In contrast, the weight results 
showed no significant changes or associations with treatments throughout the 
duration of experiment. However, when weighing, corals from both ALAN simulations 
produced substantially less, or no mucus, compared to the control group. 
 
 
 

 
 

Figure 6: The mean green and red channel pigmentation loss of 40 coral frags, within a 49 
days period of exposure to artificial light at night. The control group consisted of a natural 

day night cycle (Group A, in green), Group B were exposed to LED ALAN pollution 
(highlighted in blue) and Group C, Metal Halie ALAN pollution (highlighted in yellow). 

 
 
 

Green Channel Red Channel
Natural Cycle 31.98 64.37
Metal Halide ALAN 59.93 77.53
LED ALAN 59.93 77.53
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Figures 7A and 7B: The trend of mean pixel area coverage (%) of corals over a forty-nine-
day treatment of different light exposures. This shows the changes in average pigmentation 

when exposed to a natural light cycle (solid line), LED artificial light at night (dashed line) 
and metal halide artificial light at night (dotted line). The green band wavelength is 

highlighted in green (A) and the red band wavelength is highlighted in red (B). 
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Table 3: A timeline of pigmentation loss from coral B1 in the red band wavelength. Raw 
photographs are compared alongside the analysed pixel photographs. Bleaching occurs 

from the tips, at the points nearest to the exposed light, and gradually spreads throughout 
the coral to the end of the treatment period. 

 
14/04/2021 28/04/2021 12/05/2021 26/05/2021 

    
 
 
 
 

    
 
 
 
 

 
 
 

 
Figure 8A and 8B: The impacts of bleaching to coral B1 that underwent LED ALAN 

exposure. 8A shows the raw discolouration, whilst 8B shows the analysed pigmentation pixel 
count. The impacts of bleaching are highlighted in orange circles, whereas turf algal 

production is highlighted using green circles. 

 
 
 
 

B A 
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Experiment 1 Statistical Testing 
Table 4 lists the outputs from the stats model, comparing differences between the 
means of groups A, B, and C across the green and red wavelength. Comparing all 
three simulation treatments across the green band gave a p value of p= 0.013. As 
p<0.05, there is sufficient evidence to suggest the treatment of lighting significantly 
impacts the mean coral pigmentation coverage within the green band (Figure 7). 
Comparison of both A to B and A to C in the green band showed a significant 
difference in output data; p=0.025 and p=0.037, respectively. This suggests that both 
ALAN simulations alter the pigmentation of corals within green channel. A 
comparison of groups B and C provided an output p value of p=0.452, suggesting 
that there was no significance difference between the green channel data between 
ALAN treatments.  
 
Conclusions from red channel data comparing all groups gave p=0.016. Therefore, 
as p<0.05, the null hypothesis is rejected and there is sufficient evidence to suggest 
that the treatment of lighting significantly impacts the red pigmentation coverage of 
the corals (Figure 7). Comparing groups A and B gave an output value of  p=0.260, 
suggesting no statistical difference between the pigmentation data. Comparisons of 
groups A to C and groups B to C produced p values of p=0.013 and p=0.057 
respectively. This suggests there are significant differences between the mean 
output pigmentations of group C compared to the control group and shorter 
wavelength ALAN simulation.  
 

Table 4: The outputs of the mixed effects model to compares the mean red and green 
pigmentation pixel cover groups between coral fragments that underwent artificial light 

pollution (B and C) compared to a natural circadian rhythm (A).  ALAN simulations include 
LED artificial light pollution (B) and metal halide artificial light pollution (C). The output 

degrees of freedom (df), f-value (f-stat) and p-values are included. 

 

 Band Groups Included df f-stat p-value 

Green Band 

A, B, C 14.00 5.95 0.013 

A, B 7.00 8.14 0.025 

A, C 7.00 6.61 0.037 

B, C 7.00 0.64 0.452 

Red Band 

A, B, C 14.00 5.61 0.016 

A, B 7.00 1.50 0.260 

A, C 7.00 10.94 0.013 

B, C 7.00 5.16 0.057 
 
 
Experiment 2: Recovery 
Optical data analysis showed pigmentation restoration of all corals throughout the 
green and red channels in both natural cycle and enhance lighting simulations within 
42 days. Moreover, longitudinal analysis displayed an increase in pigmentation 
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within 21 days in all groups. Corals that underwent LED ALAN showed more red 
pigmentation recruitment in enhanced aquarist conditions; group 1 displayed 61.1% 
increase, whereas group 2 showed 67.8% red band recruitment (Figure 9). However, 
restoration of the natural cycle provided increased recruitment of green 
pigmentation. Group 1 presented a 34.9% increase compared to 33.9% within group 
2. Corals that endured metal halide ALAN indicated increased red and green 
pigmentation recruitment if the natural circadian rhythm was restored. For example, 
within the green channel, group 3 displayed a 15.8% increase compared to 13.5% in 
group 4. Also, within the red band, group 3 increased 71.6%, in comparison to 41.5% 
in group 4.  
 

 
Figure 9: The mean green and red channel pigmentation recruitment of 20 coral fragments 
during recovery simulations after 21 days of ALAN exposure. Group 1 (navy blue) endured 

LED ALAN followed by restoration of the natural solar cycle; group 2 (light blue) experienced 
LED ALAN followed by an enhanced aquarist lighting recovery simulation; group 3 (orange) 

experienced metal halide ALAN followed by restoration for the natural light cycle and group 4 
(yellow) underwent low level metal halide ALAN followed by an enhanced aquarist lighting 

recovery simulation. 

 
Within experiment 2, corals that experience LED ALAN showed more recruitment 
within 42 days of recovery than metal halide. Although, Figure 10 displays the 
extended decline in pigmentation of group 1 and 2 corals within the treatment phase 
between 23/06/2021- 04/08/2021, LED simulation had a mean percentage pigment 
of 17.28% in red and 58.5% in green, compared to metal halide: 21.1% in red and 
79.9% in green. This highlights a 3.82% difference in red and 21.4% difference in 
green. In some cases, recruitment of pigments exceeded that of when corals were 
initially fragged. For example: within green, initial LED mean was 87.29%, within 
group 1 final pigmentation was 93.42% and group 2 92.42%. Metal halide initial 

Green Red
Group 1 34.9 61.1
Group 2 33.9 67.8
Group 3 15.8 71.6
Group 4 13.5 41.5
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mean was 93.48%, after treatment and recover simulation group 3 was 95.72% and 
93.35%.  
 

 

 
Figures 10A and 10B: The trend of mean pixel area coverage (%) of corals over ALAN 

treatment and recovery simulations within the green and red channels. This includes group 1 
(LED ALAN treatment to natural solar cycle recovery simulation), group 2 (LED ALAN 

treatment to enhance aquarist lighting), group 3 (Metal halide ALAN to natural solar cycle 
recovery simulation) and group 4 (Metal halide ALAN treatment to enhanced aquarist lighting 

recovery simulation). The influence of ALAN exposures were tested between 09/06/2021- 
23/06/2021 (shown as solid blue and yellow lines) followed by recovery trends between 

14/07/2021-04/08/2021 (in dashed or dotted). LED ALAN treatments are highlighted in blue, 
whereas metal halide treatments are highlighted in yellow. Natural solar cycle recovery 
simulations are displayed as a dashed line, whilst artificially enhance lighting recovery 

simulations are highlighted using dotted lines. 

 

0
10
20
30
40
50
60
70
80
90

100

09/06/2021 23/06/2021 14/07/2021 04/08/2021

R
ed

 C
H

an
ne

l P
ix

el
  C

ov
er

 (%
)

Collection Day

LED ALAN treatment

Group 1

Group 2

Metal halide ALAN
treatment
Group 3

Group 4

0
10
20
30
40
50
60
70
80
90

100

09/06/2021 23/06/2021 14/07/2021 04/08/2021

G
re

en
 C

ha
nn

el
 P

ix
el

 C
ov

er
 (%

)

Collection day

LED ALAN
treatment
Group 1

Group 2

Metal Halide ALAN
treatment
Group 3

Group 4

A 

B 



The Plymouth Student Scientist, 2023, 16, (1), 25-48 
 

42 
 

Experiment 2 Statistical Testing 
Table 5 displays the output values for the mixed effects model. Statistical analysis of 
the green band data produced a p value of p=0.011. As p<0.05 threshold, the results 
are considered significant and there is enough evidence to suggest that that lighting 
exposure influences the recovery of corals after exposure to ALAN. 
Comparing green pigmentation in groups 1 and 2 produced a p-value of 0.555; 
suggesting after exposure to LED ALAN simulations, the exposure to either natural 
solar cycles or enhance lighting does not influence the recruitment of green 
pigmentation. However, groups 1 and 3 produced a value of p=0.008. This therefore 
suggests that restoration of pigmentation is reliant on the previous spectral makeup 
exposure. Output p-values within the red channel produce similarly statistical results. 
Alternatively, groups 3 and 4 produced a p-value of p=0.006. As p<0.05, it therefore 
suggests that the response of corals exposed to metal halide ALAN is different when 
experiencing different recovery lighting. 
 

Table 5: The outputs of the mixed effects model for the green and red pigmentation 
response to ALAN recovery simulations. This compares groups 1 (LED ALAN treatment to 
natural solar cycle recovery simulation), group 2 (LED ALAN treatment to enhance aquarist 
lighting), group 3 (Metal halide ALAN to natural solar cycle recovery simulation) and group 4 
(Metal halide ALAN treatment to enhanced aquarist lighting recovery simulation). The tests 
the alternative hypothesis, that lighting spectra have a significant impact on the recovery of 
coral fragments when exposed to ALAN. The output degrees of freedom (df), f-value (f-stat) 

and p-values are included. 

 
 

Discussion 
Results from this investigation support previous work completed by Levy et al., 
(2003) and Rosenberg et al. (2017) and has demonstrated that reef building 
Scleractinia, within the Acropora genera, show susceptibility to artificial light 
pollution. Similarly, results expand upon recent literature by Ayalon et al. (2019), 
revealing the influences of spectral makeup in determining coral survival along 
developed coastlines. This provides valuable insight into the silent pressure of 
artificial light at night, which exists alongside high-profile pressures to reef systems, 
including ocean acidification and rising sea temperatures. The process of 
photosynthesis relies on consistent daylight regimes to provide adequate primary 
production and promote coral progression (Ayalon et al., 2021). While the intensity of 

Channel Group df-den f-value p-value 

Green 

1,2,3,4 35.0 4.28 0.011 
1,2 17.0 0.36 0.555 
1,3 16.0 9.27 0.008 
2,4 17.0 0.39 0.540 
3,4 16.0 4.87 0.0420 

Red 

1,2,3,4 35.0 4.17 0.0130 
1,2 17.0 0.95 0.345 
1,3 16.0 5.19 0.0370 
2,4 17.0 2.85 0.110 
3,4 17.0 9.75 0.006 
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ALAN is equivalent to 0.002% of daytime light (Grubisic, 2018), fluctuation to the 
natural rhythm of solar and lunar illuminance phases, have shown clear changes to 
pigmentation across coral hosts within the ALAN treatments. The depreciation of the 
yellow-brown pigmentation within two weeks of ALAN exposure, indicates that the 
Acropora microclados fragments lost over 50% of the critical photosynthetic 
organisms (Fitt et al., 2000; Baker, Glynn and Riegl, 2008; Schoepf et al., 2015). 
While the substantial damage highlighted is concerning, it also promotes enquiries 
into the wider reef system recovery after exposure in urbanised regions (Schoepf et 
al., 2015). 

Within experiment 1, longer wavelength spectra had more substantial influence on 
coral pigmentation in terms of time and percentage cover. Statistical analysis 
showed variation between the red pigmentation response between the LED and 
metal halide simulations. However, there was no significant difference between 
green pigmentation decline in groups. This differs from findings presented by Ayalon 
et al., (2019) and Ayalon et al., (2021) which highlighted modernising shorter 
wavelengths as more threatening due to further penetrations and dispersal 
throughout the water column (Tamir et al., 2017). Similarly, it has been emphasised 
that blue light is major determinant in the circadian rhythm of organisms across 
Animalia, including Scleractinia (Hoadley et al., 2011; Schroer and Hölker, 2017). In 
contradiction to experiment 1, before recovery simulations began in experiment 2, 
there was enhanced pigmentation decline within fourteen days of LED ALAN 
compared to metal halide ALAN. Although spectral results show some variation 
within experiments 1 and 2, this adds to the growing body of evidence that highlights 
the importance of spectral composition. Specifically, advances in artificial lighting 
technology across the globe are increasing ALAN, and human beings are 
manipulating spectral composition and creating 24hrs of light.  

Group A similarly displayed some pigmentation loss while experiencing a natural 
circadian and circalunar clock. While this could be as a result of stimuli including a 
response to fragging and acclimatisation to lighting adjustments from previous tanks 
to a natural solar cycle, permission was granted to frag the mother Acropora 
microclados as the colony was overgrowing. As a response to lack of light, areas of 
the colony were displaying some signs of stress, including bleaching. Although the 
fragments cut showed no signs of initial bleaching, the progressive depreciation in 
pigmentation could suggest that pre-existing stress may enhance corals sensitivity to 
stimuli, and likewise, sensitivity to the influences of ALAN, as shown by the severe 
degradation in pigment in LED and metal halide simulations. Similarly, research has 
shown that corals under pre-existing stress, show more sensitivity to additional 
pressures (Wolff et al., 2018; Ellis et al., 2019). For example, the presence of ALAN 
in combination with the other high-profile stressors, such as those due to climate 
change, will exacerbates the bleaching. This in turn suggests that bleaching events 
surrounding urbanised coastlines are imminent and will be persistent as multiple 
pressures diminish the resilience of coral colonies (Schoepf et al., 2015).  

The resilience of Acropora microclados showed pigmentation recovery within twenty-
one days if light pollution at night was removed and a period where light is absent 
was provided. This supports current recovery initiatives, which acknowledge “dark 
sky” locations as an integral mitigation approach to tackling the disturbance of 
artificial light pollution (Davies et al. 2014). Similarly, other recovery schemes have 
used coral propagation and “outplanting” methods to minimise the anthropogenic 
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impacts to juvenile frags to help recovery (Lirman et al., 2016; Ware et al., 2020). 
However, this brings into question whether some of this work may be 
counterproductive in highly light polluted areas, as the light penetrations will still 
provide pressure and limit survival of juvenile frags. Results suggested that the 
recruitment of red and green pigmentation in recovery simulations was reliant on the 
previous spectral composition. Although individual fragments in groups B and C 
showed recovery, reef restoration is not guaranteed. Exposure to ALAN has recently 
manipulated a series of unsynchronised spawning events, resulting in unsuccessful 
reproduction of colonies (Kaniewska et al., 2015). Moreover, a bleaching threshold 
was estimated at 8 months, before there is disruption to key reproductive 
mechanisms (Mendes and Woodley, 2002). Fragments showed no indications of 
exoskeleton growth during all treatments due to the mass expulsion of 
endosymbionts, which direct photosynthetic processes (Mendes and Woodley, 2002; 
Schoepf et al., 2015; Swain et al., 2018). Previous investigations discovered the 
restoration of calcification rates proceeding the 1987 Caribbean bleaching events. 
However, throughout periods of induced pressures, inadequate biological functioning 
inhibited exoskeleton growth (Leder et al., 1991). Additionally, the reduction in 
mucus production in both ALAN simulations, which typically used as protective 
response to pressure, highlights the inadequate functioning of critical mechanisms in 
the presence of ALAN. Moreover, mortality of associate crustacean symbionts and 
susceptibility to disease is increased as coral resilience diminishes (Lesser, 1996; 
Shroer and Hölker, 2016). This promotes phase shifts within reef ecosystems 
(Spoelstra et al., 2015). From here, it is evident that further longitudinal 
investigations into the growth of corals, in proximity to artificially lit coastal zones, will 
provide insight into the true pressures of ALAN in determining biological functioning 
including exoskeleton growth. 

Results of this study present scenarios of coral health decline due to artificial light 
pollution and provide application to circumstances occurring around urbanised 
coastlines, globally. While it is acknowledged that the species studied here was able 
to recover the exposure to ALAN across different spectra, it must be cautioned that 
ALAN exposure within this research, simulated only a short time scale in relation to 
those occurring continuously along urbanised coastline today. Nonetheless, the 
disruption to coral health in this period was substantial. The Acropora genera is 
currently globally listed as threatened under the Endangered Species Act. While 
Acropora spp. within the Indo-Pacific region are not currently considered endangered 
due to the quantity of populations, the results of this investigation show the ability for 
substantial reduction in colonies (Baker et al., 2008). This emphasises that further 
understanding of these reefs systems and the true influences of ALAN to these key 
ecosystems is urgently needed as the transition into shorter wavelength modern 
lighting and the light concentration increase is imminent as coastal urbanisation 
develops.  

Conclusions 
A growing body of research is providing evidence of the impacts of artificial light 
pollution, as it is becoming a more widely recognised pressure to surrounding marine 
ecosystems. Visual representation of coral health provided a non-invasive analysis 
which outlined the progressive decline in pigmentation to critical levels within 49 
days of exposure to LED and metal halide street lighting simulations. Similarly, 
although during experiment 1, corals experience increased bleaching effects in metal 
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halide simulations compared to LED, recovery investigations uncovered that within 
28 days of exposure, corals experience a 20% more decline in green pigmentation in 
shorter wavelengths. This highlighted the value of longitudinal research to view the 
progression of coral health during exposure to ALAN. Similarly, although this 
investigation only represents a small fraction of light exposure in comparison to real 
scenarios around coastal regions, it highlighted the importance of light spectra in 
determining coral pigmentation within the first fourteen days of low-level light at 
night. Corals showed sensitivity to recovery spectra after ALAN treatments, although 
pigmentation recovery was possible if the natural circadian and circalunar rhythms 
were restored. Responses to ALAN have been highlighted within the Acropora 
microclados species. This expands upon species specific understanding of the 
impacts of ALAN and further consequences to coral reefs surrounding urbanisation. 
While the incorporation of artificial lighting has permitted anthropogenic progression, 
the damaging pressures facing organisms, habitats, and ecosystems in surrounding 
coastal regions, cannot be ignored. Although the removal of artificial light at night 
may seem a straightforward solution, other societal and economic implications that 
require artificial lighting from dusk to dawn make resolving the wicked problem of 
ALAN, challenging. Furthermore, current recovery programmes may be 
counterproductive if in more highly light polluted areas. The use of ALAN in modern 
societies is becoming widespread and as humanity is advancing the modernisation 
of artificial lighting, the prevalence is being exacerbated. Therefore, a deeper 
understanding of the biological consequences of ALAN is urgently needed in order to 
sustain and restore the damaging consequences. Otherwise, the reoccurrence of 
coral bleaching events will continually disrupt the survival of keystone species and 
direct alterations in ecosystems community functioning. 
Acknowledgements 
I would like to thank the Ocean Conservation Trust who funded the research in 
conjunction with the National Marine Aquarium (NMA), Plymouth, UK. This 
establishment provided the Acropora microclados species and the laboratory space 
to carry out the investigation. Thank you also to the husbandry department at the 
NMA including James Chasty and Emma Whittle for their continued support 
throughout this process. I also would like to thank my dissertation advisor Thomas 
Davies for his support and advice. Finally, I would like to thank Jamie Quinn of the 
University of Plymouth GeoMapping team for their advice, help and suggestions on 
map use for this publication. 
 
References 
ArcGIS (2021) Map Viewer. Available at: 

https://www.arcgis.com/apps/mapviewer/index.html [Accessed November 14, 2021]. 
 
Ayalon, I., de Barros Marangoni, L.F., Benichou, J.I., Avisar, D. and Levy, O. (2019) 

Red Sea corals under Artificial Light Pollution at Night (ALAN) undergo oxidative stress 
and photosynthetic impairment. Global change biology, 25(12), 4194-4207.  

Ayalon, I., Benichou, J.I., Avisar, D. and Levy, O. (2021) The endosymbiotic coral algae 
Symbiodiniaceae are sensitive to a sensory pollutant: artificial light at night, 
ALAN. Frontiers in physiology, 12, 897.  

Baker, A.C., Glynn, P.W. and Riegl, B. (2008) Climate change and coral reef bleaching: An 
ecological assessment of long-term impacts, recovery trends and future 
outlook. Estuarine, coastal and shelf science, 80(4), 435-471.  

https://www.arcgis.com/apps/mapviewer/index.html


The Plymouth Student Scientist, 2023, 16, (1), 25-48 
 

46 
 

Bird, B.L., Branch, L.C. and Miller, D.L. (2004) Effects of coastal lighting on foraging 
behaviour of beach mice. Conservation Biology, 18(5), 1435-1439.  

Boch, C.A., Ananthasubramaniam, B., Sweeney, A.M., Doyle Iii, F.J. and Morse, D.E. 
(2011) Effects of light dynamics on coral spawning synchrony. The Biological 
Bulletin, 220(3), pp.161-173.  

Burt, J., Bartholomew, A. and Usseglio, P. (2008) Recovery of corals a decade after a 
bleaching event in Dubai, United Arab Emirates. Marine Biology, 154(1), 27-36.  

Chadwick, N.E., Morrow, K.M., Dubinsky, Z. and Stambler, N. (2011) Coral Reefs: An 
Ecosystem in Transition. Dordrecht: Netherlands, 347. 

Craggs, J., Guest, J.R., Davis, M., Simmons, J., Dashti, E. and Sweet, M. (2017) 
Inducing broadcast coral spawning ex situ: Closed system mesocosm design and 
husbandry protocol. Ecology and evolution, 7(24), 11066-11078.  

Davies, T.W., Duffy, J.P., Bennie, J. and Gaston, K.J. (2014) The nature, extent, and 
ecological implications of marine light pollution. Frontiers in Ecology and the 
Environment, 12(6), 347-355.  

Davies, T.W., Duff, J.P., Bennie, J., Gaston, K.J. (2016) Stemming the tide of light pollution 
encroaching into marine protected areas. Conservation Letters 9, 3 164-171.  

Ellis, J.I., Jamil, T., Anlauf, H., Coker, D.J., Curdia, J., Hewitt, J., Jones, B.H., Krokos, 
G., Kürten, B., Hariprasad, D. and Roth, F. (2019) Multiple stressor effects on coral reef 
ecosystems. Global change biology, 25(12), 4131-4146. 

Falchi, F., Cinzano, P., Kyba, C. and Portnov, B.A. (2015) The New World Atlas of 
Artificial Sky Brightness. IAU General Assembly, 29, p.e2247038. 

Fitt, W.K., McFarland, F.K., Warner, M.E. and Chilcoat, G.C. (2000) Seasonal patterns of 
tissue biomass and densities of symbiotic dinoflagellates in reef corals and relation to 
coral bleaching. Limnology and oceanography, 45(3), 677-685.  

Gaston, K.J., Davies, T.W., Bennie, J. and Hopkins, J. (2012) Reducing the ecological 
consequences of night‐time light pollution: options and developments. Journal of Applied 
Ecology, 49(6), 1256-1266.  

Gaston, K.J., Gaston, S., Bennie, J. and Hopkins, J. (2015a) Benefits and costs of 
artificial nighttime lighting of the environment. Environmental Reviews, 23(1), 14-23.  

Gaston, K.J., Visser, M.E. and Hölker, F. (2015b) The biological impacts of artificial light at 
night: the research challenge. Philosophical Transactions of the Royal Society B: 
Biological Sciences, 370(1667), p.e20140133.  

Gorbunov, M.Y. and Falkowski, P.G. (2002) Photoreceptors in the cnidarian hosts allow 
symbiotic corals to sense blue moonlight. Limnology and Oceanography, 47(1), 309-315.  

Graham, N.A. and Nash, K.L. (2013) The importance of structural complexity in coral reef 
ecosystems. Coral reefs, 32(2), 315-326. 

Grubisic, M. (2018) Waters under artificial lights: does light pollution matter for aquatic 
primary producers?. Limnology and Oceanography Bulletin, 27(3), 76-81.  

Henderson, V., Storeygard, A. and Weil, D.N. (2011) A bright idea for measuring 
economic growth. American Economic Review, 101(3), 194-99.  

Hilton, J.D., Brady, A.K., Spaho, S.A. and Vize, P.D. (2012) Photoreception and signal 
transduction in corals: proteomic and behavioral evidence for cytoplasmic calcium as a 
mediator of light responsivity. The Biological Bulletin, 223(3), 291-299.  



The Plymouth Student Scientist, 2023, 16, (1), 25-48 
 

47 
 

Hoadley, K.D., Szmant, A.M. and Pyott, S.J. (2011) Circadian clock gene expression in the 
coral Favia fragum over diel and lunar reproductive cycles. PloS one, 6(5), 19755. 

Hughes, T.P., Anderson, K.D., Connolly, S.R., Heron, S.F., Kerry, J.T., Lough, J.M., 
Baird, A.H., Baum, J.K., Berumen, M.L., Bridge, T.C. and Claar, D.C. (2018) Spatial 
and temporal patterns of mass bleaching of corals in the 
Anthropocene. Science, 359(6371), 80-83.  

Kaniewska, P., Alon, S., Karako-Lampert, S., Hoegh-Guldberg, O. and Levy, O. (2015) 
Signaling cascades and the importance of moonlight in coral broadcast mass 
spawning. elife, 4, p.e09991. 

Kyba, C.C., Kuester, T., Sánchez de Miguel, A., Baugh, K., Jechow, A., Hölker, F., 
Bennie, J., Elvidge, C.D., Gaston, K.J. and Guanter, L. (2017) Artificially lit surface of 
Earth at night increasing in radiance and extent. Science advances, 3(11), p.e1701528.  

Lam, E.K.Y., Chui, A.P.Y., Kwok, C.K., Ip, A.H.P., Chan, S.W., Leung, H.N., Yeung, L.C. 
and Ang, P.O. (2015) High levels of inorganic nutrients affect fertilization kinetics, early 
development and settlement of the Scleractinian coral Platygyra acuta. Coral 
Reefs, 34(3), 837-848. 

Leder, J.J., Szmant, A.M. and Swart, P.K. (1991) The effect of prolonged “bleaching” on 
skeletal banding and stable isotopic composition in Montastrea annularis. Coral 
Reefs, 10(1), 19-27.  

Lesser, M.P. (1996) Exposure of symbiotic dinoflagellates to elevated temperatures and 
ultraviolet radiation causes oxidative stress and inhibits photosynthesis in symbiotic 
dinoflagellates. Limnol Oceanogr, 41, 271-283.  

Levy, O., Dubinsky, Z. and Achituv, Y. (2003) Photobehavior of stony corals: responses to 
light spectra and intensity. Journal of Experimental Biology, 206(22), 4041-4049.  

Lirman, D. and Schopmeyer, S. (2016) Ecological solutions to reef degradation: optimizing 
coral reef restoration in the Caribbean and Western Atlantic. PeerJ, 4, 2597. 

Lyndby, N.H., Kühl, M. and Wangpraseurt, D. (2016) Heat generation and light scattering 
of green fluorescent protein-like pigments in coral tissue. Scientific reports, 6(1), 1-14.  

Marafa, L.M. (2008) Integrating sustainable tourism development in coastal and marine 
zone environment. Études caribéennes. https://doi.org/10.4000/estudescaribeenes.1373. 

McClanahan, T.R., Maina, J., Starger, C.J., Herron-Perez, P. and Dusek, E. (2005) 
Detriments to post-bleaching recovery of corals. Coral Reefs, 24(2), 230-246.  

McLachlan, R.H. and Grottoli, A.G. (2021) Image Analysis to Quantify Coral Bleaching 
Using Greyscale Model. Protocolsio. doi.1750/protocols.io.bx8wprxe. 

Mendes, J.M. and Woodley, J.D. (2002) Effect of the 1995-1996 bleaching event on polyp 
tissue depth, growth, reproduction and skeletal band formation in Montastraea 
annularis. Marine Ecology Progress Series, 235, pp.93-102. 

Moberg, F. and Folke, C. (1999) Ecological goods and services of coral reef 
ecosystems. Ecological economics, 29(2), 215-233.  

Nicholls, R.J. (1995). Coastal megacities and climate change. GeoJournal, 37(3), 369-379.  

Rosenberg, Y., Doniger, T. and Levy, O. (2019) Sustainability of coral reefs are affected by 
ecological light pollution in the Gulf of Aqaba/Eilat. Communications biology, 2(1), 1-9.  

Roth, M.S., Latz, M.I., Goericke, R. and Deheyn, D.D. (2010) Green fluorescent protein 
regulation in the coral Acropora yongei during photoacclimation. Journal of experimental 
biology, 213(21), 3644-3655.  

https://doi.org/10.4000/estudescaribeenes.1373


The Plymouth Student Scientist, 2023, 16, (1), 25-48 
 

48 
 

Schoepf, V., Grottoli, A.G., Levas, S.J., Aschaffenburg, M.D., Baumann, J.H., Matsui, Y. 
and Warner, M.E. (2015) Annual coral bleaching and the long-term recovery capacity of 
coral. Proceedings of the Royal Society B: Biological Sciences, 282(1819), p.e20151887.  

Schroer, S. and Hölker, F. (2016) Impact of lighting on flora and fauna. Handbook of 
Advanced Lighting Technology, doi10.1007/978-3-319-00295-8_42-1. 

Sevilla, N.P.M., Adeath, I.A., Le Bail, M. and Ruiz, A.C. (2019) Coastal development: 
Construction of a public policy for the shores and seas of Mexico. In Coastal 
Management, 21-38. 

Smyth., T.J., Wright, A.E., McKee, D., Tidau, S., Tamir, R., Dubinsky, Z., Illuz, D., 
Davies, T.W. (2021) A global atlas of artificial light at nifgt under the sea. Elementa: 
Science of the Anthropocene, 9 (1) doi:10.1525/elementa.2021.00049 

Spicer, G.L.C., Eid, A., Wangpraseurt, D., Swain, T.D., Winkelmann, J.A., Yi, J., Kühl, 
M., Marcelino, L.A. and Backman, V. (2019) Measuring light scattering and absorption 
in corals with Inverse Spectroscopic Optical Coherence Tomography (ISOCT): a new tool 
for non-invasive monitoring. Scientific reports, 9(1), 1-12.  

Spoelstra, K., van Grunsven, R.H., Donners, M., Gienapp, P., Huigens, M.E., Slaterus, 
R., Berendse, F., Visser, M.E. and Veenendaal, E. (2015) Experimental illumination of 
natural habitat—an experimental set-up to assess the direct and indirect ecological 
consequences of artificial light of different spectral composition. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 370(1667), p.e20140129.  

Swain, T.D., Lax, S., Lake, N., Grooms, H., Backman, V. and Marcelino, L.A. (2018) 
Relating coral skeletal structures at different length scales to growth, light availability to 
Symbiodinium, and thermal bleaching. Frontiers in Marine Science, p.e450.  

Tamir, R., Lerner, A., Haspel, C., Dubinsky, Z. and Iluz, D. (2017) The spectral and spatial 
distribution of light pollution in the waters of the northern Gulf of Aqaba (Eilat). Scientific 
reports, 7(1), 1-10.  

Tidau, S., Smyth, T., McKee, D., Wiedenmann, J., D’Angelo, C., Wilcockson, D., Ellison, 
A., Grimmer, A.J., Jenkins, S.R., Widdicombe, S. and Queirós, A.M. (2021) Marine 
artificial light at night: An empirical and technical guide. Methods in Ecology and 
Evolution, 12(9), 1588-1601.  

van Woesik, R., Sakai, K., Ganase, A. and Loya, Y.J.M.E.P.S. (2011) Revisiting the 
winners and the losers a decade after coral bleaching. Marine Ecology Progress 
Series, 434, 67-76.  

Ware, M., Garifeld, E., Nedimyer, K., Levy, J., Kaufman, L., Precht, W., Winters, R. and 
Miller S. (2020) ‘Survivorship and growth in staghorn coral (Acropora cervicornis) 
outplanting projects in the Florida Keys National Marine Sanctuary’, PLOS ONE, 15(5)  
pe0231817.  

Wolff, N.H., Mumby, P.J., Devlin, M. and Anthony, K.R., (2018). Vulnerability of the Great 
Barrier Reef to climate change and local pressures. Global change biology, 24(5), 1978-
1991. 

Zantke, J., Ishikawa-Fujiwara, T., Arboleda, E., Lohs, C., Schipany, K., Hallay, N., 
Straw, A.D., Todo, T. and Tessmar-Raible, K. (2013) Circadian and circalunar clock 
interactions in a marine annelid. Cell reports, 5(1), 99-113.  

 


