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HIGHLIGHTS GRAPHICAL ABSTRACT

e Light pollution is a pervasive stressor
affecting coastal species worldwide.

e Light pollution effects on a widespread
symbiotic sea anemone are strong.

e Two light intensities cause bleaching
and contrasting responses in
zooxanthellae.
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ARTICLE INFO ABSTRACT
Editor: Sergi Diez Salvador Artificial Light at Night (ALAN) is a pervasive stressor that may affect coastal organisms, particularly sessile
forms associated with photosynthetic symbionts. We examined the effects of ALAN upon the symbiotic snake-
Keywords: locks anemone (Anemonia viridis)’s relationship with photosynthetic zooxanthellae, as well as molecular in-
Snakelocks anemone dicators of oxidative stress and metabolism. Anemones were exposed to natural daylight/night or either mild or

gor}(hea;t Atlantic strong ALAN intensities for four weeks, before quantifying zooxanthellae, superoxide dismutase (SOD) enzymes,
ocky shore

Bleaching and respiration rates. In comparison to natural conditions, anemones exposed to ALAN showed significantly

MARLAN higher and lower zooxanthellae counts, under mild and strong ALAN, respectively. In turn, SOD concentrations
were lower and much higher when exposed to mild and strong ALAN, respectively, with no change in respiration
rates. Concurrent bleaching suggests that ALAN is harmful to this, and possibly other species associated with
symbiotic microalgae. And while we didn’t measure heat stress, such bleaching may potentially act synergisti-
cally with other larger-scale forms of bleaching associated with rising ocean temperatures.
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1. Introduction

Worldwide drivers of change in natural systems are increasingly
anthropogenic in origin (Bellard et al., 2012; Davies and Smyth, 2018).
One of these stressors, still underrepresented in the literature particu-
larly from marine systems, is Artificial Light at Night (ALAN) (Longcore
and Rich, 2004; Davies et al., 2014). ALAN sources are expanding
globally (Sanchez de Miguel et al., 2021) and along coastlines to include
numerous ports, marinas, vessels, lighthouses, piers, breakwaters, and
lighting networks associated with roads and coastal cities (Longcore and
Rich, 2004; Davies et al., 2020). In fact, ALAN is becoming pervasive,
with biologically relevant light pollution affecting nearly 76 % of the
seafloor nearby well-lit cities. Moreover, ALAN has potentially wider
effects than those already measured (Smyth et al., 2022), and known to
alter physiological, behavioral, reproductive, and ecological traits (see
Stanley et al., 2015; Ludvigsen et al., 2018; Manriquez et al., 2021a;
Duarte et al., 2019, 2023; Lynn and Quijon, 2022; Miranda-Benabarre
et al., 2024). Initial apprehension about ALAN effects was driven by the
perception that most light is filtered out by the water column. However,
some of its wavelengths are now known to penetrate depths of up to 100
m (Davies and Smyth, 2018).

Along the coastline, ALAN studies have often focused on the response
of mobile organisms (Lynn and Quijon, 2022) even though sessile spe-
cies, including those living in association with micro-algal symbionts
(sponges, corals, sea anemones), are equally, if not more vulnerable to
light effects (Davies et al., 2014; Hiddink et al., 2014). Some of these
species play key ecological roles (see Hatcher, 1997; Pawlik and
McMurray, 2020; Bedgood et al., 2023), so their alteration may signal
changes for entire coastal communities (Anthony, 1997). Sea anemones,
for example, are widespread across latitudes (Muller-Parker and Davy,
2001), and their behaviour seems to be dictated almost entirely by local
environmental cues (Batham and Pantin, 1950; Anthony, 1977; Wahl,
1984; Glon et al., 2020): from changing currents and light levels, to
temperature, salinity, food and various tactile stimuli (Hall and Pantin,
1937; Batham and Pantin, 1950; North, 1957; Shumway, 1978; An-
thony, 1997). Potential susceptibility to ALAN makes symbiotic sea
anemones interesting study models, and possibly suitable indicators of
the influence of light pollution on the shoreline.

Snakelocks anemones (Anemonia viridis) are widespread along
Northeast Atlantic rocky shores (Wood, 2013; Savage et al., 2022).
Populations of this species live from the intertidal to about 10 m deep
(Tezcan and Gozer, 2015), and in Plymouth and the southwestern En-
gland coastline, are often found in tide pool habitats (Wood, 2013).
Their exposure to ALAN raises a question about the potential effects of
this stressor on its physiology and condition, so our focus was two-fold:
i) we assessed the influence of ALAN on the symbiotic relationship be-
tween the anemone and its zooxanthellae (Symbiodinium sp.), which are
prevalent in these and other sea anemones (Shick and Dykens, 1984;
Colombara et al., 2017); and ii) we assessed the effects of ALAN on the
anemone’s physiological condition as measured by respiration rates and
the molecular indicator of oxidative stress Superoxide dismutase (SOD;
Leutenegger et al., 2007; Main et al., 2010). Our working hypothesis was
that these three response variables are altered by ALAN, and we tested
its consequences in laboratory mesocosm trials lasting four weeks.

2. Materials and methods
2.1. Collection and maintenance of sea anemones

Specimens of Anemonia viridis (hereafter anemones) were collected
near the mid-high tide levels from tidal pools located at Wembury
Beach, Devon, UK (N 50.3178, W 4.0845). Anemones were 2-3 c¢m in
basal width and were collected by hand using silicone spatulas and
careful mechanical removal, before being transferred to seawater tanks
in the Plymouth Marine Laboratory (PML). The anemones were placed
in individual 14 L tanks within the PML’s Marine Artificial Light at Night
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Research Facility (see Queiros et al., 2022), https://www.pml.ac.uk/sci
ence/publications/Plymouth-Marine-Laboratory-Light-Pollution-Resea)
and allowed to attach to petri dishes arranged in the tanks to facilitate
respirometry analyses later in the trials (see below). The tanks were
supplied with ~36 ppt, ~15 °C filtered (10 pm) seawater collected from
Plymouth Sound in the previous week, just south of Plymouth, UK, with
pumps (Eheim CompactON 2100) from 600 L header tanks ensuring
continuous recirculation of oxygenated seawater. Tidal simulation
(synchronized with local tide times) was accomplished by stoppage of
the pumps and gradual drainage of the tanks during low tide, by use of
the tidal simulator integrated into the MARLAN (Queiros et al., 2022).
However, the anemones were never allowed to be air exposed,
mimicking the conditions recorded in their natural habitat. Anemones
were starved for a 96-h acclimation period in preparation for the
experimental trials.

During the four-week trials, anemones were fed freeze-dried brine
shrimp every third day with manual removal of food and fecal debris
from the tanks the day after feeding. The MARLAN simulates a tidally
dynamic underwater seascape, which affects both sunlight, moonlight
and ALAN conditions experienced within experimental tanks, with
sunlight and ALAN being attenuated at high tide (Queiros et al., 2022).
Specifically, daylight conditions were synchronized with local diel times
and light mimicked by a 500-lux white light source which switched to a
167-lux light during local high tide conditions, which resulted in a
13:11 Day:Night photoperiod at that time of year. During night hours,
anemones maintained in natural conditions (controls or CTRL), were
kept in complete darkness at night, while the anemones exposed to
ALAN were subjected to one of two light conditions at night: either mild
(10 1x; AL-10) or severe (50 1x, AL-50) white light exposure. These in-
tensities were within the range of ALAN intensities reported by Davies
et al. (2020) in this and other regions. They are also well within the
range used for ALAN dose-response studies using other intertidal or-
ganisms (see Quintanilla-Ahumada et al., 2022). Those light conditions
were attenuated with the tidal cycle to circa 30 % of their level at low
tide. Replicated controls (n = 10) and ALAN treatments (each with n =
6) were run simultaneously.

2.2. Tissue collection and zooxanthellae density

At the end of the four-week trials, sea anemones were carefully taken
from their tanks and used in respirometry trials (see below) before a
small (0.01 g, wet weight) biopsy was extracted from approximately the
same position in both their tentacles (zooxanthellae) and their basal
musculature (SOD and proteins). Tissue samples were placed in filtered
seawater and frozen at —20 °C before assays were done. The anemones
were then returned to the tidal pools from where they were originally
collected at Wembury Beach.

To quantify zooxanthellae, tentacle tissue samples were individually
homogenized in Calcium-free seawater plus 0.5 mM EDTA for 10 s using
a Bel-Art ProCulture Cordless Homogenizer. Then the solution was
pipetted into a haemocytometer for counting using an Olympus BH-2
compound microscope, following the protocols by Shick and Dykens
(1984).

2.3. SOD concentrations and respiration rates

For enzyme analysis (SOD), basal musculature tissue was homoge-
nized in ice-cold PBS then centrifuged at 10,000 xg at 4 °C for 20 min.
The supernatant was then collected and frozen at —80 °C according to
the recommendations of the Invitrogen Superoxide Dismutase (SOD)
Colorimetric Activity Kit (Thermo Fisher Scientific, Prod. #EIASODC,
lot # 23SD012D) that was used. The collected supernatant was then
thawed and processed according to kit protocols, with the exception of
buffer dilution which was set at a 1:1 ratio instead of the 1:4 ratio rec-
ommended by the kit due to lack of SOD recognition at the higher
dilution. Samples were read at 450 nm using a BMG Labtech CLARIOstar
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microplate reader. SOD concentration was then calculated according to
the kit protocol. Measurement of SOD enzyme concentration has been
shown to be an indicator of oxidative stress in response to environmental
changes in other studies involving sea anemones (see Shick and Dykens,
1984; Shick et al., 1991; Leutenegger et al., 2007; Main et al., 2010;
Lynn et al., 2024). In parallel, total proteins were also quantified in a
similar manner by using collected basal musculature homogenate with a
Pierce BCA Protein Assay kit (Prod # 23227, lot # YH374060) to
ascertain total protein concentration. Superoxide dismutase (SOD)
concentration was then standardized by total protein concentration.
Anemones taken from the control and each ALAN treatment at the
end of the four-week experimental trial were moved to sealed cylindrical
3.5 L acrylic respirometry chambers. These chambers had a stage
installed at the bottom, above magnetic stirrers, to ensure consistent
oxygen distribution in the seawater. Due to equipment restrictions and
differences in the attachment abilities of the anemones, the number of
replicates was limited to n = 4 per treatment. Anemones were allowed to
acclimate for 1 h before oxygen readings were taken using a World
Precision Instruments Oxymini Fibre Optic oxygen meter and oxygen
sensitive foils attached to the inner wall of the chambers, calibrated
using a one-point calibration procedure, per manufacturer guidance.
Oxygen readings were taken in sets of 6 readings (one every 10 s) every
10 min for 1 h. All readings were taken on the same day and recorded as
pmol/L, to be then converted to pmol/g/h using anemone weights.

2.4. Data analysis

Each response variable measured (zooxanthellae counts, SOD, and
respiration rates) were compared among controls (CTRL) and the two
ALAN treatments (AL-10 and AL-50) using one-way ANOVAs. Assump-
tions of normality and equal variance were tested for each analysis using
the Shapiro-Wilk and the Brown-Forsythe tests, respectively, with no
violations detected. Differences deemed significant (p < 0.05) were
further assessed among individual treatments using Holm-Sidak a-pos-
teriori tests.

3. Results
3.1. Symbiont cell count

Sea anemones exposed to control conditions (CTRL) averaged (mean
+ S.E.) 24 x 10* + 3.6 cells ml~! zooxanthellae in their tentacle tissues
(Fig. 1A). By comparison, those exposed to AL-10 nearly doubled the
number of zooxanthellae (47 x 10* £ 4.7 cells ml’l), whereas those
exposed to AL-50 were drastically lower (half the concentration
measured in CTRL: 12 x 10* £ 1.1 cells ml™}; Fig. 1A). Among-
treatment differences were significant (ANOVA p < 0.001; Table 1),
with a-posteriori tests p < 0.020 in all pairwise comparisons.

3.2. SOD concentrations and respiration rates

Average SOD enzyme concentrations measured in the tissues of CTRL
anemones (44 + 8.8 U mL™)) nearly doubled the concentration
measured under AL-10 conditions: ~21 + 3.3 UmL™}; Fig. 1B). By
comparison, SOD enzyme concentrations were several times higher in
anemones exposed to the more intense AL-50: ~136 + 6.9 U mL~!
(Fig. 1B). Differences were significant (ANOVA p < 0.001; Table 1)
among all treatments (a-posteriori tests p < 0.049 in all pairwise
comparisons).

Anemones exposed to CTRL and mild AL-10 intensities showed very
similar oxygen consumption rates (averages of ~11 + 2.8 pmol Oy g~ *
h!, in both; Fig. 1C). Meanwhile anemones exposed to the more intense
AL-50 intensity showed an average of nearly 38 % higher oxygen con-
sumption rates (~15 £ 0.8 pmol Oy g_1 hl, Fig. 1C), but these differ-
ences were not significant (ANOVA p = 0.323; Table 1). No anemone
mortality was recorded during the four weeks of the experimental trials.
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Fig. 1. A) Mean (+S.E.) counts of zooxanthellae symbionts in the tentacle
tissues of the snakelocks anemone (Anemonia viridis), under natural day/night
conditions (control: CTRL), and under the exposure of two ALAN intensities: 10
and 50 Ix (AL-10 and AL-50, respectively). B) SOD concentrations in basal
tissues, and C) metabolic rates. When present, different small-case letters above
the bars stand for significant differences (p < 0.05) among light treatments.

4. Discussion

Most research on ALAN effects continues to focus on mobile verte-
brates such as sea turtles, shorebirds, or fish (Dwyer et al., 2013; Hu
et al., 2018; Pulgar et al., 2019, 2023) and mobile invertebrates such as
crustaceans and mollusks (Underwood et al., 2017; Manriquez et al.,
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Table 1
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Summary of separate one-way ANOVAs comparing the variation in zooxanthellae numbers, metabolic rates and SOD enzymes measured in snakelocks anemones
(Anemonia viridis) exposed to natural light/dark conditions (controls) and two ALAN intensities (10 and 50 1x). Significant p-values are presented in bold.

Response variable ANOVA output

SV DF SS MS F P

Between groups 2 3839.271 1919.636 20.238 <0.001
Zooxanthellae Residual 19 1802.183 94.852

Between groups 2 45,925.22 22,962.61 49.411 <0.001
SOD Residual 19 8829.843 464.729

Between groups 2 42.453 21.226 1.284 0.323
Metabolic rates Residual 9 148.781 16.531

2021a; Lynn et al., 2021a; Duarte et al., 2019, 2023; Miranda-Benabarre
et al., 2024). However, some studies have started to switch that focus to
prominent sessile organisms (Manriquez et al., 2021b; Lynn et al,
2021b, 2024). This study contributes to that latter venue by doc-
umenting ALAN sharp effects on two important life history features of
the snakelocks anemone: its relationship with zooxanthellae and a mo-
lecular indicator of stress (SOD). These results support our working
hypothesis and suggest a harmful influence of ALAN on the physiology
and ecology of this species. As discussed below, such influence is asso-
ciated with bleaching events which may contribute or possibly act
synergically with the effects of other (much better-known) bleaching
events caused by global warming (Pryor et al., 2021).

4.1. Changes in zooxanthellae counts

Exposure to a mild light intensity (10 lx; see Quintanilla-Ahumada
et al., 2022) caused an increase in the number of symbionts that is
consistent with the results of Kinzie et al. (1984). These authors showed
an increase in Symbiodinium zooxanthellae following exposure to
various light spectra, including the white lights used here. Such response
reversed at a higher ALAN intensity (50 1x), resulting in a drastically
lower number of symbionts, even below control levels. These results
align with Verde and McCloskey (2002), who showed that zooxanthellae
growth rate increased with light intensity up to a threshold and declined
thereafter. Although those authors manipulated daylight intensities,
rather than ALAN intensities, their conclusions likely apply to our re-
sults. They proposed that after a threshold is reached, photoinhibition
and damage to the photosynthetic apparatus (i.e., photosynthesis sup-
pression) were causally associated with the loss of symbionts (Verde and
McCloskey, 2002). We did not measure photosynthesis rates, but the
evident loss of zooxanthellae at strong ALAN levels suggests a similar
mechanism. Similar patterns of variation can be found in other symbi-
otic organisms, such as the Mediterranean reef-forming coral Cladocora
caespitosa (see Roveta et al., 2023 and references therein). In field and
laboratory trials, these authors assessed the concurrent influence of light
and heat waves on growth rates and zooxanthellae counts. As expected,
while they detected some positive effects associated with light, these
effects were reversed when light and/or heat conditions turned unfav-
ourable (Roveta et al., 2023).

In a comparable study, Leutenegger et al. (2007) quantified
zooxanthellae concentrations in the same anemone studied here (Ane-
monia viridis, formerly known as A. sulcata). These authors found that
anemones exposed to light-driven bleaching events ended up with
significantly lower densities of symbionts than non-bleached anemones.
That seems to correspond closely with the results obtained with the four-
week exposure of snakelocks anemones to high versus low ALAN in-
tensities. Given that photo-oxidative stress causes bleaching (Jokiel,
1980; Jokiel and York, 1982; Lesser et al., 1990; Downs et al., 2002; Pey
et al., 2016), the effects of reactive oxygen species being produced are
exacerbated by light (Asada and Takahashi, 1987; Valenzeno and
Pooler, 1987). It is therefore very likely that sea anemones, and other
species with symbiont-associated algae, will experience at least partial
bleaching when exposed to severe ALAN intensities, such as 50 Ix.

4.2. The inverse changes in SOD concentrations

Interestingly, SOD concentrations followed an almost perfectly in-
verse trend to the one showed by zooxanthellae concentrations. Anem-
ones exposed to a low ALAN intensity showed a decline in SOD
concentration compared to controls, but the more severe ALAN intensity
caused a sharp increase in SOD concentrations. This pattern is compa-
rable to the ‘hormetic’ patterns of variation that have been thoroughly
discussed by Godinez-Mendoza et al. (2023). These authors showed that
plants exhibit similar patterns of response to different sources of stress,
with a decline at low levels of stress and a much stronger response with
an increase in stress levels. The decline observed in anemones exposed to
10 Ix is comparable to the one reported by Lynn et al. (2024) when
exposing non-symbiotic sea anemones from Atlantic Canada (Metridium
senile) to a 30-lux white ALAN source. It is also comparable to the results
reported by Main et al. (2010), who exposed another species (Aiptasia
pallida) to a different type of stressor, water-borne Copper pollution. The
latter authors suggested that Copper either inhibited the production of
SODs or that the anemone diverted energy into various other pathways.
Nii and Muscatine (1997) studied a congeneric symbiotic anemone
(Aiptasia pulchella) and showed that in response to thermal stress, their
zooxanthellae simply did not produce superoxide ions, which are usu-
ally rendered safe by SOD enzymes.

The response of the snakelocks anemones to the more severe ALAN
(50 1x) was a sharp 350 % increase in SOD concentrations when
compared to control levels. Since the anemones were showing signs of
bleaching, we interpret this as a physiological response involving a
decline in the number of zooxanthellae well below control levels, and in
parallel, the aforementioned rise in SODs. Such response resembles
closely the results documented by Dykens and Shick (1984), who
exposed the aposymbiotic anemone Anthopleura elegantissima to light
and reported an even higher (590 %) increase in SOD activity compared
to symbiotic controls. Similarly, Leutenegger et al. (2007) reported an
increase in SOD concentrations in snakelocks anemones (A. viridis)
exposed to bleaching. These authors suggested that the over-production
of hydrogen peroxide (a product of the reaction catalysed by SOD en-
zymes) may have contributed to the exocytosis of symbiotic zooxan-
thellae in these anemones. This seems plausible considering the
concurrent loss of zooxanthellae and the large increase in SOD taking
place in our trials. Nii and Muscatine (1997) showed that in response to
sub-lethal stress, it is not only the zooxanthellae the ones producing
superoxide ions, but also the tissues of the anemone, which can
contribute to a sharp increase in these enzymes, as observed in our trials.

4.3. A limited metabolic response

The few studies reporting changes in anemone respiration rates,
following exposure to different stressors, have gathered inconsistent
results. Suggett et al. (2012) showed that respiration rates in Snakelocks
anemones from Sicily increased in response to seawater acidification,
while Jarrold et al. (2013) found no changes in anemones from the UK
subjected to short-term acidification. Meanwhile, clonal anemones were
found to use less rather than more oxygen when exposed to thermal
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stress (Ishii et al., 2019). Our trials found that anemones exposed to 50 1x
showed a nonsignificant increase in oxygen consumption when
compared to control animals. Since anemones show a high degree of
plasticity when compared to other cnidarians (Urbarova et al., 2019),
we can speculate that snakelocks anemones may have adjusted their
respiration rates in accordance with the changes taking place in
zooxanthellae and oxidative enzymes. It is also possible that the evi-
dence available simply reflects local intra-specific conditioning to sites
located over a wide range of geographic regions. Lastly, the limited
number of replicates used for these tests may have also contributed to
the lack of clearer differences among treatments, and that must be
acknowledged. Follow-up studies on ALAN and respiration rates should
attempt identifying dose-response relationships (Quintanilla-Ahumada
et al., 2022) that could be applied in rapid assessments and monitoring.

4.4. Implications

The condition and performance of sea anemones, and their possible
alteration by ALAN, have branching implications. First, ALAN non-
linear alterations of zooxanthellae densities and SOD enzyme concen-
trations may in the long-term reduce this species fitness and contribute
to bleaching events already known to be caused by thermal stress. This
finding is key since symbiotic anemones are already under the threat of
other global stressors, including prominently bleaching due to global
warming and changes in ocean pCO; (Pryor et al., 2021). As the severity
and frequency of climate-driven warming events increases (Gibbons
etal., 2025), as virtually every climate forecast suggests (Tommasi et al.,
2017; Kennedy-Asser et al., 2021; Jacox et al., 2022), the effects of
ALAN adding, triggering or possibly exacerbating warming-driven ef-
fects (including bleaching) is a serious concern for these and other
microalgal-symbiotic species (Hobbs et al., 2013).

Second, sea anemones provide shelter, habitat, and various other
benefits to a variety of species (Chadwick et al., 2008; Cantrell et al.,
2015; Colombara et al., 2017; Lozano-Bilbao et al., 2023). Such services
can be challenged by the ongoing expansion of ALAN (and its potential
synergy with global warming bleaching events), as our results clearly
add to an already growing body of research identifying harmful ALAN
effects on rocky shore organisms (Underwood et al., 2017; Davies and
Smyth, 2018; Manriquez et al., 2021b; Lynn et al., 2021b). This may be
particularly the case in high-biodiversity regions of the world where
anemones are key habitat providers, and/or where coastal ALAN is
pronounced (Smyth et al., 2022). In practice, symbiotic sea anemones
may then become suitable indicators of the impacts caused by ALAN and
related stressors, so further research on these species’ responses to ALAN
is strongly encouraged. Equally important are the study of the light
properties driving ALAN’s worse effects (Quintanilla-Ahumada et al.,
2024a, 2024b), and the examination of potential interactions and syn-
ergies (Crain et al., 2008; Manriquez et al., 2020; Pryor et al., 2021)
between the global stressors pinpointed here (ALAN and ocean warm-
ing). Whereas bleaching events have been widely associated with tem-
perature, until recently they had not been explicitly linked to ALAN.
However, given the steady expansion of ALAN sources along most
coastal habitats (Lynn and Quijon, 2022; Marangoni et al., 2022), the
interaction and potential synergy between these stressors is becoming
much more likely. Monitoring of key indicator species such as sea
anemones, as suggested here, in parallel to experimental studies
assessing each stressor individually and combined (see Crain et al.,
2008) are well needed research approaches that warrant impactful
results.
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