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In this review, we summarize the state of knowledge of the influence of light on

the activity and physiology of elasmobranchs (sharks, skates, rays, and sawfish).

These are a diverse group with great economic and ecological importance. The

long-term success of a species is largely determined by its ability to respond to

changes in its environment. Light plays an important role for many marine

species in signaling rhythmic environmental changes which are part of daily

and annual cycles. Behavioral and physiological changes by organisms in

response to these signals have evolved enabling them to maximize survival

and reproductive success. In an environment with increased levels of artificial

light at night (ALAN), deleterious changes in activity and physiology can occur. By

summarizing what is known about the influence of light on elasmobranch

activity, it can be concluded that ALAN is likely to have a negative impact on

elasmobranchs at the individual and population level. We also discuss the

example of intentional nocturnal light pooling by the tourism industry to

attract whale sharks (Rhincodon typus) and manta rays (Mobula spp.) and

recommend regulation of this activity.

KEYWORDS

elasmobranch, shark, artificial light at night, ALAN, ecotourism, elasmobranch
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Introduction

Light is a fundamental signal for living organisms to organize processes ranging from

the molecular scale to coordinated behaviors across entire populations (Mishra and Kumar,

2017; Lincoln, 2019; Yan et al., 2020). The role of rhythmic variation in natural light

sources, primarily the sun, in regulating activity such as feeding and breeding is well

established for many clades (Guh et al., 2019). It is likely, if currently under researched, that

such rhythmic variation plays a similar role for elasmobranchs (sharks, skates, rays, and

sawfish). This clade contains a diverse range of species fulfilling important ecological roles

as top predators, prey, and scavengers (Myers et al., 2007; Ferretti et al., 2010; Dulvy et al.,

2017). Many elasmobranchs also have a direct value for humans as a food source (Dulvy

et al., 2017; Glaus et al., 2019) and, increasingly, through ecotourism (Gallagher and
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Hammerschlag, 2011; Cisneros-Montemayor et al., 2013;

Huveneers et al., 2017; Mieras et al., 2017). Due in part to their

long generation time and low fecundity, many elasmobranch

species are currently at risk of population decline or extinction

(Garcıá et al., 2008; Lucifora et al., 2011; Dulvy et al., 2014).

Organisms have evolved with light being a reliable predictor of

environmental cues (Hut and Beersma, 2011; Ashton et al., 2022).

Disruption of such cues impacts daily and seasonal biology (Falcón

et al., 2020; Fishbein et al, 2021).The introduction of artificial light

at night (ALAN) in elasmobranch habitats therefore has the

potential to compound other threats to elasmobranch populations

as daily and seasonal rhythms are disrupted. On land, the influence

of ALAN has been characterized for many clades (Gaston et al.,

2017; Falcón et al., 2020; Sanders et al., 2020; Burt et al., 2023). In

the ocean, however, its influence is less well known. In 2017, 22% of

coastal areas were exposed to ALAN. This has induced changes in

the physiology of marine organisms (Davies et al., 2014; Marangoni

et al., 2022). The area exposed to ALAN is known to be increasing

by more than 2% each year (Kyba et al., 2017). Understanding the

likely influence of both intentionally and unintentionally

introduced ALAN on elasmobranchs requires an understanding

of the role of light in establishing rhythms in physiological and

behavioral activity.

Much ALAN is the unintentional outcome of human activities

(Levin et al., 2020), however there is increasing occurrence of ‘light

pooling.’ Here, multiple bright lights, exceeding 4000 Watts, are

shone on the ocean surface leading to an increase in biological

activity and the attraction of both micro and macrofauna, including

sharks and rays, with larger species feeding on smaller species

(Jauharee, 2014; Zareer, 2022). Light pooling is conducted to attract

whale sharks (Rhincodon typus) and manta rays including (Mobula

birostris) by the tourism industry in Hawaii, Palau, and the

Maldives (Shaahunaz, 2017; Passoni and Saponari, 2019; Passoni,

2021). Whale shark tourism is an important source of income in

many countries, including the Maldives, where it was valued at 9.4

million USD to the Maldivian economy in 2014 (Cagua et al., 2014).

The global value of manta ray tourism was estimated at 140 million

USD in 2013 (O’Malley et al., 2023). Despite the conservation

benefits of macrofauna focused ecotourism, such activities can also

be damaging when unregulated (Harvey-Carroll et al., 2021;

Gayford et al., 2023). The impacts of newly introduced activities

such as light pooling, should thus be investigated.

Biological rhythms are highly conserved across taxa (Kumar

and Sharma, 2018). Rhythmic activity can broadly be split into

diurnal or diel (daily) and seasonal (annual) activity (Lincoln,

2019). Although many studies refer to diel, diurnal, and circadian

rhythms interchangeable, there is an important distinction to be

made. Where both diel and diurnal rhythms refer to activity which

follows a 24-hour cycle, circadian rhythms refer to activity which is

endogenous and can be demonstrated to follow an internal control

(Vitaterna et al., 2001; Vetter, 2018). Thanks in part to the influence

of external cues, circadian rhythms generally also follow a 24-hour

cycle. They are, however ‘free running’ meaning they persist when

cues are removed, and lose synchrony with the external

environment (Golombek and Rosenstein, 2010; Cox and

Takahashi, 2019). Circadian rhythms are the endogenous
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‘pacemaker’ controlling diel activity while circannual rhythms

control seasonal behavior. For the purposes of this review, we use

the term ‘diel rhythm’ to refer to any activity with a 24-hour cycle to

avoid confusion with the term diurnal behavior, which refers to

activity which peaks during daylight hours.

To make sensible decisions about priority areas of ALAN

mitigation and minimize negative anthropogenic impacts on

elasmobranch species, it is first necessary to understand how light

controls behavior and physiology in the subclass. In this review, we

synthesis the current state of knowledge about how light influences

elasmobranch behavioral and physiological activity. Through a

systematic review, we investigate the known occurrences of diel

and circadian rhythms in elasmobranchs, and how light affects

them. We discuss the case of light pooling by the tourism industry

as a case study for an emerging source of ALAN and recommend

that this practice be regulated.
Methods

A systematic review of primary literature on the influence of

light on elasmobranch activity was carried out using the Web of

Science Database (Clarivate, 2022) and Google Scholar (Google,

2022). The terms Elasmobranch AND (“photoperiod” OR

“entrainment” OR “zeitgeber” OR “circadian organization” OR

“clock gene*” OR “extra-ocular photoreceptor*” OR “deep brain

photoreceptor*” OR “artificial light at night” OR “ALAN” OR

“pineal gland*” OR “light pollution” OR “circadian oscillator” OR

“light exposure” OR “light pulse” OR “circadian rhythm*”

OR “circadian organization” OR circadian) were searched and

all resulting peer reviewed literature evaluated for relevance.

Within reviews, cited literature was searched and evaluated

for relevance.
Results

The initial review of primary literature identified 54 unique

studies from Google scholar and the Web of Science Database

which reported an impact of either light intensity or photoperiod on

elasmobranch activity or physiology. A further five relevant studies

were identified by searching cited literature in reviews (Table 1).
The influence of light on
elasmobranch behavior

In four studies (Nelson and Johnson, 1970; Finstad and Nelson,

1975; Gleiss et al., 2017; Kelly et al., 2020), a definitive influence of

light on elasmobranch behavior in isolation of other factors was

reported. Under controlled laboratory conditions an individual

nocturnal horn shark (Heterodontus francisci) (n = 1) was shown

by Nelson and Johnson (1970) to exhibit diel rhythms in locomotor

activity influenced by light exposure. This activity became

arrhythmic in the absence of light or under constant light and

was re-established under a 12-12 light-dark (LD) cycle. Under
frontiersin.org

https://doi.org/10.3389/fmars.2023.1225067
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Carroll and Harvey-Carroll 10.3389/fmars.2023.1225067
constant light, locomotive behavior was diminished, whereas under

constant darkness, near continuous locomotion occurred. When

subjected to both one- and seven-hour phase shifts, locomotion

activity patterns were immediately changed to match the

corresponding light levels. The entrainment speed and lack of

rhythmicity during constant photoperiods indicated no

circadian endogeneity.

This study also provides proof of endogenous circadian

rhythms cued by light in an elasmobranch; the nocturnal swell

shark (Cephaloscyllium ventriosum). An individual swell shark (n =

1) shifted to constant darkness maintained a 24-hour cycle in

locomotor activity, however this began to drift with peak activity

shifting by 0.6-hours each day resulting in a nine-hour phase shift

following 15 days of constant darkness. The reintroduction of 12-

12-hour LD cycle resulted in the slow reestablishment of the 24-

hour cycle, taking three days for locomotion to be synchronized

with light periods. Following one week on a 12-12-hour

photoperiod, the shark was held under constant light conditions

for 18 days. This resulted in a shift in activity, with a seven-hour

shift in peak activity by day 18, characteristic of true endogenous

circadian behavior. Unlike synchronization following exposure to

constant darkness, synchronization to an LD cycle following

continuous light conditions was immediate. A one-hour shift in

the LD cycle resulted in a corresponding shift in peak activity, which
Frontiers in Marine Science 03
generally anticipated the dark phase. Furthermore, the sharks were

able to track a seven-hour light shift.

The re-establishment of rhythmicity in behavior matching that

of the photoperiod was evident for both the horned and swell shark

when they were returned to a 12-12-hour LD conditions. This is

clear evidence for an influence of light on shark activity although

the study was limited in sample number and consideration of long-

term effects. Importantly, in this study no food was given to isolate

the effect of light as a zeitgeber (a stimulus capable of entraining

biological rhythms).

Finstad and Nelson (1975) found that wild horn shark

movement activity (leaving cave count) peaked 60-90 minutes

after sunset; corresponding to 0.03 lux environmental levels.

Under laboratory conditions, with a 12-12-hour LD cycle (light =

8 lux) horn sharks (n = 2) displayed cyclic activity, (passing sensors,

binary) with anticipation of dark periods. When moved to constant

darkness, all rhythmicity was immediately lost, and activity

became irregular.

Three sharks were then held under constant lighting conditions:

0.2 lux for days 3-18. 0.13 lux for days 19-25 and finally during days

26-30, sharks were held in complete darkness. Marked differences

were identified between individuals, as has been observed in other

taxa (Guyomarc’h et al., 1998). When held under constant light

conditions of 0.2 lux, behavioral rhythmicity of all sharks was found
TABLE 1 Summary of findings of the systematic review into the impact of light on elasmobranch behavioural and physiological activity.

Finding Number
of
studies

References Number
of
species

Study species

Isolated
impact of
light on
shark
behaviour

4 (Nelson and Johnson, 1970; Finstad and Nelson, 1975; Gleiss
et al., 2017; Kelly et al., 2020)

5 Heterodontus portusjacksoni, Cephaloscyllium
isabellum, Pristis pristis, Heterodontus francisci,
Cephaloscyllium ventriosum,

Isolated
impact of
light on
shark
physiology

4 (Demski, 1990; Mandado et al., 2001; Mull et al., 2008; Mull et al.,
2010)

3 Scyliorhinus canicular, Raja montagui, Urobatis
halleri

Diel
Rhythms

35 (Sciarrotta and Nelson, 1977; Casterlin and Reynolds, 1979;
Nixon and Gruber, 1988; Nelson et al., 1997; Graham et al., 2005;
Vaudo and Lowe, 2006; Wilson et al., 2006; Whitney et al., 2007;
Andrews et al., 2009; Fitzpatrick et al., 2011; Cartamil et al., 2012;
Kneebone et al., 2012; Brunnschweiler and Barnett, 2013; Gleiss
et al., 2013; Nosal et al., 2014; Tyminski et al., 2015; Barnett et al.,
2016; Gallant et al., 2016; Bouyoucos et al., 2017; Robinson et al.,
2017; Brewster et al., 2018; Legare et al., 2018; Kadar et al., 2019;
Coffey et al., 2020; Meese and Lowe, 2020; Bass et al., 2021;
Byrnes et al., 2021; Lavender et al., 2021; Lear et al., 2021; Niella
et al., 2021b; Vedor et al., 2021; Rodrigues et al., 2022; Spaet
et al., 2022; Wheeler et al., 2022)

27 Alopias vulpinus, Carcharhinus leucas, Carcharhinus
limbatus, Carcharhinus plumbeus, Carcharias taurus,
Carcharodon carcharias, Dasyatidae rays (pooled to
the family level), Dipturus intermedius, Galeocerdo
cuvier, Hemiscyllium ocellatum, Heterodontus
francisci, Heterodontus portusjacksoni, Hexanchus
griseus, Isurus oxyrinchus, Megachasma pelagios,
Mustelus Canis, Negaprion acutidens, Negaprion
brevirostris, Prionace glauca, Rhincodon typus,
Rhynchobatus australiae, Somniosus microcephalus,
Sphyrna lewini, Sphyrna mokarran, Triaenodon
obesus, Triakis semifasciata, Urobatis halleri

Seasonal
behaviour

11 (Gordon, 1993; Grubbs et al., 2007; Heupel, 2007; Kneebone
et al., 2012; Dudgeon et al., 2013; Kessel et al., 2014; Nosal et al.,
2014; Kajiura and Tellman, 2016; Ayres et al., 2021; Bangley et al.,
2021; Niella et al., 2021a)

8 Rhinoptera bonasus, Carcharhinus limbatus,
Stegostoma fasciatum, Carcharias taurus, Negaprion
brevirostris, Carcharhinus plumbeus, Triakis
semifasciata, Carcharhinus leucas

Seasonal
physiology

5 (Sumpter and Dodd, 1979; Crow et al., 1999; Valls et al., 2016;
Sueiro et al., 2019; Wyffels et al., 2020)

4 Notorynchus cepedianus, Carcharias taurus,
Triaenodon obesus, Scyliorhinus canicular.

Sensing
light

3 (Hamasaki and Streck, 1971; Davies et al., 2012) 3 Callorhinchus milii, Etmopterus spinax, Scyliorhinus
caniculus
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to drift, demonstrating a phase advance of activity. This would be

expected of an endogenous circadian clock. Continual exposure to

0.13 lux resulted in individual differences. A loss of rhythmicity

occurred for 2/3 sharks. Interestingly, one of the two sharks with

initial complete loss of rhythmicity began to establish slight

rhythmicity of behavior during the final days of constant 0.13 lux

conditions. The final shark maintained complete rhythmicity,

which appeared to drift by one hour earlier each day. When the

three sharks were moved to complete darkness an immediate and

complete loss of rhythmicity occurred (Finstad and Nelson, 1975).

This experiment demonstrated the importance of light in

controlling behavior in elasmobranchs, regardless of the presence

of endogenous circadian rhythms.

In freshwater, Gleiss et al. (2017) showed that the crepuscular

and night-time movement activity of sawfish (Pristis pristis) tagged

with accelerometers (n = 13) is driven by light. Sawfish activity was

shown to be elevated prior to twilight. In addition, they investigated

the influence of water temperatures on diel vertical migrations

(measured by using Time Depth Recording (TDR) devices). These

were found to respond to alterations in water temperatures

independently of circadian accelerometer activity. This is

noteworthy as the only study in this review to show a decoupling

between two aspects of elasmobranch behavior and the influence of

photoperiod and water temperature.

Kelly et al. (2020), studied swimming (distance and time) of two

shark species; the Port Jackson (Heterodontus portusjacksoni) (n =

8) and draughtsboard (Cephaloscyllium isabellum) (n = 8) shark

under a 12-12-hour LD cycle, 6-6-hour LD cycle, constant light, and

constant darkness. Under the 12-12-hour LD cycle, swimming

activity in both species peaked during the dark phase. Under a

‘force desynchrony’ paradigm of a 6-6-hour LD cycle, peak in

swimming activity of the Port Jackson shark closely followed dark

phases, however, a 12-12-hour circadian pattern in activity was still

detected during the first and third day under these conditions.

Regardless of underlying circadian rhythms, sharks were found to

swim more during dark phases. This indicates that activity is

entrained by external light, however elasmobranchs may have a

reduced capacity to follow light cycles shorter than 24-hours.

Similarly, under a 6-6-hour LD cycle, draughtsboard sharks

displayed higher swimming activity during the dark phase with

no increase during the light phase reported. The swimming

rhythmicity of Port Jackson sharks was disrupted after 48-hours

in either constant light or darkness. Port Jackson sharks retained an

attenuated circadian activity rhythm (activity levels dramatically

decreased) for the first 24-hours of constant conditions.

Draughtsboard sharks appeared to maintain rhythmic behavior

under constant conditions. During these experiments, animals

were fed every 72-hours, with the timing of feeding coinciding

with the second day of each lighting regime. Feeding has the

potential to act as a strong entrainment factor (Shibata et al.,

2010; Carneiro and Araujo, 2012; Trzeciak and Steele, 2022),

potentially influencing results. The short time frame of this study

(72-hours for each lighting regime) also limits a full assessment of

the longer-term effects of light on elasmobranch activity.

20 other studies implicated light as a cue for diel or seasonal

rhythms across 22 species of elasmobranch but did not isolate light
Frontiers in Marine Science 04
from other environmental cues such as sea surface temperature,

seafloor water temperature, wind speed, or tides (Table 1). Diel

rhythms in movement have been associated with daily photoperiods

include based on accelerometer (Kneebone et al., 2018; Kadar et al.,

2019; Byrnes et al., 2021) and TDR (Nelson et al., 1997; Andrews

et al., 2009; Gallant et al., 2016; Kneebone et al., 2018; Byrnes et al.,

2021) tagging studies. An influence of photoperiods on movement

has also been inferred based on broad scale trends in shark

abundances, such as daily aggregations (Brunnschweiler and

Barnett, 2013; Nosal et al., 2014), rate of movement (Cartamil

et al., 2003), and bycatch rates (Niella et al., 2021b). Seasonal

behaviors associated with solar and lunar photoperiods include

aggregation (Grubbs et al., 2007; Nosal et al., 2014; Kajiura and

Tellman, 2016; Ayres et al., 2021; Niella et al., 2021a), migration

(Kessel et al., 2014; Bangley et al., 2021), site fidelity (Vaudo and

Lowe, 2006; Grubbs et al., 2007; Kneebone et al., 2012; Dudgeon

et al., 2013; Nosal et al., 2014), residency (Kneebone et al., 2012;

Kessel et al., 2014), and diving (Andrews et al., 2009).
The influence of light on elasmobranch
physiology

Demski (1990) proposed that gametogenesis and reproductive

behavior in elasmobranchs is controlled via photic input to the

retina and pineal gland, which is analogous to other vertebrates

(Bertolucci and Foà, 2004; Golombek and Rosenstein, 2010;

Cassone, 2014). They collated data on elasmobranch photic

neural projections and endocrine systems and documented the

overlap of projections from both the retina and pineal gland to

areas of the brain involved in sex steroid production, including

gonadotropin-releasing hormone (GnRH). They proposed that this

effects gonad physiology and indicated strong evidence for the role

of the pineal gland in the production of pituitary gonadotrophins

(GTHs). GnRH is the major neuropeptide modulating reproduction

in vertebrates (Gorbman and Sower, 2003; Chen and Fernald, 2008;

Roch et al., 2011) including elasmobranchs (Awruch, 2013).

Extensive projections of pineal neurons throughout the brain of

skate (Raja montagui) and dogfish (Scyliorhinus canicula) have

since been mapped by (Mandado et al., 2001). Projections were

found to be wide reaching, and largely conserved between teleosts,

amphibians, and elasmobranchs. Pineal projections were identified

in the only area of the dogfish brain producing GnRH. The authors

concluded that the midbrain sGnRH immunoreactive nucleus is a

core part of pineal pathways and heavily involved in photic induced

control of brain function of the pineal gland (Figure 1) (Mandado

et al., 2001).

A direct influence of light on aspects of elasmobranch

physiology have been reported for three species (Mull et al., 2008;

Mull et al., 2010; Waltrick et al., 2014), although this influence is

difficult to disentangle from other environmental conditions (e.g.

water temperature). Waltrick et al. (2014) reported concentrations

of the reproductive hormone, 17b-estradiol, and ovarian follicle size

to be positively correlated with day length and water temperature in

the Australian sharpnose shark (Rhizoprionodon taylori). Mull

et al., 2010 found that progesterone concentrations in female
frontiersin.org
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round stingrays (Urobatis halleri) were significantly positively

correlated with day length and water temperature. In males of the

same species, Mull et al., 2008 reported gonadosomatic index (GSI)

and plasma 11-ketotestosterone levels to be significantly negatively

correlated with photoperiod, with an additional influence of an

undefined change in day length on 11-ketotestosterone. Plasma

testosterone levels were negatively correlated with both photoperiod

and temperature, with photoperiod demonstrating a stronger

influence. These three studies present findings that are consistent

with photoperiodic regulation of seasonal behavior in other taxa,

such as birds and mammals (Dawson et al., 2001; Hazlerigg and

Wagner, 2006).

More broadly, seasonal rhythms in shark physiology have been

observed in five species (Table 1). Concentrations of the

reproductive hormone, T4, were found to follow seasonal

rhythms in whitetip reef sharks (Triaenodon obesus) by (Crow

et al., 1999). Blood cholesterol levels were found to follow seasonal

rhythms in small-spotted catshark (Scyliorhinus canicula) by (Valls

et al., 2016). Seasonal changes in sevengill shark (Notorynchus

cepedianus) immune function indicators (lymphocyte and

heterophil counts along with granulocyte to lymphocyte ratio)

have also been documented (Sueiro et al., 2019). The highest

testosterone and sperm motility has been reported in captive sand
Frontiers in Marine Science 05
tiger sharks (Carcharias taurus) when environmental conditions

mimic natural seasonal photoperiods and temperatures (Wyffels

et al., 2020). Finally, Sumpter and Dodd (1979) report that pituitary

gonadotropin (involved in photic control of reproduction in non-

mammalian vertebrates (Pérez, 2022)) concentrations in mature

female lesser spotted dogfish (Scyliorhinus canicula) are up to 100

times higher between February and April than other months,

coinciding with peak egg-laying and highest levels of GSI.
The prevalence of diel rhythms
in elasmobranchs

The rhythmicity of animal behavior is largely influenced by

light, alongside temperature and food availability (Häfker and

Tessmar-Raible, 2020). In wild non-model organisms, it is often a

challenge to disentangle the influence of different environmental

cues. This can be compounded by the fact that studies of captive

sharks often neglect to record water temperatures (e.g., Casterlin

and Reynolds, 1979). Some inference must therefore take place

when considering the influence of light on elasmobranch activity. It

is likely that the prevalence of diel rhythms in sharks should be

considered an initial indication of a light cued activity, although

other factors such as water temperature or prey activity are likely

involved. The diurnal and nocturnal activity of sharks has been

reviewed by (Hammerschlag et al., 2017).

In literature recovered during this review, 33 elasmobranch

species were reported to display some form of diel rhythm (Table

S1). There were no reported instances in which diel rhythms were

absent. 15 species of elasmobranch were reported to be nocturnal;

three species were reported to be diurnal, and crepuscular activity

was reported in seven species. Rhythmicity in either depth or

presence at a location was reported for seven species (Table S1).

Diel behavior can be directly inferred from the observation of

behavior or physiological markers or indirectly through, for

example, bycatch reports. Diel rhythms in diving activity have

been reported for 12 species and in swimming speed for two

species of elasmobranch; the blue (Prionace glauca) and common

thresher (Alopias vulpinus) sharks (Sciarrotta and Nelson, 1977;

Cartamil et al., 2012). Elasmobranch physiology was also reported

to follow diel rhythms by four studies with diel rhythms in

metabolic rates reported for three species (Table S1). One bycatch

study demonstrated that the blue shark (Prionace glauca) and

shortfin mako (Isurus oxyrinchus) are largely caught during the

night and between 00:00 and 04:00 respectively (Rodrigues

et al., 2022).
Sensing light

Vertebrates use external light cues to modulate diel and seasonal

rhythms (Figure 2, Tosini et al., 2001; Cowan et al., 2017; Mishra

and Kumar, 2017; Liddle et al., 2022). The mechanisms of detection

of external light varies across taxa, but the result (rhythmic

hormone production) is highly conserved. In mammals, light

stimulation is restrained to the retina, whereas in birds, teleosts,
FIGURE 1

An updated version of the pathway for light dependent control of
reproductive behavior proposed by (Demski, 1990). Support for this
pathway has been presented in (Mandado et al., 2001; Awruch,
2013). Light is detected by photoreceptors in the retina and pineal
gland. Photic projections signal gonadotropin-releasing hormone
(GnRH)-producing regions of the brain, stimulating the production
and release of GnRH, which in turn stimulates production and
release of gonadotrophins (GTHs). Within reproductive organs
(testes and ovaries), GTHs stimulates the production/release of
reproductive hormones, such as progestins, androgens and
estrogen, which in turn lead to gametogenesis and reproductive
behaviors.
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amphibians, and reptiles, light input is transduced by both ocular

and non-ocular photoreceptors (Aschoff et al., 1982; Katherine

Tamai et al., 2003; Nishiwaki-Ohkawa and Yoshimura, 2016).

The mechanism for modulation of light cued rhythms in

elasmobranchs is not fully established. Only the elephant shark

(Callorhinchus milii) and the lantern shark (Etmopterus spinax)

have been screened for, and found to possess, extra-ocular

photoreceptors (Davies et al., 2012; Delroisse et al., 2018). The

presence and responsiveness of non-ocular photoreceptors suggests

that non-ocular control of rhythmic activity can occur.

In non-mammalian vertebrates proteins, called opsins, have been

linked to photic control of the endocrine system, such as breeding,

circadian behavior and locomotion (Pérez et al., 2019; Dekens et al.,

2022). Es-encephalopsin, a non-visual ciliary opsin has been

identified in the in the ventral skin of the velvet belly lantern shark

(Etmopterus spinax, (Delroisse et al., 2018). Melanopsins are a class of

extensively studied non-visual opsin. They exist in two main classes:

opn4m (mammalian-like) and the opn4x isoform (xenopus like). In

mammalian vertebrates, opn4ms are found exclusively within the eye

and are implicated with circadian rhythm regulation and melatonin

production. In non-mammalian vertebrates, opn4x and opn4ms are

present in the retina, pineal gland, skin, and deep brain regions

(Davies et al., 2012). Davies et al. (2012) reported three melanopsin

genes in the elephant shark (Callorhinchus milii). Two of these

belonged to opn4m class (opn4m1 and opn4m2) and the third was

the opn4x class. All melanopsins were found to be expressed in

elephant shark eyes. Opn4m2 was found to be expressed in the fin,

gills, hypothalamus, liver, skin, and testes. Opn4x was found

throughout the brain, fin, gills, hypothalamus, kidney, liver, snout,

skin, and testes. It has been proposed that melanopsins are involved

in photoentrainment of circadian behavior, displaying different

spectral sensitivity for deep-sea bioluminescence and bright-light

environments (Davies et al., 2012). The wide expression of opsins

in elasmobranchs is analogous to that seen in teleosts, which are

capable of photoentrainment (Frøland Steindal andWhitmore, 2019;

Steindal and Whitmore, 2020).
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(Hamasaki and Streck, 1971) demonstrated light sensitivity of

the pineal gland in dogfish (Squalus acanthias). Following exposure

to as little as 4.3x10-4 lumens for 1 second, distinctive neuronal

activity was detected through electrophysiology. This gland has

extensive neuronal connections throughout the brain and humoral

outputs, indicating the importance of photic influenced brain

function. The pineal projections seen in elasmobranchs are largely

similar to those found in teleosts, who are thought to display photic

controlled breeding (Mandado et al., 2001).
Discussion

Elasmobranchs are diverse and many aspects of their behavior,

physiology, and role in ecosystems are understudied. This presents

challenges for drawing firm general conclusions about their activity

and conservation needs. It is clear, however, that light is a strong

driver in establishing and regulating diel rhythms across

elasmobranch taxa, which in turn likely controls seasonal

behavior. Given the importance of light for modulating activity, it

is of critical importance that the impact of anthropogenic

alterations to natural light cycles be assessed. Among the

literature reviewed, there is a clear absence of this research.

Consequently, recommendations for minimizing the impact of

light pollution on elasmobranchs must be based on inference

from known aspects of elasmobranch ecology and other taxa.

Exposure to light outside of natural cycles is highly likely to

disrupt rhythmic physiological and behavioral activity of individual

elasmobranchs. The metanalysis conducted by (Sanders et al., 2020)

demonstrated wide ranging effects of ALAN on organisms’ life

history traits, physiology, population structure, and activity patterns

resulting from as little as 1 lux in both terrestrial and marine

ecosystems. Extensive studies have demonstrated that ALAN can

have catastrophic effects on physiology and behavior as it disrupts

the immune and endocrine system leading to impairments in

reproduction and health (Sanders et al., 2020; Bumgarner and
FIGURE 2

Elasmobranchs can detect light through a variety of ocular and extra-ocular receptors in tissues such as the pineal and skin.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1225067
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Carroll and Harvey-Carroll 10.3389/fmars.2023.1225067
Nelson, 2021; Liu et al., 2022). For example, it has been

demonstrated that, when subjected to ALAN, 0% of clownfish

(Amphiprion ocellaris) eggs hatch (Fobert et al., 2019). A 36%

decrease in survival, 51% weight reduction, and significant

changes to metabolism have been identified in damselfish

(Chromis viridis) and juvenile orange-fin anemonefish

(Amphiprion chrysopterus) exposed to ALAN (Hillyer et al., 2021;

Schligler et al., 2021). Similarly, multiple reviews have demonstrated

unpredictable light regimes can disrupt circadian rhythms,

negatively impacting health by disrupting multiple physiological

systems, leading to disease and lowering offspring survival rates

(Vetter, 2018; Chellappa et al., 2019; Maury, 2019; Rijo-Ferreira and

Takahashi, 2019; Hou et al., 2020; Fishbein et al., 2021; Fatima et al.,

2022; Lane et al., 2022). Cumulatively, disruption of life history in

many individuals leads to population level effects such as reduced

population growth rate and resilience to exploitation, hampering

conservation efforts (Longcore and Rich, 2004; Davies et al., 2014;

Gaston et al., 2017).

The case of light pooling being used to attract whale sharks and

manta rays by the tourism industry should be considered as an

emerging source of ALAN. Light pooling is reported in Hawaii,

Palau and the Maldives (Shaahunaz, 2017; Passoni and Saponari,

2019; Passoni, 2021). It may also occur in other locations. During

2023, light pooling excursions were run by multiple operators for

several hours at a time in the South Ari Atoll Marine Protected Area

(SAMPA) in the Maldives throughout the night (7pm-8am). The

frequency and duration of light pooling events has yet to be quantified.

Whale sharks and manta rays exhibit strong diel rhythms

(Graham et al., 2005; Wilson et al., 2006; Brunnschweiler and Sims,

2011; Robinson et al., 2017; Lassauce et al., 2020; Andrzejaczek

et al., 2021). Manta rays are thought to dive deeper at night than

during the day (Lassauce et al., 2020; Andrzejaczek et al., 2021). In

shallow waters whale sharks have been found to dive deeper during

the day and shallower at night. There is evidence that this pattern

may be reversed in deeper waters however this is not always the case
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(Tyminski et al., 2015). Furthermore accelerometer readings have

demonstrated strong crepuscular activity in whale sharks (Gleiss

et al., 2013). A single pulse of light is known to be sufficient to

disrupt circadian rhythm in a plethora of organisms (Leloup and

Goldbeter, 2001) while white light exposure during the night can

lead to decreases in melatonin and gonadotrophin levels in

European perch (Perca fluviatilis) (Brüning et al., 2016). There

have been suggestions that whale shark diving behavior is

determined by prey availability rather than abiotic environmental

cues (Gleiss et al., 2013). Prey availability is likely to be strongly

influenced by ALAN. Demersal zooplankton, which form a large

component of whale shark and manta ray diets, are known to

exhibit skototaxis (movement towards darkness) (Rohner et al.,

2013; Couturier et al., 2013). Light pooling is therefore likely to alter

the diet of target species. It is likely then that light pooling leads to

physiological stress in whale sharks and manta rays as a result of the

mismatch between internal physiology and the environment caused

by alterations to two major zeitgebers; light and food (Figure 3).

Outside of direct impacts to individuals and cumulative impacts

to populations, light pooling may alter the ability of elasmobranchs

to regulate populations on lower trophic levels. There are also likely

to be impacts on numerous nontarget species, such as Indo-Pacific

bottlenose dolphins (Tursiops aduncus) and other elasmobranchs,

such as nurse sharks (Ginglymostoma cirratum) which have all been

documented during light pooling excursions.

Traditionally, emerging human activities harmful to wildlife

have been permitted to occur until enough proof can be gathered of

negative impacts to influence policy (Wilson et al., 2011). The

precautionary principal in conservation counters this harmful

dynamic by promoting the regulation of new practices before

they have an opportunity to become harmful, based on what data

is available (Meyers, 1993; Fisher et al., 2006; Wilson et al., 2011;

Cooney and Dickson, 2012). As an endangered species and source

of over 9.4 million USD to the Maldivian economy in 2014 (Cagua

et al., 2014; Pierce and Norman, 2016), conservation of whale sharks
FIGURE 3

(A) In the context of wildlife tourism, light pooling involves the intentional shining of bright lights (> 4000 watts) into the ocean at night (Photo
source: Marloes Otten, photographer/videographer). This practice is currently unregulated and the impact on elasmobranch behavior and physiology
are unknown. (B) Based on a review of available literature, we predict artificial light at night (ALAN) to have multiple negative impacts on
elasmobranch individuals and populations.
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should be a priority when designing and regulating tourism

activities. It is not currently possible to predict how light pooling

activities can be conducted in a manner that will allow individuals

sufficient time between encounters to recover. We therefore

recommend a precautionary approach to safeguard the species. In

this way the issue of harmful new practices outpacing regulation can

be avoided (Cooney and Dickson, 2012).

We recommend that the frequency and duration of light

pooling events by the tourism industry be quantified and that

targeted research should be conducted into the impact of light

pooling at different intensities and pulse durations on elasmobranch

health and physiology. This should be done opportunistically,

making use of currently unregulated light pooling activities. The

endorsement of light pooling by conservation and research bodies

should also be avoided until further evidence can be gathered. The

output of such research could be used to conduct a risk assessment

for various management strategies allowing recommendations for

best practice to be made and minimizing the negative impacts of

light pooling on elasmobranch health.

Until such research has been conducted, we recommend that

incidents of light pooling be reduced and tightly regulated to avoid

negative impacts for individuals and/or the population. We

recommend that i) both the frequency and duration of light

pooling encounters be limited to the hours immediately

proceeding sunset and preceding sunrise, leaving animals with

some level of natural darkness each night, ii) light pooling be

prohibited in marine protected areas (MPAs), iii) tour operators

offering light pooling be required to hold a licence which

demonstrates they have been informed of the potential negative

impact of the practice on wildlife, and iv) white lights be switched

off and the encounter proceed under red lights when sharks or

manta rays are present. Light of longer wavelengths (red, above 639

nm) has been shown to have lesser impacts on the circadian system

when compared to higher wavelengths (blue light, under 465 nm)

(Brainard et al., 2008; Rahman et al., 2008; Park et al., 2013; Di Rosa

et al., 2015; Sánchez-Vázquez et al., 2019). It is important to note

that red light likely still induces some circadian disruption (Dauchy

et al., 2015; Bonmati-Carrion et al., 2017).
Conclusions

Light is a clear driver of behavior and physiology across the

elasmobranch subclass. There are a great deal of questions

remaining regarding the exact mechanisms of this control, how

this varies between taxa, and the complex interactions between light

and other environmental factors. In combination with well-

established research into how the disruption of natural light

rhythms effects all other taxa, we predict that artificial light at

night (ALAN) is likely to have multiple disruptive and negative

impacts on elasmobranch behavior and physiology. Taxa specific

research should be conducted to confirm this in cases where

economically important species, such as the whale shark and
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manta rays, are experiencing increasing levels of ALAN. The

emergence of light pooling has the potential to confound current

elasmobranch conservation efforts. We recommend that a

precautionary approach be taken and light pooling by the tourism

industry be regulated.
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