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ABSTRACT 

 

 

 

CIRCADIAN RHYTHMS IN THE RETINA OF THE ATLANTIC TARPON, 

MEGALOPS ATLANTICUS 

 

 

by Kristin Leigh Kopperud 

B.S., University of Kentucky 

 

 

Chairperson of Advisory Committee: Michael S. Grace, Ph.D. 

 

 

 

Light is a critically important environmental variable in the lives of marine 

organisms, affecting physiology and behavior acutely and dictating daily biological 

rhythms and seasonal reproduction in the long-term. In unpolluted natural 

environments, the daily light-dark cycle is a reliable environmental cue, but with 

today’s rapid coastal development, light pollution is an increasingly serious threat 

to living things, including marine fish. Alterations to the natural light-dark cycle 

may have profound implications for the health and longevity of organisms by 

interfering with the function of their internal timekeeping mechanisms. While 

extensive research exists on the harmful effects of inappropriate light on circadian 

function in humans, rodents and birds, comparable studies on marine fish are 

virtually nonexistent. The aims of this study were to determine the effects of light 

on biological clock function in the teleost retina, using the ecologically and 

economically important Atlantic tarpon (Megalops atlanticus), as a model. Teleost 

retinas undergo daily biochemical and anatomical modifications to increase visual 
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efficiency, including changes in retinal sensitivity and acute repositioning of rod 

and cone photoreceptors for optimal light capture according to time of day (a 

phenomenon called retinomotor movement). While external influence such as 

lighting condition may certainly incite direct responses by the visual machinery, we 

sought to investigate the involvement of circadian clock(s) in driving these 

rhythms.  

To test the hypothesis that retinal sensitivity changes with time of day in M. 

atlanticus, sensitivity of the retina was measured periodically by 

electroretinography (ERG), following exposure to either a 12L:12D light-dark 

cycle (LD; N=18) or constant darkness (DD; N=18) for four days prior to testing. 

The intensity of light required to elicit a maximal ERG response was significantly 

greater during the day than the night in fish held in LD. To determine whether this 

cycle is driven by a circadian clock, ERG was performed at the same timepoints on 

juvenile fish held in DD. Sensitivity was significantly higher during subjective 

night than during subjective day, though the rhythm in DD was damped relative to 

the cycle in LD. These results thus demonstrate that this cycle of retinal sensitivity 

is driven at least in part by an internal biological clock.  

Using immunofluorescence with opsin-specific primary antibodies and 

periodic sampling over 24 hours, we also observed rhythms of retinomotor 

movement (RM) in juvenile tarpon. Populations of fish were exposed to LD (N=18) 

and DD (N=18) as above, and two additional treatments simulating exposure to 

light at night: a four-hour advance of light onset (AdvL; N=18) and constant light 
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(LL; N=18). RM was quantified by measuring photoreceptor (rod and cone) outer 

segment (OS) position with respect to the outer limiting membrane (OLM), and 

extent of RM was plotted over a 24-hr period for visualization of rhythms. Fish 

held in LD exhibited robust oscillations of RM over the course of the day; both rod 

and cone OS position changed significantly between light and dark hours. To 

elucidate circadian clock involvement in these rhythms, we investigated whether 

they persisted in the absence of external light stimulus. Constant darkness 

suppressed RM by rod OS. However, cone OS position continued to oscillate 

rhythmically, implicating clock involvement. Constant light, conversely, 

suppressed RM of both photoreceptor types. In addition, the rhythm remained 

synchronized to the advanced light cycle, with rod and cone OS position changing 

significantly between light and dark hours. These significant effects of light 

exposure at night on tarpon retinal clock function suggests that light at 

inappropriate times is likely detrimental to visual efficacy. These rhythms support 

survival behaviors such as prey capture and predator avoidance in these fish, thus 

these findings present a strong case for mitigation efforts of coastal light pollution. 
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CHAPTER I 

 

BACKGROUND AND INTRODUCTION 

 

 

BIOLOGICAL CLOCKS 

 

 

 

For at least centuries, it has been widely observed that environmental cues 

elicit behavioral responses in a variety of organisms (Gamble and Keeble 1903, 

Fox 1924, Fingerman 1957, Menaker 1969). Significant research has unveiled 

important information about how one such environmental cue, ambient light, 

affects some organisms, including humans. The negative effects of light pollution 

have even received an increasing amount of attention in scientific literature. 

However, almost nothing is known about its effects on marine ecosystems. The 

purpose of this research is to provide insight on how retinal structure and function 

in an economically and ecologically important marine fish, the Atlantic tarpon 

(Megalops atlanticus Valenciennes, 1847), adjust to a changing light environment. 

Many organisms may be classified as nocturnal, diurnal or crepuscular 

based on diel activity patterns (Helfman 1986, Roenneberg and Foster 1997, 

Challet 2007, Cuesta et al. 2009). Countless behaviors correlate with the natural 

light-dark cycle, such as diel patterns of migration in zooplankton (Walters and 

Bell 1986, Haney 1988, Forward 1988), school formation and distribution of fish 

(Sogard and Olla 1996, Axenrot 2004), patterns of habitat usage for predator 

avoidance (Holomuzki 1986, Howard 1989, Clark et al. 2003), and increased 
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activity associated with feeding times (Sanchez-Vázquez et al. 1995, Løkkeborg 

and Fernö 1999). 

But not all behaviors, even predictable ones, are elicited as direct responses 

to environmental cues such as the daily light-dark cycle. Jean Jacques d’Ortous de 

Marian provided in 1729 what is perhaps the first experimental evidence of internal 

governance of such daily, cyclical patterns of behavior in Mimosa pudica 

(Klarsfeld 2015). In the constant darkness of his cellar, the leaves continued to 

open and close periodically around the same time of day as those exposed to the 

natural light-dark cycle (Edery 2000). This phenomenon was noteworthy because 

the periodic leaf movement continued to occur in the absence of external stimuli, 

indicating that these rhythms were being driven by some force within the plant.  

However, the notion of endogenous rhythms driving these responses, as 

opposed to them being reactions to cyclic environmental stimuli, was not widely 

accepted until well into the twentieth-century (Menaker 1969). Since the 1950s, 

scientists have discovered that organisms are not always—as de Marian 

hypothesized—directly responding to exogenous cues in these instances, rather that 

they possess internal mechanisms called “biological clocks” that permit them to 

control the timing of important biological processes even in the absence of external 

time cues (Menaker 1969, Aschoff 1979, 1981).  

This ability to measure time on a 24-hour scale has evolved independently 

across nearly all eukaryotic taxa, from fungi to plants and animals, in all of which 



3 

 

    

 

endogenous clocks serve to time key biological processes to phases of the day, 

lunar month or year in order to enhance survival (Kumar et al. 2005, Merrow et al. 

2005, Paranjpe and Sharma 2005). Synchronizing behavioral and physiological 

outputs to external cues in this manner permits an organism to coordinate metabolic 

and behavioral processes, allows expression of physiology and behavior to occur at 

appropriate times, and has been shown to provide fitness advantages (Sharma 

2003).  

For example, most insect species eclose (emerge from their pupal cases) 

close to dawn, when humidity levels are high, to prevent desiccation (Edery 2000, 

Paranjpe and Sharma 2005). Migratory birds consult circadian clocks to 

compensate for changing day lengths in order to navigate to more favorable 

climates (Gwinner 1986, Ramenofsky and Wingfield 2007). Another well-

documented example is diel vertical migration of zooplankton—some species 

perform nocturnal migrations to avoid visually-guided predators, while others 

perform diurnal migrations to evade nocturnal predators that rely on nonvisual 

sensory modalities to capture prey (Walters and Bell 1986, Forward 1988, Haney 

1988).  

In addition to circadian (circa = approximately; dies = day) rhythms which 

revolve around the light-dark cycle, there also exist biological rhythms coordinated 

with environmental cycles of other periodicities. To those organisms inhabiting the 

oceans, especially those in the intertidal zone, the lunar/tidal cycle is another 
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important cyclic environmental cue (Tessmar-Raible et al. 2011). Not surprisingly, 

many of these organisms across different phyla have been found to exhibit 

endogenous “circatidal” rhythms. From the burrowing emergence of ragworm 

Nereis virens (Last 2009) to the gaping activity of the Manila clam Ruditapes 

philippinarum (Kim et al. 2003) and the swimming activity of the sand beach 

isopod Cirolana cookii (Mehta and Lewis 2000), all exhibit bimodal peaks that in 

the natural environment are synchronized with the tidal cycle.  

The lunar orbit not only controls the tidal cycle, it also synchronizes 

semilunar and circalunar rhythms with periods approximating lunar and semilunar 

months (29.6 days, the interval between successive new moons, and 14.8 days, the 

interval between two neap or spring tides, respectively; Tessmar-Raible et al. 

2011). These “circalunar” rhythms govern reproductive events in many marine 

organisms, such as maturation of gonads in fish (Taylor et al. 1979, Takemura et al. 

2004) and mass spawning of marine worms and corals (Hauenschild 1960, 

Harrison et al. 1984). 

 

CIRCADIAN CLOCK FUNCTION 

 

 

CHARACTERIZATION OF THE CLOCK. The examples above illustrate 

just how pervasive the occurrence of biological clocks in nature; the adaptive 

mechanism of internal timekeeping governs every aspect of biology. The ubiquity 

of biological clocks among eukaryotes strongly suggests that they confer a fitness 
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advantage or enhance survival in some way. These probing questions spurred an 

ever-evolving investigation into the mechanisms involved in clock function. 

However, before researchers could elucidate the specifics, they first had to 

characterize the phenomenon.  

Since de Marian’s seminal experiment in 1729, the circadian rhythm 

revolving around the light-dark cycle has remained the most well-studied. Interest 

in the subject picked up in the 1950s, and a Cold Spring Harbor Symposium on 

Quantitative Biology was devoted to biological clocks in 1960, bringing together 

the pioneers in the field. Another noteworthy development in chronobiology (the 

study of cyclical phenomena in living things and their adaptation to solar- and 

lunar-related rhythms; DeCoursey 2003) was Dr. Michael Menaker’s paper in 

BioScience (1969) that challenged the way the world had previously viewed animal 

behavior. He compared the cyclic daily changes that are expressed in organisms’ 

behavioral patterns to those of an oscillating physical system, such as a spring 

(Pittendrigh and Bruce 1957, Menaker 1969). For those physiological and 

behavioral outputs coordinated with the daily light-dark cycle, the period of one 

oscillation lasts approximately 24 hours (Fig. I.1). 
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Figure I.1: Characteristics of circadian clocks. (1) An output rhythm that is 

synchronized to that of the input is in phase with the input. Delayed 

or advanced onset relative to the input results in a rhythm that is out 

of phase. (2) The duration of a single oscillation is the period. 

“Circadian” rhythms (“about a day”) last approximately 24 hours. (3) 

Amplitude is the height of the output rhythm, or amount of response. 
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Applying this model to circadian rhythms, the light-dark cycle serves 

simply to synchronize the organisms’ pacemakers with real-world time, and is thus 

called a zeitgeber (“time giver”; Aschoff 1985). The ability of the clock to sense 

consistent environmental cycles allows for the process of entrainment—the daily 

resetting of the endogenous rhythm until synchrony with the environmental cue is 

achieved (Bruce 1960, Menaker 1969, Aschoff 1985).  When the period and phase 

of an organism’s physiological or behavioral responses match that of the light-dark 

cycle, the organism is said to have been “entrained” to the zeitgeber (Roenneberg 

and Foster 1997, Edery 2000). In this model, zeitgebers can be viewed as “inputs” 

that “set” the clock, while the resultant rhythmic changes in morphology, 

physiology and behavior are the “outputs” (Fig. I.2; Stehle et al. 2003). 
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Figure I.2: Biological clock operation. The specifics vary across taxa of 

organisms, but several key components exist in all biological clocks: 

An external environmental cue called an input “sets” the clock 

according to its schedule; the clock is an internal time-keeping 

mechanism that functions through feedback loops of protein 

synthesis; outputs are the measurable physiological and behavioral 

rhythms that result from clock operation. 
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BROADER FUNCTIONS OF CIRCADIAN CLOCKS. Daily entrainment 

to the natural light-dark cycle permits biological clocks to sense day length, or 

photoperiod, which in turn can synchronize events such as the timing of 

reproduction (Eskes and Zucker 1978, Underwood et al. 1985), smolting in fish 

(Jørgensen and Johnsen 2014), and migration (Gwinner 1996, Ramenofsky and 

Wingfield 2007) to seasonal environmental fluctuations. This function of the 

circadian clock allows organisms in temperate zones to anticipate and prepare—

morphologically, physiologically and behaviorally—for forthcoming seasonal 

changes or for new environments to which they will be migrating.  

This preparation enhances not only the survival of the organism and its 

offspring, but also increases the probability of reproductive success (Eskes and 

Zucker 1978, Jørgensen and Johnsen 2014). In such applications as aquaculture and 

other captive breeding programs, knowledge of the effects of light intensity and 

photoperiod is imperative to maximize growth (Boeuf and Le Bail 1999) and 

survival rate (Villamizar et al. 2008) of progeny, as well as to effectively 

manipulate lighting regimes for generating year-round reproduction (Davies et al. 

1999, Howell et al. 2003). 

The ability to sense seasonal changes in the light-dark cycle occurs as the 

result of an endogenous circadian rhythm of light sensitivity, first proposed by 

Bünning (1936), in which the system is only sensitive to the inductive effects of 

light during half of the cycle. Thus, in the case of extended photoperiods, light 
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being perceived during the sensitive half of the day when the clock had previously 

been entrained to sense darkness (a period called “subjective night”) may be either 

stimulatory (in long-day breeders such as horses) or inhibitory (causing anestrus in 

short-day breeders such as sheep) depending on the species (Bittman and Karsch 

1984).  

Alternatively, shortening photoperiods results in anticipation of winter, with 

species-appropriate physiological and behavioral responses such as increased 

hunger and fattening in migratory birds (Gwinner 1996, Ramenofsky and 

Wingfield 2007), gonad regression in rodents (Eskes and Zucker 1978, Underwood 

et al. 1985), or development of winter pelage in subarctic mammals (Walsberg 

1991). Such seasonal outputs are specifically dictated in each case by the clock(s) 

in response to the input of the photoperiod (Bittman and Karsch 1984, Gwinner 

1996, Ramenofsky and Wingfield 2007, Jørgensen and Johnsen 2014).  

 

COMPONENTS OF THE CIRCADIAN TIMING SYSTEM 

 

 

Investigation into circadian clock function has extended beyond 

observations of behavioral and physiological “outputs” of the clock. Over half a 

century of research into the characteristics and molecular makeup of circadian 

clocks has revealed that they exist in all levels of organization, from behavioral to 

molecular (Menaker 1969) and that they are composed of three interconnected 

components (Fig. I.3; Cermakian and Sassone-Corsi 2000, Edery 2000).  
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Figure I.3: Circadian clock components. Circadian rhythms are internal 

propagations of physiology and behavior that are synchronized to 

the light-dark cycle by a pacemaker, allowing the organism to 

anticipate consistent changes in its environment. (1) Light serves as 

the stimulus for circadian rhythms, as it is sensed by specialized 

photoreceptors in the retina. (2) The light signal is transduced to a 

region in the hypothalamus called the suprachiasmatic nucleus 

(SCN), which is comprised of single-cell circadian oscillators 

(inset). (3) The SCN transmits neuronal signals to peripheral 

organs and tissues, which in turn effect hormonal and neuronal 

responses from target tissues. Resultant rhythms in physiology and 

behavior are thus programmed to occur at appropriate times during 

the environmental cycle. (Adapted from Kondratova and 

Kondratova 2012, Breedlove 2013). 
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The first is some sort of photoactive pigment that senses light and 

transduces the chemical signal to its target. Next is the clock itself, also termed an 

endogenous oscillator, that generates responses that cycle with a near-24-hour 

periodicity (the “free-running” period; Aschoff 1985). At the cellular level are the 

clock-controlled genes, which generate the products comprising the final 

component—the physiological and behavioral responses to changes in the phase 

and amplitude of the clock (Cermakian and Sassone-Corsi 2000). 

Numerous discoveries have led to the identification of structural 

components of circadian clocks. Clocks and their molecular components have been 

described in fungi Neurospora crassa (Feldman and Hoyle 1973); Drosophila 

melanogaster (Hardin et al. 1992, Plautz et al. 1997, Glossop et al. 1999); reptiles 

(Underwood and Menaker 1970, Grace et al. 1996, Tosini and Menaker 1998); and 

mammals (Lucas et al. 1999, Provencio et al. 2000, Fu et al. 2005). In examining 

the function of endogenous clock mechanisms across kingdoms—from single-

celled bacteria to humans—the specifics of the individual systems appear very 

different from one another. However, no matter the precise mechanics of these 

systems or how they may have evolved, they all permit the organisms to “keep 

time” relative to the natural light-dark cycle.  

 

CIRCADIAN PHOTORECEPTION. Initial insight into the circadian clock 

mechanism was revealed when Klein and Weller (1972) discovered that the lateral 

eye plays a role in the mammalian circadian clock pathway. They observed that 
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severing the optic nerve in rats abolishes circadian rhythmicity of pineal serotonin 

N-acetyltransferase, an enzyme involved in the production of melatonin, a key 

hormonal output of the clock. Furthermore, studies conducted in blind mole rats 

(Spalax enhrenberghi), which possess only rudimentary eyes, demonstrated that 

they retain the ability to entrain to light-dark cycles (Cooper et al. 1993). Despite 

significant evolutionary ocular regression, the mole rats continue to exhibit 

circadian rhythms and entrain to light-dark cycles. Photic entrainment of locomotor 

and thermoregulatory behaviors are also abolished upon removal of the lateral eye 

(Pevet et al. 1984). 

Thus, the eye plays a role in circadian light perception, and light serves as 

the input for the circadian oscillator. However, it is not the same photoreceptors 

responsible for vision that function in circadian clock operation. Lucas et al. (1999) 

performed rod and cone photoreceptor ablation in mice and subsequently 

demonstrated that light exposure continues to inhibit the secretion of melatonin by 

the pineal, a primary target in the clock pathway. Subsequent research identified 

these non-rod, non-cone photoreceptors as intrinsically-photosensitive retinal 

ganglion cells (Berson 2002). The photoresponse occurs when light activates the 

Vitamin A-based photopigment called melanopsin (Provencio et al. 2000) in these 

specialized photoreceptors (Berson 2002, Merrow et al. 2005).  

Whereas the sole input to the circadian pathway in mammals is through the 

lateral eye (Fig. I.4A; Menaker 2003), the cells of the pineal organ in non-
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mammalian vertebrates, including fish, and the parietal eye in iguanid lizards are 

capable of photoentrainment without input from the lateral eye. It is not surprising 

that the lateral eye and the organs of the pineal complex have retained similar 

functions, as ontogenetically, all arise from evaginations of the diencephalon (Dodt 

and Meissl 1982). The pineal gland in mammals, in contrast, functions solely as a 

secretory organ (as Menaker suggests, the pineal gland in mammals lost its 

photoreceptive capabilities over the course of evolution; 1997).  

While birds and amphibians possess structures similar to those of the pineal 

complex in reptiles (Zimmerman and Menaker 1979, Dodt and Meissl 1982, Foster 

et al. 1989), the relative role of these structures varies widely between taxa 

(Hartwig and Oksche 1982, Menaker et al. 1997). However, all reptiles, birds and 

fish possess extraretinal photoreceptors (Underwood 1990, Menaker 2003), and in 

many cases, extrapineal photoreceptors, which are speculated to localize to the wall 

of the third ventricle in the brain (Fig. I.4B; Dodt and Meissl 1982, Hartwig and 

Oksche 1982, Underwood 1990). 
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Figure I.4: Mammalian and teleost circadian pathways. (A) The sole input to the 

circadian pathway in mammals is through specialized photoreceptors in 

the retina. The master clock is located in the suprachiasmatic nucleus 

(SCN), which coordinates rhythmic signals to peripheral tissues such as 

the pineal gland. (B) Teleosts and other non-mammalian vertebrates 

receive photoc input through the pineal complex, deep brain 

photoreceptors and dermal melanophores, in addition to the retina. 

Zebrafish (unlike mammals) have autonomous oscillators (circles) in 

these organs, as well as the heart, liver, and kidneys. (Adapted from 

Mueller and Neuhauss 2012; zebrafish image: JoVE Science Education 

Database). 
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These deep brain photoreceptors have been most extensively characterized 

in reptiles (Underwood and Menaker 1970, Foster et al. 1994, Grace et al. 1996, 

Tosini and Menaker 1998) and birds (Soni and Foster 1997, Halford et al. 2009). 

However, fish also possess melanopsin-containing deep brain photoreceptors that 

control light-seeking behavior in larval zebrafish, Danio rerio, following surgical 

removal of the lateral eyes and entire pineal complex (Fernandes et al. 2012). In 

similar experiments on reptiles, Underwood and Menaker (1970) demonstrated that 

iguanid lizards lacking eyes and pineal complexes remained capable of 

photoentrainment. Subsequent immunolabeling experiments localized the 

photoreceptive cells to cerebrospinal fluid (CSF)-contacting bipolar neurons in the 

basal region of the lateral ventricles of the brain. Light is able to penetrate the skin, 

skull and overlying brain tissue and stimulate these neurons buried deep within the 

brain (Grace et al. 1996). 

 

THE CIRCADIAN “CLOCK”. Neural projections from these various 

circadian photoreceptors send the signal along the retinohypothalamic tract to 

regions of the brain specialized for clock operation (Cermakian and Sassone-Corsi 

2000, Golombek and Rosenstein 2010). The pacemaker, or “master clock”, in 

mammals is located in the suprachiasmatic nucleus (SCN) of the hypothalamus 

(Ralph et al. 1990). This region generates all of the physiological responses 

involved in clock function. In the SCN, individual pacemakers are themselves 

single-cell circadian oscillators (Welsh et al. 1995, Shigeyoshi et al. 1997, Meijer 
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and Schwartz 2003, Yamaguchi et al. 2003) that function autonomously—without 

any external input—though the environmental light-dark cycle serves to entrain the 

clock, keeping it synchronized to real-world time (Cermakian and Sassone-Corsi 

2000, Merrow et al. 2005).  

All vertebrates possess this “circadian axis” consisting of the retina, the 

SCN (or its homolog) and the pineal complex (pineal and the parietal organ). On 

the whole, the pineal complex plays a more direct role in circadian photoreception 

in non-mammalian vertebrates, and light captured for photoentrainment is 

perceived by several structures in addition to retinal photoreceptors. Further, 

organisms in these groups do not possess “master clocks” dictating physiological 

and behavioral outputs, at least at the level at which the mammalian SCN functions 

(Underwood 1990, Menaker et al. 1997). Thus, in addition to being able to sense 

the zeitgeber that is necessary for entrainment, the organs of the pineal complex in 

non-mammalian vertebrates function as both photoreceptors and circadian 

oscillators (Pickard and Tang 1994). 

 

CLOCK GENES AND OUTPUTS. Whether the signal is dictated by the 

SCN or by peripheral oscillators, biological clocks in all phyla—from mold to 

humans—function as interlocked transcriptional feedback loops and through the 

activation or repression of gene expression (Fig. I.5; Cermakian and Sassone-Corsi 

2000, Merrow et al. 2005). Many of the proteins and transcription factors they 

encode serve to regulate upstream or downstream expression of additional 
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components of the clock (Merrow et al. 2005). The first clock genes were identified 

in Drosophila melanogaster (Konopka and Benzer 1971), while those in mammals 

and other species were identified mainly through homology to the fly genes 

(Cermakian and Sassone-Corsi 2000).  

 

 

 

Figure I.5: Schematic of an autoregulatory feedback loop. Molecular rhythmicity of 

circadian oscillators is achieved through the operation of feedback 

loops, with transcription factors (activators) driving expression of their 

own negative regulators (repressors). The same transcription factors 

may also mediate expression of additional proteins that form positive 

feedback loops of transcription and translation (not shown). These 

properties underlie the function of circadian clock operation. (Adapted 

from Eckel-Mahan and Sassone-Corsi 2013). 
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In vertebrates, the products of these clock genes, proteins named CLOCK 

and BMAL1 (Brain and Muscle Arnt-like protein 1), form a heterodimer and bind 

to the E-box elements of additional clock genes (Fig. I.6; Cermakian and Sassone-

Corsi 2000, Merrow et al. 2005). The proteins resulting from the activation of these 

genes, members of the PER family and CRY1 and CRY2, function in both positive 

and negative feedback loops regulating clock function. PER2 has a positive 

function on Bmal1 by eliciting its activation, however, when PER proteins form 

heterodimers with CRY proteins and are translocated to the nucleus, they function 

as a negative autoregulatory loop by inhibiting transcription of Clock and Bmal1 

(Cermakian and Sassone-Corsi 2000, Challet 2007). 
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Figure I.6: Circadian clock molecular mechanism in zebrafish, Danio rerio. (1) 

Light-induced expression of D-box binding factor TEF regulates clock 

gene expression by activating transcription of cry1a and per2. (2) 

Transcription factors CLOCK and BMAL drive rhythmic expression of 

additional cry and per genes in the “core” feedback loop. (3) CRY and 

PER heterodimers translocate to the nucleus and repress 

CLOCK:BMAL-mediated activation, thus repressing their own 

transcription. (4) In the “stabilizing” loop, CLOCK:BMAL mediate 

transcription of Rev-Erb and Ror. (5) REV-ERB and ROR factors 

direct rhythmic expression of Clock and Bmal through repression and 

activation, respectively. (6) ROR activates expression of Clock and 

Bmal at the ROR response element. In turn, CLOCK and BMAL 

dimerize to participate in the feedback loops described above. 
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Clock genes also regulate the physiological outputs by rhythmically 

activating other clock-controlled genes (Cermakian and Sassone-Corsi 2000). 

CLOCK-BMAL1 activates transcription of such genes as avp through binding of 

the E-box. Once translated, arginine vasopressin peptide (AVP) modulates activity 

in the SCN and the hypothalamo-pituitary-adrenal axis, affecting levels of 

serotonin N-acetyl-transferase and the pineal gland’s production of melatonin 

(Cermakian and Sassone-Corsi 2000), a key humoral output of the clock that 

affects many behavioral rhythms including the sleep-wake cycle. In turn, this 

hormone plays an additional feedback role in the SCN (Challet 2007). 

 

 

CLOCK-REGULATED VISUAL FUNCTION IN TELEOSTS 

 

 

 

CIRCADIAN CLOCKS IN TELEOSTS 

 

 

Like other non-mammalian vertebrates, the circadian clock systems in fish 

are much more complicated—distributed throughout the body—than in mammals 

(Menaker et al. 1997). In addition to the lateral eye (Dodt and Meissl 1982, 

Menaker et al. 1997, Tamai et al. 2003), fish also receive photic input through the 

pineal (Falcón and Meissl 1981, Underwood 1990, Cahill 1996), dermal 

melanocytes (Peirson et al. 2009, Mueller and Neuhauss 2012) and unknown areas 

in the brain presumed to lie in the third ventricle (Kavaliers 1981, Hartwig and 

Oksche 1982, Underwood and Groos 1982) (see Fig. I.4B, p. 15). Not only are 
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these organs capable of sensing ambient lighting conditions, but pacemakers that 

exhibit autonomous oscillations of expression have been identified in fish lateral 

eyes (Bassi and Powers 1987, Menaker et al. 1997, Ribelayga et al. 2004) as well 

as in the pineal (Kavaliers 1979, 1980ab, Underwood 1990, Cahill 1996, Whitmore 

et al. 1998).  

Adding to the complexity of the fish circadian system is the discovery that 

the circadian clock gene, Clock, is rhythmically expressed in a variety of tissues in 

the zebrafish, Danio rerio (Whitmore et al. 2000, Falcón et al. 2003, Tamai et al. 

2003, Carr et al. 2006). These tissues include not only the retina, pineal, and the 

brain, but the heart and kidneys, as well (Whitmore et al. 1998, 2000). The 

oscillations of these “peripheral clocks” continues in constant darkness–a hallmark 

of circadian clock operation—and when tissues are isolated in vitro (Whitmore et 

al. 1998). 

Circadian oscillations of expression such as these suggest independence 

from a “master clock”, such as the SCN in mammals, which coordinates circadian 

fluctuations throughout the body via the endocrine system. Even in the multi-

oscillatory system in reptiles, photosensing ability is restricted to those structures 

that have been described above (Underwood and Groos 1982). The autonomous 

nature of the zebrafish cells necessitates that they are, themselves, photoreceptive 

(Tamai et al. 2003). Prior to Whitmore’s discovery, this model has only been 

established to occur in invertebrates such as Drosophila, various tissues of which 
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have exhibited oscillating expression levels of clock gene products (Plautz et al. 

1997, Cahill 2002, Tamai et al. 2003, Bell-Pedersen et al. 2005). 

Though it has proven difficult to determine precisely which of these 

oscillators dictate specific responses, many circadian rhythmicities in physiological 

and behavioral outputs have been studied, among them activity (locomotor) 

patterns exhibited in response to various light-dark cycles (Kavaliers 1979, 

Gerkema et al. 2000, Cummings and Morgan 2001); variations in hormone levels, 

especially melatonin and dopamine (Kavaliers 1984, Spieler and Noeske 1984, 

Ribelayga et al. 2004, Falcón et al. 2011); vertical or horizontal migration patterns 

(Boehlert and Mundy 1988, Gibson 1988, 2003, Shepard et al. 2006); and visual 

sensitivity patterns (Kavaliers 1981, Bassi and Powers 1987). As the existence of 

oscillators in multiple structures have been identified, additional studies have 

isolated the effect of light to single photic input pathways, such as the nonpineal, 

extraretinal photoreceptors (Kavaliers 1981). 

Regardless of the nature of these rhythms, their correlation with 

environmental light cycles ensures that particular biochemical, physiological and 

behavioral processes are restricted to appropriate times of day (Sharma 2003, 

Kumar et al. 2005, Navara and Nelson 2007). Thus, it is evident that light is an 

extremely important zeitgeber, and that there exists a close relationship between the 

environmental light cycle and the circadian oscillator (Pando and Sassone-Corsi 

2002).  
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TELEOST VISUAL SYSTEM 

 

 

 The teleost eye is particularly interesting because not only is it the organ of 

vision via the retina, but it is also the site of a light-regulated clock—a clock that in 

fact drives circadian rhythms of visual function (Green and Besharse 2004). While 

many types of extraretinal photoreceptors have evolved for the non-visual system 

of clock operation, the sole sensory receptors of the visual system are located in the 

outer margin of the retina (Fig. I.7A; Kolb 2011). Rod and cone photoreceptor cells 

are the light sensors for the visual pathway in the retina, each having distinct 

spectral and intensity characteristics. Rods are highly sensitive and therefore 

function only in relatively dim light, whereas multiple cone cell types function best 

in bright light and support color vision (Fig. I.7B; Bowmaker and Hunt 2006, Kolb 

2011).  
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Figure I.7: Structures of the retina and the teleost eye. (A) Photoreceptors (Rods 

and Cones) extend toward the Bruch’s membrane (1), the innermost 

layer of the choroid, where they capture light passing through the retina. 

The retinal pigmented epithelium (2) contains melanin pigment granules 

that shield the photoreceptors. Mueller cells (3) terminate between the 

inner and outer segments of the photoreceptors to form the outer 

limiting membrane (dotted line). (B) Light enters the cornea and is 

focused by the lens onto the retina. Stimuli received by the 

photoreceptors are transmitted through the optic nerve to the brain for 

interpretation. (Adapted from Tanaka & Ferretti 2009). 
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Each receptor type functions upon stimulation by propagating action 

potentials through the optic nerve to the brain for integration. Motor neurons to the 

muscles and tissues are then activated, enabling the body to carry out appropriate 

behavioral and physiological responses (Wässle 2004). Thus, vision directly 

impacts organisms’ survivability (Montaño 2009), and it is crucial for efficient 

food acquisition and predator avoidance for most teleost species (Blaxter 1986, 

Evans and Browman 2004).  

 

 

CIRCADIAN CLOCK FUNCTION IN THE TELEOST RETINA 

 

 

CIRCADIAN RHYTHMS OF RETINAL SENSITIVITY. One way that 

these different types of photoreceptors work together is to anticipate—and adjust 

to—daily changes in illumination of up to eight orders of magnitude (Munz and 

McFarland 1977, Mangel 2000). This ability to adjust visual sensitivity in 

accordance with light availability is well conserved across vertebrates and 

invertebrates alike (Green and Besharse 2004, Passaglia and Herzog 2014). Diel 

patterns of sensitivity reflect ambient lighting conditions such that sensitivity is 

higher at night, when less illumination is available, and lower during the day, when 

light is abundant (Fowlkes et al. 1984, Dearry and Barlow 1987, Passaglia and 

Herzog 2014).  

Adjustments in visual sensitivity may involve modifications at the level of 

the photoreceptors or they may be more widespread neural-level adaptations 
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(Normann and Werblin 1974, Mangel 2000). Photoreceptors may become more or 

less sensitive in response to light due to the amount of pigment bleaching and 

regeneration (Dowling 1963). Additionally, transducing may be affected by the 

concentration of intracellular Ca2+ (Lagnado and Baylor 1992, Mangel 2000). 

Neural adaptations are achieved through biochemical pathways, namely melatonin-

dopamine antagonism (Green and Besharse 2004). Endogenous dopamine release 

by the interplexiform layer is modulated by melatonin that is synthesized in 

photoreceptors (Ribelayga et al. 2004, Green and Besharse 2004), affecting the 

light response of cone horizontal cells (Mangel 2000, Ribelayga et al. 2004). In 

turn, increased dopamine levels inhibit melatonin synthesis in photoreceptors 

(Cahill and Besharse 1993, Green and Besharse 2004). 

 

RETINOMOTOR MOVEMENT. To optimize stimulus perception, many 

organisms have evolved visual adaptations for regulating the amount of incoming 

light. Mammals exhibit a pupillary light response to protect photoreceptors from 

excess light exposure (Fu et al. 2005). However, other taxa have evolved additional 

mechanisms to enhance visual capability. Rod and cone photoreceptors within 

retina of teleost and other animals with fixed pupils acutely reposition in response 

to light availability over the course of the day in a cyclical manner (Burnside et al. 

1983).  

Retinomotor movement maximizes light capture through the optimal 

positioning of ultra-sensitive rod outer segments for dim light conditions and 
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alternatively, cone outer segments for bright light capture (Burnside and Nagle 

1983, Burnside et al. 1983, Dearry and Barlow 1987). In darkness, pigment 

granules aggregate at the base of the retinal pigment epithelial (RPE) cell, while rod 

myoids contract and cone myoids elongate (the myoid is the thin region connecting 

the inner and outer segments of the photoreceptors). In the light, the reverse occurs, 

and pigment granules are dispersed throughout the apical projections of the RPE to 

protect rods from “bleaching”, or overexposure (Burnside and Nagle 1983, Pierce 

and Besharse 1985, Dearry and Barlow 1987, Strauss 2011).  

 

  

THE ATLANTIC TARPON – A NEW MODEL SYSTEM 

 

 

 

The Atlantic tarpon (Megalops atlanticus; order Elopomorpha) is an 

exceptional model for studying how retinal structure and function adjust to a 

changing light environment because it undergoes dramatic shifts in ecological 

niche as it matures from larva to adult (Fig. I.8A-D; Miller et al. 2006). These 

habitat shifts are accompanied by significant alterations in photoreceptor type and 

distribution (Fig. I.8E; Taylor and Grace 2006, Taylor et al. 2011a,b). Plasticity in 

the composition of the retina hints at the variability in visual acuity and quality as a 

response to changing conditions, as well as the organism’s ability to adapt to them.  
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Figure I.8: Developmental stages and photoreceptor distributions of Megalops 

atlanticus. (A) Leptocephalus larval stage. (B) Settlement-stage larva. 

(C) Juvenile. (D) Adult. (E) Low-sensitivity cones (green) are added 

through development; high-sensitivity rods (red) are stacked and 

bundled in adults. PL, Pelagic larva; SL, Settlement larva; JV, Juvenile; 

AD, Adult. (Adapted from Taylor et al. 2011a) (Leptocephalus photo: 

M. Wittenrich; settlement stage larva photo: S. Kupschus; juvenile 

photo: A. Adams; adult photo: P. Ford). 
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Adult tarpon possess a typical teleost retina containing rods and cones, and 

like all fish, can regenerate the neurons within it, including the photoreceptors 

(Cameron and Easter 1995). Whereas most teleosts have a cone-dominated retina 

early in development and gradually develop rods (Blaxter 1986, Evans and Fernald 

1990), past studies on elopomorph fish have suggested that they all begin their life 

cycle with a rod-dominated retina, and that cones are added during development 

(Govoni 2004, Taylor et al. 2006). Such a rod-dominated photoreceptor distribution 

suggests low visual acuity, with optimal performance in dim light (Shand 1997).  

Since all elopomorphs spawn offshore in clear, blue oceanic waters, 

producing larvae that presumably undergo nocturnal migrations (J Shenker, 

personal communication), this visual adaptation may aid them during this stage of 

development. The ribbon-like “leptocephalus” larvae common to all elopomorph 

species migrate inshore (for tarpon, after approximately 20 days; Shenker et al. 

2002), at which time the different taxa radically diverge in morphology and 

behavioral ecology (Pfieler and Govoni 1993). Following metamorphosis, the 

larvae settle in protected inshore waters where they develop into juveniles and 

begin to actively forage. At sexual maturity, Atlantic tarpon become top predators 

in deeper coastal and near-shore ecosystems, utilizing crepuscular and nocturnal 

predation on surface-dwelling prey (Montaño 2009).  

Prior research shows that photoreceptor arrays change substantially over the 

course of their development according to ecological niche and photoreceptor types 
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alternate in position, perhaps resulting in acute functional changes (Taylor and 

Grace 2006, Taylor et al. 2011a,b, 2015). At any given stage after settlement, the 

fish inhabit nearshore waters—potentially placing them in close proximity to 

artificial light at night from developed areas, perhaps for the entirety of the period 

of natural darkness. Such interruptions to the natural light-dark cycle may severely 

disrupt the clocks’ ability to entrain to the zeitgeber, thus rendering the fish 

compromised for processes crucial to their survival, such as finding prey and 

mates, and avoiding predators. Given that they make up such a lucrative 

recreational fishery and are an important part of coastal ecology, both as juveniles 

and as adults, tarpon are not only prime representatives of coastal-dwelling 

organisms’ exposure to light pollution, but their conservation is also of interest to a 

broad range of people.  

 

 

RATIONALE AND RESEARCH OBJECTIVES 

 

 

 

The cellular machinery and molecular mechanisms of circadian clocks have 

been intensely studied in people and some lab animals, but we understand very 

little about how they affect organisms in their natural environments. This research 

aims to provide insight into these areas by examining clock operation in the 

Atlantic tarpon (Megalops atlanticus), one of the most sought-after game fish. 

Tarpon undergo divergent shifts in ecological niche as they mature from larvae to 
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adults, accompanied by significant alterations in retinal photoreceptor cell type and 

distribution, making them exceptional models for studying how retinal structure 

and function acutely adjust to a changing light environment.  

 

The purpose of this research is to determine: what is the tarpon’s internal clock 

capacity for responding in functionally appropriate ways to changes in the natural 

daily light-dark cycle, such as exposure to artificial light at night? While extensive 

research has been conducted on the effects of unnaturally-timed light exposure on 

circadian function in humans, rodents and migratory birds, comparable studies 

conducted in marine fish are virtually nonexistent. Using a novel and important 

marine fish, the Atlantic tarpon, as a model, the objectives of this research are to: 

 

(1) determine the role of circadian clock(s) in driving rhythms of visual 

sensitivity and retinomotor movement, and 

(2) examine the effects of aberrant light exposure on circadian clock function 

on rhythms of retinomotor movement.  

 

Alterations to the natural light-dark cycle may have profound implications for 

the health and function of animals including marine fish. Abnormal light exposure 

may disrupt clock function, inhibit immune function, alter reproductive physiology, 

and change a host of other physiological processes and behaviors. The ever-

increasing exposure to artificial light at night is thus a potential threat to the 

wellbeing of organisms, including those inhabiting coastal marine habitats that 
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serve as “cradles of life” for the world’s oceans. Tarpon and numerous other 

species spend much of their early lives in these protective inshore nursery habitats, 

many of which are found along much of the Florida coastline.  

Exposure to artificial light at night in such areas may interfere with the ability 

of organisms to effectively respond to the natural daily light-dark cycle and other 

daily environmental events. Further, disruption to the circadian clock’s control of 

rhythms of retinomotor movement and visual sensitivity in particular may affect the 

fishes’ efficiency in areas crucial to their survival, such as predator avoidance in the 

short-term, and timing of seasonal reproductive events, affecting the fitness of the 

population.  

Thus, elucidation of acute retinal response to changes in light availability can 

contribute to the conservation and effective management of important commercial 

and recreational fisheries by providing new insight into the value of biological 

rhythms to the survivability of marine fish in their environment. The Atlantic 

tarpon is an ecologically and economically valuable game fish that was recently 

listed as threatened by the International Union of the Conservation of Nature 

(IUCN; Adams et al. 2014). Investigation into how the species may be affected by 

anthropogenic change will be beneficial for conservation efforts by providing 

insight into the potentially detrimental effects of light pollution and the need to 

preserve these parameters in areas of coastal development. 
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CHAPTER II 

 

CIRCADIAN RHYTHMS OF TARPON RETINAL SENSITIVITY 

 

 

INTRODUCTION 

 

 

 

The marine environment, especially in coastal habitats, is highly variable 

across space and through time. Light in any environment varies dramatically 

depending on time of day, season and meteorological factors, but it is especially 

variable where shallow waters may be strongly affected by temperature, wind, 

freshwater runoff, pollution, eutrophication and a variety of other factors. Intensity 

and spectral qualities of light in aquatic habitats are determined by a combination 

of physical and ecological factors, and by water itself. Less energetic, longer 

wavelengths as well as those in the UV range are selectively absorbed as sunlight 

passes through the water column (Tyler 1959, McFarland 1986), and suspended 

matter (e.g., sediment, algae, tannins) may further alter spectral characteristics and 

attenuate intensity, creating distinct differences in light quality among habitats and 

over the course of time as habitats change.  

The Atlantic tarpon (Megalops atlanticus Valenciennes, 1847) is a visually-

guided megapredator that inhabits a variety of marine habitats as it transitions 

among distinct life stages. Adults spawn in clear, blue oceanic waters producing 

ribbon-like “leptocephalus” larvae that migrate inshore to settle in turbid, often 

shaded, nursery habitats (Crabtree 1995, Shenker et al. 2002, Ault et al. 2007). 
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Following metamorphosis, juveniles remain in these protected inshore habitats for 

several years until sexual maturity, when they migrate back out to near-shore 

coastal waters as adults, relying primarily on vision to capture prey and avoid 

predators (Montaño 2009).  

They have a well-developed retina that provides efficient vision across a 

broad range of lighting conditions (Taylor and Grace 2006, Taylor et al. 2011a,b). 

Tarpon possess a typical teleost retina containing rod and cone photoreceptors—the 

light sensing cells of the retina—each having distinct spectral and intensity 

response characteristics. Rods are highly sensitive and function in dim light, 

whereas multiple cone cell types function best in bright light and support color 

vision (Bowmaker and Hunt 2006, Kolb 2011). Further, their retinas are not static; 

they undergo significant alterations in retinal photoreceptor cell type and 

distribution as they mature (see Fig. I.8, p. 29; Taylor et al. 2011a,b), and light 

history may be an important component underlying those changes (see Taylor et al. 

2015).  

In addition to adjusting to changing environments throughout life, the 

tarpon visual system may also undergo daily modifications that enhance the ability 

to navigate the changing photic environment over the course of the natural light-

dark cycle. The intensity of sunlight is 100 million times greater than that of 

starlight (Barlow et al. 1989), and survival may be compromised in organisms that 

rely upon vision unless the visual system can compensate for changes in light 
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availability. Some organisms simply limit activity to certain times of day, and this 

correlates with visual function. For example, the lizard Anolis carolinensis is 

strictly diurnal and possesses an all-cone retina (Kawamura and Yokoyama 1998, 

Walls 1934, 1967) that provides little utility in dim light conditions. Similarly, the 

diurnal bonefish (Albula vulpes) retina has a variety of specializations for function 

in very bright but not dim light (Taylor and Grace 2006, Taylor et al. 2015).  

Tarpon are neither strictly nocturnal nor diurnal; rather they are active 

throughout the day, feeding primarily in the crepuscular periods (Robins and Ray 

1999). Tarpon begin life with a rod-dominated retina, and cones develop over 

ontogenesis (Govoni 2004, Taylor and Grace 2006), with an even distribution 

across all retinal regions by the juvenile stage (Taylor et al. 2011b). During the 

juvenile stage, rod cell density increases dramatically with rod outer segments 

forming thick, stacked bundles (Taylor et al. 2011b). This rod-dominated 

photoreceptor array suggests low visual acuity, with optimal performance in such 

dim light conditions as dusk and dawn (Shand 1997), the times at which they most 

actively forage. However, given its broad temporal range of daily activity and the 

extreme variation in light intensity to which it is exposed, the Atlantic tarpon 

provides an important opportunity to study how retinal structure and function adjust 

to radically different photic environments over the course of the day.  

The ability to adjust visual sensitivity to ambient illumination is well 

conserved across vertebrates and invertebrates alike, and involves both biochemical 
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pathways and anatomical modifications (Dearry and Barlow 1987, Barlow et al. 

1989). While such processes may change in direct response to external influence 

(i.e., changes in illumination), many of these same physiological and anatomical 

changes are also controlled by endogenous, light-sensitive timekeeping 

mechanisms, or biological clocks. While evidence of clocks governing many 

aspects of retinal physiology exists in several taxa, such as amphibians (Besharse 

and Iuvone 1983, Pierce and Besharse 1985, Green and Besharse 2004), birds 

(Hamm and Menaker 1980, Manglapus et al. 1998, Ko et al. 2001), reptiles 

(Fowlkes et al. 1984) and mammals (Wirz-Justice et al. 1984, Tosini and Menaker 

1998, Doyle et al. 2002), such studies in fish have been limited to a small number 

of species, including Danio rerio (Cahill 1996, Li and Dowling 1998, Whitmore et 

al. 1998) and Carassius auratus (Wang and Mangel 1996, Ribelayga et al. 2002, 

2004, Velarde et al. 2009).  

However, more research is needed to determine whether such rhythms are 

present in large gamefish such as tarpon. The detrimental effects of clock 

disruption on these coastal inhabitants may be much more severe than on fish 

commonly housed in home aquaria. In addition, to visually-guided predators like 

tarpon, those clocks governing aspects of retinal physiology may be of particular 

importance for ensuring efficient performance of survival behaviors such as 

locating prey and potential mates. 
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Retinal clocks are particularly accessible to study due to extensive prior 

research on the components of the tissue (Green and Besharse 2004). It has been 

demonstrated in a number of vertebrate taxa that the retina contains all necessary 

components of a circadian oscillator—it rhythmically produces melatonin (Hamm 

and Menaker 1980, Tosini and Menaker 1998) and dopamine (Wirz-Justice et al. 

1984) in constant conditions and is capable of entrainment to shifted light cycles 

(Cahill and Besharse 1993, Green and Besharse 2004). Though the specifics of 

these “peripheral oscillators” vary depending on the species, at least two adaptive 

mechanisms are involved in changes in retinal sensitivity: photoreceptor and neural 

adaptation (Normann and Werblin 1974, Mangel 2000).  

Visual sensitivity of photoreceptors may increase or decrease depending on 

the level of pigment bleaching and regeneration in response to light (Dowling 

1963) or of intracellular Ca2+ concentration (Lagnado and Baylor 1992, Mangel 

2000). Neural adaptations are regulated by a system of melatonin-dopamine 

antagonism (Green and Besharse 2004). The level of melatonin synthesized in 

photoreceptors modulates endogenous dopamine release by second order retinal 

neurons of the interplexiform layer (Ko et al. 2003, Ribelayga et al. 2004, Green 

and Besharse 2004) and affects the light response of cone horizontal cells (Mangel 

2000, Ribelayga et al. 2004) by enhancing rod-cone coupling (Li et al. 2009, 

Ribelayga and Mangel 2010). In turn, increased dopamine levels inhibit melatonin 

synthesis by binding D2-like receptors on photoreceptors (Cahill and Besharse 
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1993, Green and Besharse 2004) and decreasing rod-cone coupling (Ribelayga and 

Mangel 2010). Dopamine has the capability—like light—to reset the circadian 

clock through activation of these receptors (Cahill and Besharse 1993, Mangel 

2000, Green and Besharse 2004). 

The study presented here was designed to test the hypothesis that tarpon 

retinal sensitivity changes in a predictable manner over the course of the 24-hour 

day, and to determine whether daily change is driven by the environmental light-

dark cycle or by a circadian timekeeping mechanism endogenous to the fish. That 

is, do daily changes in retinal function occur in response to daily environmental 

changes (a characteristic of cyclic responses), or are these changes truly rhythmic, 

meaning that they occur as outputs of an internal timekeeping mechanism and 

persist even in the absence of environmental change (the latter a hallmark feature of 

biological clock operation; Aschoff 1981, Bell-Pedersen et al. 2005). A better 

understanding of the possible influences of environmental light and endogenous 

clocks on visual function will aid in the conservation of ecologically and 

economically important marine fish, particularly ones exposed to unnatural lighting 

in disturbed coastal habitats and in aquaculture regimes. 

 

 

 

 

 

 

 



40 

 

    

 

MATERIALS AND METHODS 

 

 

 

SPECIMEN COLLECTION AND EXPERIMENTAL TREATMENT 

 

 

Capturing wild fish and successfully acclimating them to survive in 

captivity can be difficult, since the stress brought on by the transition may lead to 

increased incidence of disease. We had a relatively high retention rate by 

adhering to the protocol detailed here. Juvenile (“young-of-the-year”) Megalops 

atlanticus were collected via cast net in Merritt Island, Florida (Fig. II.1; Table 

II.1) and transferred to an insulated and aerated container filled with habitat 

water. They were transported to the aquaculture facility at Florida Institute of 

Technology, Melbourne, Florida, where they were drip-acclimated inside the 

transport containers with a 1:3 mixture of filtered fresh water and seawater (24 

ppt; salinity of habitat water) over a three-hour period. Collection and 

experimentation was conducted in accordance with Florida Fish and Wildlife 

Special Activity License SAL-15-1300-SRP and Florida Institute of Technology 

Institutional Animal Care and Use Committee protocol 141013-02. 
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Figure II.1: Capture method and location for juvenile tarpon used in 

electroretinography. (A) The 36 juvenile tarpon used for testing were 

captured with a 6-ft cast net. (B) Drainage ditches alongside roads and 

mosquito impoundments are common habitats for young-of-year 

juvenile tarpon. This ditch in front of 885 E. Hall Road in Merritt 

Island, FL yielded the specimens caught in November and December, 

2014. 
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Table II.1: Capture locations of juvenile tarpon tested with electroretinography 

(ERG). 

 

 

Date Number Capture Location Latitude Longitude 

11/23/14 5 Merritt Island, FL 28° 26’ 3.67” N 80° 41’ 39.89” W 

12/14/14 2 Merritt Island, FL 28° 26’ 0.87” N 80° 40’ 56.64” W 

12/19/14 12 Merritt Island, FL 28° 26’ 0.87” N 80° 40’ 56.64” W 

10/16/15 14 Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 

10/25/15 10 Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 
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Fish were then transferred to a quarantine tank (340 L) that contained 

extra aeration and mechanical filtration only, as charcoal would have removed the 

antibiotic. Temperature was maintained between 24° and 25°C and salinity 

between 24 and 25 ppt (Fig. II.2A). Fish were also treated with nitrofurazone 

antibiotic (7.6 mg gal-1; Noga 2010) for five days, after which 50% of the tank 

water was changed daily for five days to remove the antibiotic. To replace the 

natural slime coat that is often lost during capture and transport, as well as to 

remove toxic ammonia, nitrite, nitrate and chlorine, we added twice the amount 

of recommended Prime water conditioner (2 mL gal-1; Seachem Laboratories, 

Madison, Georgia) every day during the quarantine period. 

Salinity and temperature were monitored daily, and ammonia, nitrite, 

nitrate and pH levels were tested every other day with an API Saltwater Master 

Test Kit (Mars Fishcare Inc., Chalfont, Pennsylvania). When parameters 

exceeded maximal acceptable ranges (0.5 ppm for ammonia and nitrite, and 40 

ppm for nitrate) or pH was outside of the 7.8-8.1 range, 25% of the tank water 

was drained and replaced with a fresh mixture. Weekly water changes were 

performed for maintenance. Tarpon were fed a mixture of frozen krill and live 

mosquitofish (Gambusia affinis) every other day, starting approximately 5 d post-

capture (i.e., after the antibiotic treatment ceased). Fish that were not immediately 

used for experimentation were transferred to holding tanks until needed. A 

common sump containing biological filter media and aeration was used for each 
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of the pair of 265 L holding tanks (Fig. II.2B). Water from both tanks flowed 

through internal drains into the sump, and water was pumped back up into both 

tanks through a bifurcated pipe system. Parameters and feeding schedules were 

maintained as above.  

 

 

Figure II.2: Juvenile tarpon husbandry tanks in the Aquaculture facility at Florida 

Institute of Technology. (A) Newly-captured tarpon were 

quarantined in this 340 L bathtub tank and treated with an antibiotic. 

(B) Two sets of two, 265 L barrel tanks filled with a mixture of fresh 

and sea water (24 ppt) served as holding tanks for tarpon prior to 

transfer to experimental tanks, as needed. (C) Two experimental 

tanks (208 L) used for lighting treatments and entrainment during 

experimentation.  
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After at least a two-week quarantine period, three groups of six fish were 

exposed to the experimental lighting treatments in the laboratory. Group of six 

fish were housed in 208 L tanks equipped with hang-on power filters (QuietFlow 

55/75, Aqueon Products, Franklin, Wisconsin) and aerated with a large airstone 

(Fig. II.2C). Light-blocking material covered all sides and tops of the 

experimental tanks, except for a narrow strip on top for the LED light bar. Edges 

were sealed with electrical tape. LED light bars (Fig. II.3A-C; SolarMax 5700K 

white light, BML Horticulture, Austin, Texas) provided an intensity of 37.23 W 

m-2, comparable to a habitat-measured value of 36.14 W m-2. Habitat 

measurements were taken in natural habitat at noon, underwater, at mid-depth 

(approximately 1.5 m below the surface) with a LI-COR light meter (model LI-

250A; LI-COR Biosciences, Lincoln, Nebraska).  
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Figure II.3: Custom LED light bar designed to replicate natural sunlight in 

experimental conditions. (A) Normalized radiometric flux per unit of 

wavelength across the electromagnetic spectrum is shown for the 

5700K SolarMax LED light bar. (B) An array of colored electrodes 

along the 48-in LED light bar used to light the experimental tanks 

during entrainment and during the light phase of LD treatment 

periods. (C) Juvenile tarpon in experimental tank under LED light 

bar.  
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ELECTRORETINOGRAPHY 

 

 

Fish were first exposed to a 5-d entrainment period composed of a 12-hr 

light, 12-hr dark (LD) photocycle with lights-on at 0700 h, followed by a 4-d 

“treatment” period. “Treatment” consisted of exposing fish to either continued 

cyclic light (12:12 LD) or to constant darkness (DD). Following the lighting 

treatment periods (LD or DD), single specimens were tested by 

electroretinography (ERG) at 4-hr intervals over a 24-hr period beginning at 0800 

h (Fig. II.4). Each fish was tested only once, and six fish were tested over the 

course of 24 hours for each replicate. Three replicate groups were tested for a 

total of 18 fish per lighting condition. 
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Figure II.4: Objectives and flow chart for experiments testing circadian function 

of retinal sensitivity in juvenile tarpon with electroretinography 

(ERG). Two lighting “treatments” were designed to determine how 

retinal sensitivity changed over the course of the day (LD), and 

whether these changes continued in constant darkness (DD), i.e. were 

driven by an endogenous circadian clock. For each of three replicates 

(populations) per lighting treatment, groups of six fish were 

subjected to 5 d under a 12L:12D photocycle, followed by a 4-d 

treatment period (LD or DD) prior to being tested with ERG. Single 

fish were tested at consecutive 4-hr intervals over the course of a 24-

hr period beginning at 0800 h (one hr after “lights-on”), with only 

one group of six fish being tested on any given testing day. 
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ELECTRODE PLACEMENT. Specimens were anesthetized with tricaine 

methanesulfonate (MS-222; Ayerst Chemical Co., New York, New York) at a 

dosage of 75 mg L-1 water (Carter et al. 2011). Once immobile, a fish was placed 

in a holding tank and its mouth was fitted with a ventilation tube. Aerated seawater 

(24 ppt) maintained at a temperature of 24-25°C (McComb et al. 2013) was 

pumped continuously through the gills throughout testing. Retinal response was 

measured using a flexible silver wire electrode (model C-WIRE-F1-11; iWorx 

Systems, Inc., Dover, New Hampshire) placed on the cornea of the left eye (Fig. 

II.5). A reference electrode was placed on the head near the eye, and a ground 

electrode was placed beneath the caudal peduncle and in contact with the water 

(Dearry and Barlow 1987). If fish were in the dark phase of LD or in DD at the 

time of testing, setup and electrode placement was carried out under dim red light 

with room lights turned off. 
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Figure II.5: Electrode placement for testing retinal sensitivity in juvenile tarpon 

with electroretinography (ERG). A flexible silver wire (recording) 

electrode was placed on the cornea of the left eye and another 

(reference) electrode was placed on the head near the eye, contacting 

the skin. A grounding electrode was placed beneath the caudal 

peduncle.  
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EXPERIMENTAL PROCEDURE. Once electrodes and ventilation tube 

were in place, anesthetized fish were either dark-adapted or light-adapted (30 µW), 

according to the lighting condition in the tank at the time of testing. They remained 

in the experimental setup to dark- or light-adapt for 20 min prior to testing (Fig. 

II.6). ERG retinal response was recorded as described below by administering a 

white light stimulus from a DC-powered (model 68735; Oriel Instruments, 

Stratford, Connecticut) universal monochromator illuminator containing a 150W 

quartz tungsten halogen lamp (model 7340; Oriel). Light passed through an 

electronic fast-acting Uniblitz shutter (model VCM-D1; Vincent Associates, 

Rochester, New York) controlled by a program written in LabView (National 

Instruments, Austin, Texas).  
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Figure II.6: Electroretinography setup. The electroretinogram (ERG) is an in vivo 

method of measuring the electric response of the retina to a light 

stimulus. A white light stimulus transmitted the light onto the eye 

while the recording electrode (red) recorded the electrical response 

with LabScribe software. (Reference electrode, black; ground, 

green). 
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A focusing lens assembly unit (model 77330; Newport Corporation, Irvine, 

California) transmitted light from a grating monochromator source (model 77250 

set to 0.0 nm; Oriel) to a liquid light guide (model 77557; Oriel) that projected light 

onto the eye through a neutral density filter (Oriel). The electrical response of rod 

and cone photoreceptors from the recording electrode passed through a differential 

AC amplifier (104 gain; model 1800; A-M Systems, Inc., Carlsborg, Washington) 

filtered to band-pass 3-300 Hz (Dearry and Barlow 1987). The analog signal was 

transduced though an interface amplifier (model IX-214; iWorx) into a digital 

signal and recorded. As a measure of the total neural response of the retina to a 

white light pulse, the resultant ERG waveform was plotted as the differential 

electrical output (µV) between the recording and reference electrodes on a laptop 

using LabScribe software (iWorx). 

The white light stimulus was administered in single 100-ms pulses (2 min 

between pulses; Brigell et al. 2003) over a series of increasing intensities (range: 

0.1-100 µW s-1 cm-2) up to and beyond the intensity required to elicit maximum 

response (see Appendix A.1 for complete data set). After testing, fish were placed 

in a separate recovery tank to avoid being reselected for future testing. 
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DATA ANALYSIS 

 

 

ERG RESPONSE. Retinal response was calculated by measuring the 

amplitude (μV) from the trough of the a-wave to the peak of the b-wave of an ERG 

waveform (Fig. II.7; Dearry and Barlow 1987, McComb et al. 2013). Peak 

amplitude (μV) was defined as the maximum ERG response that was followed by 

decreasing responses, indicating that retinal cells had reached their maximum net 

polarity change. ERG responses for each intensity up to and including the peak 

were then used to generate ERG response vs. intensity curves for each fish (Fig. 

II.8; Normann and Werblin 1974, Dearry and Barlow 1987). The value of 50% of 

the intensity (½I) required to elicit the peak response amplitude and the equation of 

the linear best-fit line were used to calculate ½Vmax. The values of ½Vmax and ½I 

were in turn used to calculate retinal sensitivity (μV/μW s-1 cm-2; Narfström et al. 

1989). Retinal sensitivities determined for each of three fish at a given timepoint 

were averaged to generate mean response amplitude. 
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Figure II.7: Electroretinogram data collection. (A) Full field retinal ERG 

response waveform: amplitude in µV; time in ms from flash onset 

(on). ERG amplitude is measured from the negative trough of the a-

wave (1) to the peak of the b-wave (2). (B) Cell layers of the retina 

responsible for generation of an ERG response. (1) The 

photoreceptor response contributes the negative deflection of the a-

wave. (2) Activation of the bipolar and Muёller cells generates the 

positive peak of the b-wave. (Adapted from Malmivuo and Plonsey 

1995). 
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Figure II.8: Individual intensity-response curve. For each fish, single ERG 

amplitude measurements were plotted against light pulse intensity 

values. The value of 50% of the pulse intensity (½I; μW s-1 cm-2) 

required to elicit the peak ERG amplitude was used to calculate the 

half-maximal amplitude, ½Vmax (µV; dashed line) by extrapolation 

from the equation of the linear trendline (dotted line). Retinal 

sensitivity (μV/μW s-1 cm-2) was calculated by dividing ½V max by 

½I. 
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STATISTICAL ANALYSIS. One-way analyses of variances (ANOVAs) of 

mean retinal sensitivity, intensity producing maximal response and peak ERG 

amplitude were conducted separately for the LD and DD treatments. Homogeneity 

of variances and normal distribution of residuals were confirmed using Levene’s 

and Shapiro-Wilk tests, respectively. When it was determined that the residuals 

were not normally distributed and the homogeneity of variances assumption was 

violated, a Kruskal-Wallis H-test was performed using SPSS software (IBM 

Corporation, Armonk, New York). Welch’s F-tests were performed with SPSS 

software when only the homogeneity of variances assumption was violated.  

 

The null hypotheses stated that the means (or medians for non-parametric 

tests) for the six timepoints were equal.  

 

H0: There is no difference between retinal sensitivity/intensity/peak  

       ERG amplitude of juvenile tarpon across timepoints.  

 

HA: There is a difference between retinal sensitivity/intensity/peak  

       ERG amplitude of juvenile tarpon across timepoints. 

 

A statistically significant result of p<0.05 indicated rejection of the null 

hypotheses and acceptance of the alternative hypotheses that retinal sensitivity, 

pulse intensity or peak ERG amplitude was different. To determine which 

timepoint means significantly differed, a post-hoc Tukey test, Games-Howell 

(when homogeneity of variances assumption was violated) or Kruskal-Wallis post-
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hoc pairwise test (when both homogeneity of variances and normality assumptions 

were violated) was performed. 

A Kolmogorov-Smirnov (K-S) goodness-of-fit test was run using SPSS 

software (IBM Corporation) to compare the distributions of mean retinal sensitivity 

over 24 hr between LD and DD.  

 

The null hypothesis stated that the two means were equal: 

 

H0: The distribution of mean retinal sensitivity over 24 hr in DD is  

      consistent with that in LD.  

 

HA: The distribution of mean retinal sensitivity over 24 hr in DD is  

       not consistent with that in LD. 

 

 

A statistically significant result of p<0.05 indicated rejection of the null 

hypothesis and acceptance of the alternative hypothesis that the mean retinal 

sensitivity distributions were different. 

 

 

RESULTS 

 

 

 

 Individual ERG waveforms exhibited slight variations according to time of 

testing and lighting treatment (Fig. II.9). Responses from light-adapted fish held in 

LD incorporated an a-wave, the negative trough preceding the peak on an 

electroretinogram (Fig. II.9A), while those of dark-adapted fish demonstrated only 

the positive peak of the b-wave (Fig. II.9B). Though they were dark-adapted at the 
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time of testing, responses of fish held in DD exhibited an a-wave as in LD when 

tested during subjective day (Fig. II.9C). The waveforms of fish held in DD tested 

during subjective night showed the possible presence of an a-wave as a slight 

negative trough preceding the peak of the b-wave (Fig. II.9D), unlike that of the 

dark-adapted fish in LD. 
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Figure II.9: ERG waveforms of juvenile tarpon, showing individual retinal 

responses (amplitude in µV) to single 100-ms pulses of white light. 

(A) Light-adapted fish from 12L:12D photocycle (LD) tested at mid-

day (1600 h). A-wave indicated by arrow. (B) Dark-adapted fish 

from LD tested at mid-night (0400 h); note the lack of an a-wave. (C) 

Fish from constant darkness (DD) tested during subjective day (1600 

h); note the presence of a-wave (arrow) as in light-adapted fish held 

in LD. (D) Fish from DD tested during subjective night (2000 h); 

note the possible presence of an a-wave (blue arrow). 
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 In tarpon exposed to a light-dark cycle (12L:12D; n=18) for nine days, 

retinal sensitivity measured with electroretinography (µV/µW s-1 cm-2; Table II.2) 

changed significantly over the course of 24 hr according to a Kruskal-Wallis (K-W) 

H-test (p≤0.001) (Fig. II.10; Table II.3). Significant differences in mean sensitivity 

between timepoints were determined with a K-W post-hoc pairwise test (Table 

II.4). Sensitivity was much higher during the hours the fish were in darkness, 

peaking at 112.86 µV/µW s-1 cm-2 at midnight. During the day, sensitivity 

decreased to between 1.88 to 4.09 µV/µW s-1 cm-2, with the lowest sensitivity 

occurring at noon.  
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Table II.2: Retinal sensitivity of juvenile tarpon across timepoints in LD, as determined by electroretinography. Means 

(n=3) and standard deviation for each timepoint. Box shading of Timepoint (i) indicates lighting condition at 

time of testing (white=light; black=dark). 

 

 

 

 

 Peak Amplitude* 

(µV) 
 

Peak Intensity* 

(µW s-1 cm-2) 

 
½ Vmax 

(µV) 
 

½ I 

(µW s-1 cm-2) 
 

Retinal Sensitivity* 

(µV/µW s-1 cm-2) 

Timepoint  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 

0800  84.67 9.07  23.33 3.12 

 

45.69 12.35  11.67 1.91  4.09 0.80 

1200  75.33 17.95  48.33 6.24 

 

42.96 17.27  24.17 3.82  1.88 0.46 

1600  110.33 12.22  53.67 22.95 

 

49.19 24.49  26.83 14.06  2.29 0.87 

2000  122.67 53.95  2.17 0.24 

 

66.03 36.66  1.08 0.14  64.40 18.59 

0000  86.00 14.73  1.13 0.66 

 

41.90 18.37  0.63 0.32  112.86 38.60 

0400  114.67 23.63  1.25 0.54 

 

54.64 29.29  0.63 0.33  92.40 20.20 

 
 

* Statistical analysis performed 
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Figure II.10: Cycle of retinal sensitivity in juvenile tarpon in LD. Mean retinal 

sensitivity (μV/μW s-1 cm2) of fish held in a 12L:12D light-dark cycle 

(LD; white/black bar) for four days prior to testing. Overall retinal 

sensitivity increased during the dark hours, peaking around midnight 

(0000 h). Error bars signify standard error of the mean (n=3 per 

timepoint). Dashed lines are extrapolations from collected data points 

to data from previous or successive timepoints within the same 

experimental group (parentheses). Error bars represent standard 

deviation of the mean. 
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Table II.3: Summary of Kruskal-Wallis H-test on retinal sensitivity of juvenile 

tarpon across timepoints in LD. Statistically significant p-values (α= 

0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk 0.89 18  .032 

Levene 4.23 5 12 .019 

Kruskal-Wallis 13.75 5  .017 
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Table II.4: Summary of Kruskal-Wallis post-hoc pairwise test on retinal sensitivity 

of juvenile tarpon across timepoints in LD. Box shading of Timepoint 

(i) indicates lighting condition at time of testing (white=light; 

black=dark). Statistically significant p-values (α= 0.05) are in bold. 

 

 

(i)  Timepoint (j) Timepoint Test Statistic Standard Error Sig. 

0800 1200 3.33 4.36 .444 

  1600 2.67 4.36 .541 

  2000 -5.67 4.36 .194 

  0000 -8.00 4.36 .066 

  0400 -7.33 4.36 .092 

1200 0800 3.33 4.36 .444 

  1600 -0.67 4.36 .878 

  2000 -9.00 4.36 .039 

  0000 -11.33 4.36 .009 

  0400 -10.67 4.36 .014 

1600 2000 -8.33 4.36 .056 

  0000 -10.67 4.36 .014 

  0400 -10.00 4.36 .022 

  0800 2.67 4.36 .541 

  1200 -0.67 4.36 .878 

2000 0000 -2.33 4.36 .592 

  0400 -1.67 4.36 .702 

  0800 -5.67 4.36 .194 

  1200 -9.00 4.36 .039 
  1600 -8.33 4.36 .056 

0000 0400 0.67 4.36 .878 

  0800 -8.00 4.36 .066 

  1200 -11.33 4.36 .009 

  1600 -10.67 4.36 .014 
  2000 -2.33 4.36 .592 

0400 0800 -7.33 4.36 .092 

  1200 -10.67 4.36 .014 

  1600 -10.00 4.36 .022 

  2000 -1.67 4.36 .702 

  0000 0.67 4.36 .878 
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The intensity of light pulses required to elicit the maximal ERG response 

(see Table II.2) changed significantly across timepoints (p<0.001; Table II.5) and 

ranged from 0.5 to 1 µW s-1 cm-2 in darkness and 10 to 43 µW s-1 cm-2 in light. 

Significant differences in pulse intensity between timepoints were determined with 

a Kruskal-Wallis post-hoc pairwise test (Table II.6). Peak ERG amplitudes (see 

Table II.2) did not differ significantly over the course of 24 hr (p=0.209; Table II.7) 

and ranged from 55 to 168 µV. The response amplitude used to calculate retinal 

sensitivity (½Vmax; see Table II.2) was extrapolated from the equation of the line 

fitted to the intensity-response curve generated for each fish (see Fig. II.8, p. 56) as 

an estimation of 50% of the maximal response. Values of ½Vmax ranged from 23.33 

to 93.65 µV.  
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Table II.5: Summary of Kruskal-Wallis H-test on light pulse intensity required to 

elicit maximal ERG response in juvenile tarpon across timepoints in LD. 

Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk 0.76 18  .000 

Levene 11.32 5 12 .000 

Kruskal-Wallis 15.29 5  .009 
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Table II.6: Summary of Kruskal-Wallis post-hoc pairwise test on light pulse 

intensity required to elicit maximal ERG response in juvenile tarpon 

across timepoints in LD. Box shading of Timepoint (i) indicates lighting 

condition at time of testing (white=light; black=dark). Statistically 

significant p-values (α= 0.05) are in bold. 

 

 

(i)  Timepoint (j) Timepoint Test Statistic Standard Error Sig. 

0800 1200 -4.83 4.33 .265 

  1600 -4.17 4.33 .336 

  2000 3.67 4.33 .397 

  0000 7.33 4.33 .090 

  0400 7.00 4.33 .106 

1200 0800 -4.83 4.33 .265 

  1600 0.67 4.33 .878 

  2000 8.50 4.33 .050 

  0000 12.17 4.33 .005 

  0400 11.83 4.33 .006 

1600 2000 7.83 4.33 .071 

  0000 11.50 4.33 .008 
  0400 11.17 4.33 .010 

  0800 -4.17 4.33 .336 

  1200 0.67 4.33 .878 

2000 0000 3.67 4.33 .397 

  0400 3.33 4.33 .442 

  0800 3.67 4.33 .397 

  1200 8.50 4.33 .050 

  1600 7.83 4.33 .071 

0000 0400 -0.33 4.33 .939 

  0800 7.33 4.33 .090 

  1200 12.17 4.33 .005 

  1600 11.50 4.33 .008 

  2000 3.67 4.33 .397 

0400 0800 7.00 4.33 .106 

  1200 11.83 4.33 .006 

  1600 11.17 4.33 .010 

  2000 3.33 4.33 .442 

  0000 -0.33 4.33 .939 
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Table II.7: Summary of Levene’s test of homogeneity of variances and Welch’s F-

test of equality of means on peak ERG response in juvenile tarpon 

across timepoints in LD. Statistically significant p-values (α= 0.05) are 

in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Levene’s 3.57 5 12 .033 

Welch 2.09a 5 5.46 .209 

 

a. Asymptotically F distributed.  
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To determine whether rhythms of retinal sensitivity are governed by a 

circadian clock, tarpon were housed in constant darkness (DD; N=18) for 4 d 

following an entrainment period under a 12L:12D photocycle. Significant 

differences of mean retinal sensitivity (Table II.8) existed among timepoints 

(p=0.045) (Table II.9). Retinal sensitivity increased at 0000 h and 0400 h 

(subjective night; 39.67 and 35.25 µV/µW s-1 cm-2, respectively), and remained low 

during subjective day, ranging from 1.90 to 3.73 µV/µW s-1 cm2. Upon inspection 

of the means plotted in Fig. II.11, it appears that sensitivity values for timepoints 

during subjective day (the hours during which fish would have experienced light) 

differ from sensitivity at timepoints occurring during subjective night, but a 

Games-Howell post-hoc test was unable to distinguish significant differences in 

pulse intensity between timepoints (Table II.10).  
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Table II.8: Retinal sensitivity of juvenile tarpon across timepoints in DD, as determined by electroretinography. Means 

(n=3) and standard deviation for each timepoint. Box shading of Timepoint (i) indicates subjective lighting 

condition at time of testing (light grey=subjective day; dark grey=subjective night). 

 

 

 

 

 Peak Amplitude* 

(µV) 
 

Peak Intensity* 

(µW s-1 cm-2) 

 
½ Vmax 

(µV) 
 

½ I 

(µW s-1 cm-2) 
 

Retinal Sensitivity* 

(µV/µW s-1 cm-2) 

Timepoint  Mean SD  Mean SD  Mean SD  Mean SD  Mean SD 

0800  71.33 13.91  39.17 17.00 

 

33.44 6.91  19.58 8.50  1.90 0.28 

1200  83.33 18.37  45.83 23.66 

 

48.56 11.06  22.92 11.83  3.73 1.93 

1600  78.33 24.23  43.33 3.12 

 

42.09 9.34 
 

21.67 1.56  1.95 0.25 

2000  54.00 2.94  3.58 0.42 

 

25.13 7.03  1.79 0.21  14.38 2.78 

0000  45.33 0.94  1.13 0.50 

 

19.87 4.66  0.56 0.25  39.67 7.53 

0400  47.00 15.94  1.45 0.27 

 

23.58 8.44  0.73 0.13  35.25 9.23 

 
 

* Statistical analysis performed 
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Figure II.11: Circadian rhythm of retinal sensitivity in juvenile tarpon in DD. 

Mean retinal sensitivity (μV/μW s-1 cm-2) of fish held in constant 

darkness (DD; hatched/black bar) for four days. Sensitivity increased 

in subjective night, but rhythm was less robust than in fish in LD. 

Error bars signify standard error of the mean (n=3 per timepoint). 

Dashed lines are extrapolations from collected data points to data 

from previous or successive timepoints within the same experimental 

group (parentheses). Error bars represent standard deviation of the 

mean. 

 

 

 

 

 

 

  



73 

 

 

 

 

Table II.9: Summary of Levene’s test of homogeneity of variances and Welch’s F-

test of equality of means on retinal sensitivity of juvenile tarpon across 

timepoints in DD. Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Levene’s 6.34 5 12 .004 

Welch 5.19a 5 5.20 .045 

  

a. Asymptotically F distributed. 
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Table II.10: Summary of Games-Howell post-hoc test on retinal sensitivity of 

juvenile tarpon across timepoints in DD. Box shading of Timepoint (i) 

indicates subjective lighting condition at time of testing (light 

grey=subjective day; dark grey=subjective night). Statistically 

significant p-values (α= 0.05) are in bold. 

 

 

  Mean Difference Standard Error Sig. 

(i)  Timepoint (j) Timepoint (i-j)   

0800 1200 -1.84 2.40 .952 

  1600 -.05 .47 1.000 

  2000 -12.49 3.42 .220 

  0000 -37.77 9.23 .184 

  0400 -33.36 11.31 .314 

1200 0800 1.84 2.40 .952 

  1600 1.78 2.39 .956 

  2000 -10.65 4.15 .299 

  0000 -35.94 9.52 .189 

  0400 -31.52 11.55 .339 

1600 2000 .05 .47 1.000 

  0000 -1.78 2.39 .956 

  0400 -12.44 3.42 .222 

  0800 -37.72 9.23 .184 

  1200 -33.31 11.30 .315 

2000 0000 12.49 3.42 .220 

  0400 10.65 4.15 .299 

  0800 12.44 3.42 .222 

  1200 -25.28 9.83 .347 

  1600 -20.87 11.80 .593 

0000 0400 37.77 9.23 .184 

  0800 35.94 9.52 .189 

  1200 37.72 9.23 .184 

  1600 25.28 9.83 .347 

  2000 4.41 14.58 .999 

0400 0800 33.36 11.31 .314 

  1200 31.52 11.55 .339 

  1600 33.31 11.30 .315 

  2000 20.87 11.80 .593 

  0000 -4.41 14.58 .999 

  



75 

 

 

 

 

The rhythm of retinal sensitivity generated by fish in DD was compared to 

the cycle generated by those in LD (Fig. II.12). The distributions of changes in 

retinal sensitivity over the 24-hr periods in LD and DD (see Table II.2 and Table 

II.8, p.62 and p. 71, respectively) were analyzed with a Kolmogorov-Smirnov (K-

S) goodness-of-fit test, which revealed that the distributions did not differ 

significantly from one another (D(5)=0.87, p=0.441). 
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Figure II.12: Damping of circadian rhythms of retinal sensitivity by juvenile 

tarpon held in constant conditions. Mean retinal sensitivity (μV/μW 

s-1 cm-2) of fish held in a 12L:12D light-dark cycle (LD, 

white/black bar; blue line) and of fish held in constant darkness 

(DD, hatched/black bar; black line) for four days prior to testing. 

Overall retinal sensitivity increased during the dark hours (LD) and 

during subjective night (DD), peaking around midnight (0000 h) in 

both treatments. Sensitivity rhythm exhibited by fish in DD was 

less robust than by those in LD. (Error bars represent standard error 

of the mean; n=3 per timepoint for each lighting treatment). 
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 As in LD, the intensity required in DD to elicit the maximal ERG response 

(see Table II.8, p. 71) changed significantly across timepoints (p≤0.001; Table 

II.11) and ranged from 1.13 to 2.17 µW s-1 cm-2 in subjective night and 23.33 to 

53.67 µW s-1 cm-2 in subjective day. Significant differences in pulse intensity 

between timepoints were determined with a Kruskal-Wallis post-hoc pairwise test 

(Table II.12). Peak ERG amplitudes (see Table II.8) did not differ significantly 

over the course of 24 hr (p=0.102; Table II.13) and ranged from 27 to 109 µV. 

Values of ½Vmax (see Table II.8) ranged from 11.75 to 30.81 µV in subjective night 

and 28.306 to 63.49 µV in subjective day. 
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Table II.11: Summary of Kruskal-Wallis H-test on light pulse intensity required to 

elicit maximal ERG response in juvenile tarpon across timepoints in 

DD. Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk 0.82 18  .003 

Levene 5.24 5 12 .009 

Kruskal-Wallis 14.36 5  .013 
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Table II.12: Summary of Kruskal-Wallis post-hoc pairwise test on light pulse 

intensity required to elicit maximal ERG response in juvenile tarpon 

across timepoints in DD. Box shading of Timepoint (i) indicates 

subjective lighting condition at time of testing (light grey=subjective 

day; dark grey=subjective night). Statistically significant p-values (α= 

0.05) are in bold. 

 

 

(i)  Timepoint (j) Timepoint Test Statistic Standard Error Sig. 

0800 1200 -1.33 4.36 .760 

  1600 -0.67 4.36 .878 

  2000 5.33 4.36 .221 

  0000 10.33 4.36 .018 

  0400 9.33 4.36 .032 

1200 0800 -1.33 4.36 .760 

  1600 0.67 4.36 .878 

  2000 6.67 4.36 .126 

  0000 11.67 4.36 .007 

  0400 10.67 4.36 .014 

1600 2000 6.00 4.36 .169 

  0000 11.00 4.36 .012 

  0400 10.00 4.36 .022 

  0800 -0.67 4.36 .878 

  1200 0.67 4.36 .878 

2000 0000 5.00 4.36 .251 

  0400 4.00 4.36 .359 

  0800 5.33 4.36 .221 

  1200 6.67 4.36 .126 

  1600 6.00 4.36 .169 

0000 0400 -1.00 4.36 .819 

  0800 10.33 4.36 .018 

  1200 11.67 4.36 .007 

  1600 11.00 4.36 .012 

  2000 5.00 4.36 .251 

0400 0800 9.33 4.36 .032 

  1200 10.67 4.36 .014 

  1600 10.00 4.36 .022 

  2000 4.00 4.36 .359 

  0000 -1.00 4.36 .819 
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Table II.13: Summary of one-way ANOVA on peak ERG response in juvenile 

tarpon across timepoints in DD. Statistically significant p-values (α= 

0.05) are in bold. 

 

 

 Sum of Squares df Mean Square F Sig. 

Between Groups 4100.44 5 820.09 2.37 .102 

Within Groups 4144.67 12 345.39   

Total 8245.11 17    
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DISCUSSION 

 

 

 

Tarpon retinal sensitivity changes over the course of the 24-hour light-dark 

cycle was examined as a first step toward understanding how light—and alterations 

of the daily light-dark cycle—affect marine fish in the natural environment. The 

results presented here show that retinal sensitivity in the Atlantic tarpon (Megalops 

atlanticus) exhibits robust change over the daily light-dark cycle, much higher at 

night than in the day, and that retinal sensitivity remains rhythmic for at least 4 

days in constant darkness with a period of approximately 24 hours.  

To determine whether the temporal change in retinal sensitivity reported 

here is a product of the maximum possible retinal response, or rather produced by 

changes in retinal responsiveness to a given flash intensity, we examined peak ERG 

amplitude (µV) and intensity (µW s-1 cm-2) separately. Peak amplitude did not 

differ significantly across timepoints within either the LD or DD lighting 

treatments. However, the intensity required to elicit a maximal response changed 

significantly between the light (or subjective day) and dark (or subjective night) 

timepoints. In both light and subjective day, the mean light intensity required for 

fish to achieve the maximal ERG response (41.78 and 63.61 µW s-1 cm-2 in LD and 

DD, respectively) was about twenty to thirty times greater than that in dark and 

subjective night (1.52 and 2.05 µW s-1 cm-2, respectively).  
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This result suggests that the difference between light and dark (or subjective 

day and subjective night) is not light-induced alterations of cellular membrane 

potentials responsible for the ERG response, but rather a change in the 

responsiveness of photoreceptors to light. Light adaptation occurs at a variety of 

levels in the visual system, from photoreceptors to the brain, but adaptation of 

photoreceptors themselves allows them to operate over 10 or more orders of 

magnitude of light intensity (see Bownds and Arshavsky 1995, Pugh et al. 1999, 

Nikonov et al. 2000). 

On the other hand, the variations in ERG waveform components (Fig. II.9, 

p. 26) may be attributable to light responsiveness, or the level of dark-adaptation 

(Armington et al. 1952). Specifically, the fish that were dark-adapted at the time of 

testing (Fig. II.9A,C; LD fish in the dark phase of the cycle and DD fish in 

subjective night, respectively) exhibited the prominent negative a-wave 

conventionally attributable to the response of the photoreceptors to a light stimulus 

(Einthoven and Jolly 1908). However, the ERG wave of the light-adapted fish (Fig. 

II.9B; LD fish in the light phase of the cycle) lacked a discernable a-wave. This 

pattern is in accordance with studies conducted on the human eye, Armington et al. 

(1952) reported that the a-wave is comprised of two components: the “photopic” 

and the “scotopic” a-waves. The photopic a-wave does not occur until several 

seconds after exposure to darkness, and its amplitude does not increase with the 
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length of dark-adaptation. However, the magnitude of the scotopic a-wave is 

dependent on the length of dark-adaptation prior to stimulus onset.  

In those tests conducted with a white light stimulus, the amplitude of the 

scotopic a-wave began to increase steadily with increased time of dark-adaptation, 

though this growth did not commence until after 4-7 min after exposure to darkness 

(Armington et al. 1952). Though further investigation is warranted, we propose that 

the lack of a-wave in light-adapted juvenile tarpon during the light phase of LD 

(Fig. II.9B) occurred because the fish were not exposed to the length of darkness 

necessary to elicit the prominent scotopic components of the a-wave in their ERG 

responses, as they were light-adapted in order to mimic the lighting condition 

appropriate to the time of day at which they were tested. In contrast, the fish in DD 

were dark-adapted during the subjective day phase of the cycle, thus allowing the 

light-response adaptation that occurs within minutes of the onset of darkness to 

occur to a smaller degree, eliciting the possible a-wave in these fish (Fig. II.9D). 

Such drastic changes in tarpon retinal sensitivity and light responsiveness–

regardless of the level at which these alterations occur—should not be surprising, 

particularly given that M. atlanticus is a visually-guided predator that can be active 

throughout the day and night. Just as human retinal responsiveness varies 

dramatically according to conditions, changes in retinal sensitivity over the light-

dark cycle have been demonstrated in some fish species including goldfish (Bassi 

and Powers 1987, Wang and Mangel 1996, Ribelayga et al. 2002), green sunfish 
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(Dearry and Barlow 1987) and zebrafish (Li and Dowling 1998). These changes 

may be driven by direct effects of light on the phototransduction apparatus in 

individual photoreceptors (Normann and Werblin 1974, Fain et al. 2001), by 

anatomical changes including retinomotor movements of photoreceptor outer 

segments and melanin pigment granules (Levinson and Burnside 1981, Dearry and 

Barlow 1987), or indirectly through light’s effects on the hormonal makeup of the 

animal (Ribelayga et al. 2003, Page-McCaw et al. 2004). 

Fish retinal sensitivity rhythms may also be driven by endogenous 

timekeeping mechanisms – internal biological clocks (Cahill and Besharse 1995, 

Cahill 2002, Li and Dowling 1998). Because the rhythm of tarpon retinal 

sensitivity persists in the absence of a light-dark cycle, we conclude that the cycle 

exhibited in LD is not simply a direct response to changes in the level of 

illumination, but rather is driven at least in part by an endogenous biological 

timekeeping mechanism. An internal clock is also suggested by the decrease in 

sensitivity between midnight and 0400 h in both LD and DD conditions (see Fig. 

II.10 and Fig. II.11, p. 63 and p. 72, respectively). That is, retinal physiology 

appears to “anticipate” the onset of light with a decrease in sensitivity prior to the 

dark-to-light transition. Such an anticipatory function may allow tarpon to prepare 

for environmental change including sunrise and sunset. 

In constant darkness, tarpon retinal sensitivity was significantly higher in 

subjective night than during the subjective day, but the amplitude of the rhythm in 
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DD was much lower than the cycle amplitude in LD (see Fig. II.12, p. 76). This 

damping of the rhythm in DD may result from clocks among individual fish having 

somewhat different free-running periods, such that they drifted out of phase with 

each other during the four days of DD. If so, a broadening of the sensitivity peak 

would be expected, but the time resolution of the results reported here may 

obfuscate any such peak broadening. It is also possible that damping of the rhythm 

in DD relative to the cycle in LD may result from multiple clocks within each fish 

drifting out of phase with each other (Carr and Whitmore 2005). It is now well 

established that vertebrate animals contain a variety of independent clocks (Tosini 

and Menaker 1998, Whitmore et al. 1998), and rhythms may be expressed even by 

individual cells (Ralph et al. 1990, Welsh et al. 1995).  

The daily light-dark cycle, the most reliable environmental indicator of 

daily and seasonal time, serves to entrain or synchronize circadian clocks with 

environmental time, and entrains multiple clocks within or among individuals to 

the same period (Menaker 1969, Aschoff 1981). Thus, entrainment in LD may 

produce a mean rhythm of greater amplitude than the mean rhythm produced by 

out-of-phase clocks expressed in DD. It is also possible (even likely) that the daily 

light-dark cycle has both direct effects on retinal sensitivity and entrains one or 

more clocks that control sensitivity of the retina to light. 

Regardless of the mechanism of light’s effects on retinal function, 

alterations in the normal light-dark cycle may have profound implications for the 
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health and function of animals including marine fish. Light at inappropriate times 

may affect tarpon and other marine fish by changing retinal sensitivity in the short-

term through multiple mechanisms including modulation of the phototransduction 

cascade (for reviews, see Burns and Baylor 2001, Fain et al. 2001) and retinomotor 

movements (see Hodel et al. 2006).  

Alteration of the normal timing of physiological and behavioral functions 

may lead to decreased rates of prey capture and increased predatory pressure or 

interfere with other essential survival behaviors. In the longer term, the phase-

shifting effects of light on circadian rhythms may significantly alter circadian clock 

function, which in turn may have seriously harmful effects (Zeitzer et al. 2000, 

Dominoni et al. 2013). In addition, because the circadian clock may be consulted to 

generate appropriately phased seasonal rhythms including reproduction (see, for 

example, Underwood et al. 1985), artificial light at night may alter reproductive 

output of fish living in developed coastal areas.  

Therefore, an appreciation of biological clocks and of the effects of light on 

retinal function is important for understanding fish biology in the natural 

environment and for anticipating the effects of anthropogenic insults that alter the 

normal visual environment. In addition, a better understanding of clock function 

and the effects of light may inform best practices for captive rearing and 

maintenance of fish, such as in aquaculture programs (Bromage et al. 2001). The 
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results presented here may serve as a catalyst to aid in the conservation and 

effective management of important commercial and recreational fisheries. 

  



88 

 

 

 

 

CHAPTER III 

 

CIRCADIAN RHYTHMS OF RETINOMOTOR MOVEMENT IN  

JUVENILE TARPON 

 

 

INTRODUCTION 

 

 

 

 The earth’s rotation on its axis creates consistent, predictable abiotic 

variations in the natural environment (Peirson et al. 2009). Though its tilt dictates 

seasonal fluctuations of day length and temperature that cycle on an annual scale, a 

single revolution of the earth around its axis occurs reliably every 24 hours, 

irrespective of the time of year. While the amount of daylight relative to darkness 

may vary due to season, this rotation stipulates consistently discrete, 24-hr periods 

of alternating light and dark. Such abiotic selective pressures have shaped much of 

life on Earth, permitting organisms to exploit particular temporal, as well as spatial, 

niches (Roenneberg and Foster 1997, Paranjpe and Sharma 2005). 

Most organisms do not merely respond to cyclic changes in the 

environment, they have evolved precise time-keeping mechanisms that allow them 

to keep time on an approximately 24-hr scale (see Chapter I; Roenneberg and 

Foster 1997, Iuvone et al. 2005). These biological clocks thus confer a selective 

advantage by enabling organisms to anticipate and prepare for periodic changes in 

the world around them (Paranjpe and Sharma 2005, Navara and Nelson 2007, 

Peirson et al. 2009). In this way, they may prime metabolism and other 
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physiological processes in advance of these changes so that they coordinate 

behaviors with the appropriate time of the cycle (Roenneberg and Foster 1997, 

Eckel-Mahan and Sassone-Corsi 2013). In addition, the physiological and 

behavioral outputs dictated by the clock persist in the absence of environmental 

cues (Menger et al. 2005, Paranjpe and Sharma 2005). This hallmark of biological 

clock function ensures that the rhythms it generates continue at the appropriate 

time, even when naturally-occurring cues may be temporarily obscured due to such 

factors as storms or algal blooms (Paranjpe and Sharma 2005). 

Based on current knowledge of biological clocks and the myriad of 

geophysical cycles around which they have evolved, the daily light-dark cycle is 

largely believed to be the most influential (Iuvone et al. 2005). Biological clocks 

that operate on this scale are known as “circadian” clocks (circa=approximately, 

dies=a day; Paranjpe and Sharma 2005). Since day length varies as described 

above, a second hallmark of circadian clock function is the ability to entrain, or 

remain synchronized, to the light-dark cycle. The process of entrainment (described 

in detail in Chapter I) maintains a regular phase-relationship between the 

environmental cycle and circadian rhythm (see Fig. I.1, p 6). This mechanism, 

along with the clock’s ability to continue in the absence of environmental cues, 

may enhance organisms’ chances of survival by ensuring that their metabolism and 

physiology remain optimally prepared for operation within their established 
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temporal niches (Roenneberg and Foster 1997, Sharma 2003, Paranjpe and Sharma 

2005). 

This system works well in unpolluted natural environments, in which the 

daily light-dark cycle is a reliable environmental cue (Ralph et al. 1990, Vitaterna 

et al. 1994). However, artificial light at night (LAN) arising from today’s rapid 

development disrupts circadian clock function (Navara and Nelson 2007, Dominoni 

et al. 2013) and interferes with organisms’ ability to respond in functionally 

appropriate ways to the natural daily light-dark cycle. In a sense, this ability to 

“keep time”, which is so vital for successful survival and reproduction (Kumar et 

al. 2005), is squandered. Many of the rhythms governed by the clock may thus 

occur at times of day that are perilous to the organism—it may search for prey at 

times of high predation risk instead of under the cover of darkness, for example. An 

even more ruinous outcome in terms of the fitness of the organism is that it may not 

be able to successfully reproduce, having no ability to sense the changes in 

photoperiod that stimulate to the physiological preparation for reproduction, such 

as gonad maturation (Eskes and Zucker 1978). 

The ever-increasing exposure to artificial light at night is therefore a 

potential threat to the wellbeing of organisms in the otherwise natural environment, 

including coastal marine habitats that serve as “cradles of life” for the world’s 

oceans. Many ecologically important species in these ecosystems, including the 

Atlantic tarpon (Megalops atlanticus Valenciennes, 1847), spend much of their 
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early lives in protective inshore nursery habitats, including those along much of the 

Florida coastline. Many of these very nurseries have been inundated in recent 

decades by coastal development and the artificial light that comes with it (Fig. 

III.1). While extensive research has been conducted on the harmful effects of light 

at night on circadian function in humans, rodents and migratory birds (Davis and 

Mirick 2006, Navara and Nelson 2007, Dominoni et al. 2013), comparable studies 

on marine fish are lacking. 
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Figure III.1: Florida coastline at night. Photograph from the International Space 

Station, Oct. 2014, illustrating light pollution along the coasts of 

Florida. (Photo credit: ISS Crew Earth Observations Facility and 

Johnson Space Center). 
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The arena of circadian clock operation in teleosts has advanced significantly 

in the past decades, owing in large part to the emergence of the zebrafish (Danio 

rerio) as a model organism (Menger et al. 2005, Vatine et al. 2011). Similar studies 

conducted on fish in the wild have focused on elucidating morphological outputs of 

the clock in freshwater species such as the green sunfish (Lepomis cyanellus; 

Burnside et al. 1982, Dearry and Barlow 1987, Dearry and Burnside 1989), bluegill 

(Lepomis macrochirus; González et al. 2004) and cichlids (Easter and Macy 1978, 

Levinson and Burnside 1981, Kolbinger et al. 1996). The examinations of clock 

operation in marine fish that do exist are restricted to small species such as the blue 

stripe grunt (Haelmulon sciurus; Burnside 1978, Burnside et al. 1983) and grey 

snapper (Lutjanus griseus; Burnside et al. 1983); studies conducted on large 

sportfish such as the Atlantic tarpon are virtually nonexistent. 

Investigating the potentially harmful effects of LAN on such species is 

highly warranted for several reasons: juvenile tarpon are important predators of 

estuarine habitats, as are adult fish along the coasts (Ault et al. 2007). However, it 

is precisely these areas along the coasts that have experienced the highest rates of 

development in recent decades (Finkl and Charlier 2003), bringing with it 

destruction of juvenile habitats (Jud 2011) as well as increased incidence of LAN. 

Habitat destruction, along with its popularity as a sportfish and regional 

consumption in some countries, have resulted in the Atlantic tarpon being recently 

listed as Threatened by the International Union for the Conservation of Nature 
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(IUCN; Adams et al. 2014). Mitigation of light pollution in coastal areas may 

contribute to the restoration of this important fishery, and a better understanding of 

its potentially harmful effects on ecologically and economically significant species 

may encourage conservation efforts, as it did for nesting sea turtles (Salmon 2003). 

A logical starting point for investigating the effects of light at night in 

coastal-dwelling marine species is the retina. Not only is vision a primary sensory 

modality in many predatory fish species, including tarpon (Ault et al. 2007, 

Montaño 2009), but the retina also houses an extensively-characterized circadian 

clock that functions to enhance visual processes over the course of the day (Green 

and Besharse 2004, Iuvone et al. 2005). The retinas of many vertebrate taxa 

demonstrate the key properties of circadian clock operation described above, 

meaning it is, of itself, a circadian oscillator. The retina rhythmically dictates the 

production of the hormones melatonin (Hamm and Menaker 1980, Cahill and 

Besharse 1989,1991, Tosini and Menaker 1998) and dopamine (Wirz-Justice et al. 

1984, Cahill et al. 1991), and their synthesis continues in constant conditions. 

These rhythms are also capable of being entrained to shifted light cycles (Cahill 

and Besharse 1991,1993, Green and Besharse 2004). 

Additional circadian rhythms are perpetuated by retinal clocks, such as the 

oscillations in sensitivity described in Chapter II. Many teleosts have a fixed pupil 

size (Burnside et al. 1982, Kusmic and Gualtieri 2000), and have evolved an 

additional clock-driven mechanism for maximum light capture and efficient visual 
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function called retinomotor movement. In darkness, rod outer segments, which are 

highly sensitive, are optimally positioned for dim light conditions by contracting 

towards the incoming light (Fig. III.2A). Alternatively, in the light, cone outer 

segments contract for bright light capture and the rods elongate along the myoid 

(the thin region connecting the inner and outer segments of the photoreceptors) 

(Fig. III.2B; Burnside and Nagle 1983, Burnside et al. 1983, Dearry and Barlow 

1987). In addition, melanin pigment granules disperse throughout the apical 

projections of the RPE in the light, surrounding rod outer segments to protect them 

from overexposure (Burnside and Nagle 1983, Pierce and Besharse 1985, Dearry 

and Barlow 1987, Strauss 2011). These pigments aggregate at the base of the RPE 

during darkness (Burnside et al. 1982). 
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Figure III.2: Retinomotor movement in dark- and light-adapted retinas. The 

relative positioning of rod (R) and cone (C) photoreceptors changes 

in darkness and light in the retinas of many lower vertebrates, 

contracting or elongating (arrows) depending on light availability. 

(A) In darkness, rods contract toward incoming light and cones 

elongate. Melanin pigment granules in the retinal pigmented 

epithelium (RPE) aggregate at the base of the cell. (B) In the light, 

cones contract toward the light and rods elongate, while melanin 

granules disperse into apical projections in the RPE, protecting rods 

from overexposure. The outer limiting membrane (OLM) is a 

distinctive band formed from Muёller cell terminals. (Adapted from 

Hodel et al. 2006). 

  



97 

 

 

 

 

Retinomotor movement is modulated in large part by melatonin-dopamine 

antagonism (Cahill and Besharse 1989). Retinal melatonin (N-acetyl-5-

methoxytryptamine) synthesis peaks at night, serving as a signal of darkness 

(Cahill and Besharse 1989, Klein et al. 1997, Coon et al. 1998, Falcón et al. 2011). 

Melatonin synthesis is regulated through circadian oscillations of arylalkylamine N-

acetyltransferase (AANAT) transcription, a key enzyme in melatonin synthesis 

(Iuvone et al. 2005). Even exogenous addition of melatonin on the retina mimics 

the effects of darkness on cone myoid length and the movement of pigment 

granules in the RPE described above (Cahill and Besharse 1989). Burnside et al. 

(1982) demonstrated that these processes were molecularly modulated by light-

sensitive rhythms of cyclic adenosine 3’,5’-monophosphate (cAMP), which 

stimulates microtubule-based cone elongation and melanin pigment granule 

aggregation in the RPE. In addition, cAMP phosphorylates transcription factors for 

AANAT mRNA, thereby regulating melatonin biosynthesis (Iuvone 1995). 

In contrast, these outputs are inhibited by dopamine (Dubocovich 1983, 

Iuvone 1995), the receptors of which are negatively coupled to adenylyl cyclase 

(González et al. 2004). When these D2 receptors are activated, cAMP levels 

decrease, stimulating actin/myosin-based cone contraction and melanin pigment 

dispersion to the apical projections of the RPE (Burnside et al. 1983, Pierce and 

Besharse 1985, Besharse and Witkovsky 1992). Dopamine synthesis in the retina 

increases during the daylight hours and is suppressed at night (Ribelayga et al. 
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2004), serving as part of the light signal (Burnside 1978, Burnside et al. 1983, 

Pierce and Besharse 1985).  

The study presented here was designed to test the hypotheses that 

retinomotor movement in juvenile tarpon occurs in a predictable manner over the 

course of the 24-hour day, and that these daily changes are driven—at least in 

part—by an endogenous circadian timekeeping mechanism. In order to demonstrate 

that retinomotor movement is a rhythmic output (i.e. driven by a circadian clock) 

we determined whether the oscillations of rod and cone photoreceptor myoid length 

(a metric measuring distance traveled by the outer segment) continued even in the 

absence of changes in the light-dark cycle (that is, they are not occurring simply in 

response to daily environmental changes). As an additional demonstration of 

characteristic circadian clock function, we determined whether retinomotor 

movement was capable of phase-shifting, or adopting the cycle of a 3-hr advance in 

light stimulus onset. Finally, we investigated the effects of aberrant exposure to 

light on retinomotor movement—specifically, the effects of constant light 

simulating artificial light at night.  

Elucidating the influences of environmental light and endogenous clocks on 

visual function may help us to speculate on ways in which the fishes’ survivability 

may be affected by unnatural input cues, such as light exposure at night. Abnormal 

light exposure may, for example, disrupt clock function, inhibit immune function, 

alter reproductive physiology, and change a host of other physiological processes 
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and behaviors essential to survival, such as prey capture and predator avoidance 

(DeCoursey et al. 1997, Kumar et al. 2005, Navara and Nelson 2007). While 

several aspects of habitat degradation have been investigated and even mitigated, 

light pollution has received little to no attention despite its increasing threat. 

Therefore, determining how the tarpon’s retina and internal clock(s) respond to 

alterations of the natural daily light-dark cycle is an essential step in linking what 

we already know about mechanisms of retinal change with justification for 

mandating safeguards to preserve this important species. 

 

 

MATERIALS AND METHODS 

 

 

 

FIELD ANALYSIS SPECIMEN COLLECTION 

 

 

As a preliminary endeavor to establish that retinomotor movement does 

occur in juvenile tarpon, several fish (N=10) were captured and euthanized in the 

field. “Young-of-the-year” Megalops atlanticus were captured either via seine net 

or cast net in various locations along the Atlantic and Gulf coasts of Florida (Fig. 

III.3; Table III.2). Collection was conducted in accordance with Florida Fish and 

Wildlife Special Activity License SAL-15-1300-SRP and Florida Institute of 

Technology Institutional Animal Care and Use Committee protocol 141013-01. 
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Figure III.3: Capture methods and locations for juvenile Megalops atlanticus. 

Forty-four tarpon were captured along both coasts of Florida to be 

analyzed as either field or experimental specimens in retinomotor 

movement studies. (A) The majority of the fish were captured with a 

6-ft cast net in mosquito impoundments or drainage ditches 

alongside roads such as this location along 885 E. Hall Road in 

Merritt Island, FL. (B) Seine nets must be walked around the 

perimeter and the ends bought together to surround the area to be 

collected. (C) Floats along the top of the net and weights along the 

bottom must be straightened and set  to effectively create a barrier. 

 



 

 

1
0
1
 

Table III.1: Collection sites and capture methods for field specimens of juvenile Megalops atlanticus. Field-collected 

tarpon were captured, euthanized and eyecups harvested within 24 hr to investigate retinomotor movement 

occurrence in the fishes’ natural environment. Light-adapted fish were processed immediately upon capture. 

Dark-adapted were transported back to the aquaculture facility at Florida Institute of Technology, where 

eyecups were harvested under dim red light, several hours after natural sunset and dark-adaption. 

 

 

Condition: Dark 

Date SL (cm) Capture Method Capture Location Latitude Longitude 

11/18/14 30.8 6-ft cast net Merritt Island, FL 28° 20’ 32.52” N 80° 39’ 43.74” W 

11/18/14 27.5 6-ft cast net Merritt Island, FL 28° 20’ 32.52” N 80° 39’ 43.74” W 

12/7/14 23.1 6-ft cast net Merritt Island, FL 28° 19’ 57.50” N 80° 39’ 39.92” W 

4/17/15 22.5 600-ft seine net Meadows and Villas, FL 26° 50’ 26.52” N 82° 13’ 53.74” W 

Condition: Light 

Date SL (cm) Capture Method Capture Location Latitude Longitude 

10/20/14 23.6 10-ft cast net Fort Pierce, FL 27° 22’ 42.24” N 80° 15’ 20.19” W 

12/16/14 23.1 6-ft cast net Merritt Island, FL 28° 26’ 0.87” N 80° 40’ 56.64” W 

4/17/15 19.2 600-ft seine net Meadows and Villas, FL 26° 50’ 26.52” N 82° 13’ 53.74” W 

4/17/15 19.1 600-ft seine net Meadows and Villas, FL 26° 50’ 26.52” N 82° 13’ 53.74” W 

6/5/15 17.9 50-ft seine net Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 

6/5/15 17.1 50-ft seine net Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 
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Specimens to be analyzed as light-adapted (n=3) were euthanized by 

vertebral dislocation and standard length (SL) measurements were obtained (Figure 

III.4). Eyecups were harvested, the cornea was slit and the lens removed prior to 

fixation to ensure infiltration of the retina. Right and left eyes were stored in 

separate vials containing 4% paraformaldehyde and 15% picric acid in 0.1 M 

sodium phosphate buffer. Specimens to be analyzed as dark-adapted (n=3) were 

captured during daylight and transported in an aerated container filled with habitat 

water to the aquaculture facility at Florida Institute of Technology, Melbourne, 

Florida. Fish remained in the insulated container with aeration until after sunset, 

coinciding with the time at which fluorescent lighting in the lab was turned off. 

After approximately four hours of dark-adaptation, fish were euthanized and 

eyecups collected as above, except that harvesting was carried out under dim red 

light only. Vials containing fixed tissue were transported back to the laboratory of 

Dr. Michael Grace and placed on a gentle shaker until analysis with 

immunohistochemical methods (described below). 
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Figure III.4: Field specimen collection of juvenile Megalops atlanticus. (A) 

Light-adapted specimens collected in the field were euthanized in 

bright light immediately after capture. Eyecups were harvested and 

placed in fixative. (B) Standard length measurements (SL; cm) were 

obtained for each juvenile tarpon captured. (Photo: L. Schweikert). 
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EXPERIMENTAL SPECIMEN COLLECTION 

 

 

TRANSFER OF SPECIMENS FROM ELECTRORETINOGRAPHY. 

Once we established that retinomotor movement occurs in wild-caught specimens, 

we subjected additional fish to laboratory experimentation. Approximately half of 

the specimens used for analysis of retinomotor movement were those that had been 

previously tested with electroretinography (ERG; see Ch. II). Following testing 

with ERG, these fish (N=35) were transferred to a recovery tank upon revival from 

anesthesia. They were fed live mosquitofish (Gambusia affinis) in the recovery 

tank the following day. Specimens were then transferred to an experimental tank 

the day after feeding and were subjected to one of the experimental lighting 

regimes described below. 

 

SUPPLEMENTAL SPECIMENS. Approximately half of the specimens 

used for analysis of retinomotor movement were acclimated juveniles that had not 

been tested with ERG (N=38). These juvenile (“young-of-the-year”) Megalops 

atlanticus were captured via cast net in a mosquito control impoundment location 

in Indian River County, Florida (Fig. III.5; Table III.2). Upon capture, juveniles 

were transferred in an insulated and aerated container filled with habitat water to 

the aquaculture facility at Florida Institute of Technology. Fish were drip-

acclimated in habitat water over a three-hour period or until salinity and 

temperature reached those of the quarantine tank (24 ppt; 24°C).  
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Collection and experimentation was conducted in accordance with Florida 

Fish and Wildlife Special Activity License SAL-15-1300-SRP and Florida Institute 

of Technology Institutional Animal Care and Use Committee protocol 141013-02. 
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Figure III.5: Main capture location for juvenile Megalops atlanticus used in 

retinomotor movement studies. This isolated mosquito control 

impoundment located in Indian River County, Florida yielded the 

40 juvenile tarpon caught from June 2015 through January 2016. 
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Table III.2: Capture locations for supplemental experimental specimens of juvenile 

Megalops atlanticus. Fish were captured with a 6-ft cast net and were 

transported to the aquaculture facility at Florida Institute of 

Technology, where they were quarantined before being exposed to one 

of four experimental lighting regimes. Retinas were analyzed for 

retinomotor movement using immunohistochemical methods. 

 

 

Date Number Capture Location Latitude Longitude 

10/25/15 5 Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 

12/6/15 8 Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 

12/13/15 12 Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 

1/2/16 13 Pelican Island, FL 27° 48’ 21.12” N 80° 25’ 54.14” W 
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On the whole, husbandry protocols detailed in Chapter II (see p. 40) were 

followed for sustaining juvenile tarpon in captivity. Briefly, fish were transferred to 

a quarantine tank (see Fig. II.2A, p. 44), with parameters maintained and water 

changes performed as described previously. Fish were treated with nitrofurazone 

antibiotic (7.6 mg gal-1; Noga 2010) for five days and Prime water conditioner (2 

mL gal-1; Seachem Laboratories, Madison, Georgia) was added daily. After the 

antibiotic treatment ceased, starting approximately 5 d post-capture, tarpon were 

fed a mixture of frozen krill and live mosquitofish every other day. After the 

quarantine period, fish that were not immediately used for experimentation were 

transferred to holding tanks (see Fig. II.2B, p. 44) until needed.  

 

 

EXPERIMENTAL TREATMENT 

 

 

After at least a two-week quarantine period for supplemental specimens or 2 

d of recovery and feeding following ERG, populations of six fish were exposed to 

the experimental lighting treatments in the laboratory. Fish were housed in 208 L 

experimental tanks covered in light-proof black film under LED light bars 

(SolarMax 5700K white light, BML Horticulture, Austin, Texas) with an intensity 

of 37.23 W m-2 (see Fig. II.2C and Fig. II.3, p. 44 and p. 46, respectively). Six fish 

were sampled over the course of 24 hours for each replicate. Three replicate groups 

were tested for a total of 18 fish per lighting condition (N=72).  
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All experimental fish were exposed to a 5-d “entrainment” period composed 

of a 12L:12D (LD) photocycle (lights-on at 0700 h), followed by a 4-d “treatment” 

period. “Entrainment” periods permitted individual tarpon’s circadian clocks to 

become entrained to a controlled light-dark cycle, and ensured that all six members 

of the population were entrained to the same cycle. “Treatment” consisted of 

exposing fish to one of four lighting regimes (Fig. III.6): continued cyclic light 

(12:12 LD); constant darkness (DD); advanced onset of light stimulus (AdvL; 4 hr 

advance); or constant light (LL).  
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Figure III.6: Objectives and flow chart for experiments investigating retinomotor 

movement in juvenile Megalops atlanticus with immunohisto-

chemical methods. Four lighting “treatments” were designed to 

determine how oscillations of retinomotor movement changed over 

the course of the day (LD), and whether these changes continued in 

constant darkness (DD). Effects of unnatural light exposure were 

examined in fish exposed to an advanced onset of light exposure 

(AdvL; 4-hr advance) and constant light (LL). Three replicates 

(populations) were tested per lighting treatment. 
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For each replicate, single fish were euthanized by vertebral dislocation at 4-

hr intervals over a 24-hr period beginning at 0800 h following the lighting 

treatment periods (LD, DD, AdvL or LL). Standard length (SL) measurements 

were obtained and both eyecups were harvested as they were in the field. Right and 

left eyes were fixed in separate vials containing 4% paraformaldehyde and 15% 

picric acid in 0.1 M sodium phosphate buffer (Fig. III.7) and were stored in the 

laboratory with gentle shaking.  
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Figure III.7: Fixation method for analysis of retinomotor movement in juvenile 

Megalops atlanticus using immunohistochemical methods. (A) 

Eyecups were placed in vials of 4% paraformaldehyde fixative on a 

gentle shaker until processed. For each replicate timeframe of 24 hr 

analysis, twelve eyecups were harvested from the six specimens in 

the population and placed in separate vials of fixative. (B) The 

corneas of harvested eyecups were pierced and the lenses removed 

prior to fixation. 
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IMMUNOHISTOCHEMICAL ANALYSIS 

 

 

Rod and cone photoreceptor position in relation to the outer limiting 

membrane (OLM) from both field and experimental specimens were analyzed with 

immunofluorescence to determine the extent of retinomotor movement in juvenile 

tarpon exposed to four lighting regimes. After a minimum of 48 hr of fixation in 

4% paraformaldehyde and 15% picric acid in 0.1 M sodium phosphate buffer, 

eyecups were infiltrated with 25% sucrose solution in 0.1 M Trizma® (TRIS) 

buffer for at least 24 hr and embedded with Tissue-Tek OCT compound (optimal 

cutting temperature; Thermo Fisher Scientific, Waltham, Massachusetts). 

Frozen (-20°C) 15-μm retinal cross-sections through the dorso-ventral plane 

were obtained with a cryostat (model CM1850; Leica Biosystems, Buffalo Grove, 

Illinois). Sections were individually thaw-mounted onto gelatin-coated slides and 

dried at room temperature overnight. Slides were flooded with 4% 

paraformaldehyde fixative via pipette in the hood, and remain submerged for one 

hr, followed by serial rinses (five rinses at 10 min each) with Tris-buffered saline 

(TBS; 0.02 M Tris buffer, 0.9% NaCl, pH 7.4). 

Rod and cone photoreceptors were double-immunolabeled (Fig. III.8) with 

mouse anti-rhodopsin (MAB-5316, 1:500; EMD Millipore, Billerica, 

Massachusetts) and rabbit anti-cone opsin (CERN-906, 1:4000; Donated by W.J. 

DeGrip, University of Nijmegen, Nijmegen, Netherlands) primary antisera diluted 

in TBS containing 0.25% λ-carrageenan, 1% bovine serum albumin, and 0.3% 
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TritonX-100 (CBT). Both antisera have been used successfully against rod and 

cone opsins (Foster et al. 1993, Taylor and Grace 2006, Taylor et al. 2011a). 

Primary antisera were omitted from one slide per retina as a negative control (slide 

incubation in TBS with CBT only). Retinal cross-sections were infiltrated with the 

solution containing primary antisera (or vehicle only) overnight, followed by serial 

10-min rinses with TBS. Fluorophore-conjugated secondary antisera (goat anti-

mouse and goat anti-rabbit IgG conjugated to AlexaFluor 555 and AlexaFluor 488, 

respectively; Life Technologies, Grand Island, New York) were diluted in TBS 

containing CBT. Slides were infiltrated with secondary antisera for 1 hr in 

darkness, followed by serial 10-min rinses with TBS.  
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Figure III.8: Diagram of immunohistochemical analysis. Immunohistochemistry 

(IHC) is a technique used to localize specific proteins within fixed 

tissue with the use of antibodies. In the retina, opsins are the light-

capturing proteins in rod and cone photoreceptors. Specific sequences 

in these proteins are bound by different primary antisera. Fluorophore-

conjugated secondary antisera expressly target the primary antisera, 

permitting visualization of the localized proteins with the use of 

confocal microscopy. 
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Slides were coverslipped with Slowfade Gold anti-fade reagent with DAPI 

nucleic acid label (Life Technologies) and the perimeter was sealed. Retinal cross-

sections were analyzed for immunoreactivity using EZ-C1 software on a Nikon 

Eclipse 90i upright laser-scanning confocal microscope (Nikon Instruments, 

Melville, New York) using the D-F-T filter cube and 404 nm, 488 nm and 561 nm 

lasers. Ten micrographs per retina (N=80) were acquired at 20X magnification, in 

addition to a single image of the negative control to demonstrate lack of 

immunofluorescence.  

 

 

DATA ANALYSIS 

 

 

EXTENT OF RETINOMOTOR MOVEMENT. Examination of 

photoreceptor outer segment position with respect to the outer limiting membrane 

served as a metric for the extent of rod and cone retinomotor movement. The outer 

limiting membrane (OLM) is a visible boundary formed from adherens junctions 

between Mueller cells (glial cells; refer to Fig. I.7A, p. 25) and the inner segments 

of the photoreceptors (Kolb 2011b). The extent of RMM was defined as the length 

of the proximal edge of the rod or cone OS to the OLM, which is essentially the 

length of the myoid for that photoreceptor (Fig. III.9). 
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Figure III.9: Method for measuring extent of retinomotor movement in the retina. 

The relative positioning of the outer segments of rod (ROS) and cone 

(COS) photoreceptors changes in the dark and in the light in the 

retinas of many lower vertebrates. The myoid region (asterisk) 

between the inner and OS contracts or elongates depending on light 

availability. The outer limiting membrane (OLM) provides a visible 

boundary against which the distance traveled by OS may be 

measured. (A) In the dark, the distance traveled by the elongated cone 

myoids (a) and contracted rod myoids (b) is measured against the 

OLM (µm). (B) In the light, the distance traveled by contracted cone 

myoids (a) and elongated rod myoids (b) is measured (µm). (Adapted 

from Burns and Lamb 2004). 
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The extent of RMM was calculated for rods and cones (n=30 per 

photoreceptor type; Burnside et al. 1983) across ten micrographs obtained per 

retina using NIS Elements AR software. For analysis of field specimens, means of 

rod and cone RMM were obtained for light- and dark-adapted fish. For 

experimental specimens, means of the three replicates for each timepoint (tx; testing 

conducted at 4-hr intervals over a 24-hr period) were obtained to generate mean 

extent of RMM over time curves for rods and cones in each lighting treatment.  

 

STATISTICAL ANALYSIS OF FIELD SPECIMENS. Independent t-tests 

were run using SPSS software (IBM Corporation, Armonk, New York) to 

determine whether a statistically significant difference (α<0.05) existed for the 1) 

mean rod and 2) mean cone myoid length (µm) between light- and dark-adapted 

retinas of field-collected juvenile tarpon. Separate t-pooled tests between light and 

dark were run for rod and cone myoid lengths. Prior to running the tests, the 

normality and homogeneity of variances assumptions were evaluated with Shapiro-

Wilk and Levene’s tests, respectively. Mann-Whitney U-tests were run when both 

the normality and homogeneity of variances assumptions were violated. 

The null hypotheses stated that the two means (or medians for non-

parametric tests) were equal: 

 

H0: µ1 = µ2  

 

HA: µ1 ≠ µ2 
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A statistically significant result of p<0.05 indicated rejection of the null 

hypothesis and acceptance of the alternative hypothesis that the mean myoid 

lengths were different in light- vs. dark-adapted retinas. 

 

STATISTICAL ANALYSIS OF EXPERIMENTAL SPECIMENS 

WITHIN TREATMENTS. Mean rod and cone myoid lengths (µm) were examined 

separately with one-way ANOVAs to determine whether a significant difference 

(α<0.05) existed across timepoints within each experimental treatment (LD, DD, 

AdvL and LL). Tests were run using SPSS software (IBM Corporation). Prior to 

running the tests, normal distribution of the residuals and homogeneity of variances 

were verified with Shapiro-Wilk and Levene’s tests, respectively. Welch’s F-tests 

of equality of means were run the homogeneity of variances assumption was 

violated but residuals were normally distributed. Kruskal-Wallis H-tests were used 

when residuals were not normally distributed and variances were not equal. 

 

The null hypotheses stated that the two means (or medians for non-

parametric tests) were equal: 

 

H0: There is no difference between rod (or cone) myoid lengths of  

       juvenile tarpon across timepoints.  

 

HA: There is a difference between rod (or cone) myoid lengths of  

       juvenile tarpon across timepoints. 
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A statistically significant result of p<0.05 indicated rejection of the null 

hypotheses and acceptance of the alternative hypotheses that the mean myoid 

lengths were different. To determine which timepoint means significantly differed, 

a post-hoc Tukey test, Games-Howell (when homogeneity of variances assumption 

was violated) or Kruskal-Wallis post-hoc pairwise test (when both homogeneity of 

variances and normality assumptions were violated) was performed. 

 

STATISTICAL ANALYSIS OF EXPERIMENTAL SPECIMENS 

BETWEEN TREATMENTS. Kolmogorov-Smirnov (K-S) goodness-of-fit tests 

were run using SPSS software (IBM Corporation) to compare the distributions of 

mean rod and cone myoid lengths over 24 hr between the control (LD) and the 

three experimental lighting treatments (DD, AdvL and LL). Two separate K-S tests 

were run for the distributions over six timepoints of 1) mean rod and 2) mean cone 

myoid lengths (µm) for each pair of experimental lighting treatments.  

 

The null hypotheses stated that the two means were equal: 

 

H0: Distributions of mean rod (or cone) myoid lengths over 24 hr in      

       (DD, AdvL or LL) are consistent with those in LD.  

 

HA: Distributions of mean rod (or cone) myoid lengths over 24 hr in      

       (DD, AdvL or LL) are not consistent with those in LD. 

 

 

A statistically significant result of p<0.05 indicated rejection of the null 

hypotheses and acceptance of the alternative hypotheses that the mean myoid 

lengths were different. 
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RESULTS 

 

 

 

FIELD ANALYSIS OF RETINOMOTOR MOVEMENT 

 

 

 Juvenile Megalops atlanticus that had been entrained to the natural light-

dark cycle in the wild were captured for preliminary analysis of retinomotor 

movement prior to experimentation. Eyecups were harvested and fixed immediately 

upon capture (or within 12 hr, following dark-adaptation to the natural light-dark 

cycle) so that photoreceptor outer segment (OS) position with respect to the outer 

limiting membrane (OLM; see sample data set in Table III.3) could be determined.  

In the retina of the light-adapted tarpon analyzed with immunohisto-

chemistry (Fig. III.10A), cone outer segments were contracted toward the outer 

limiting membrane in the direction of incoming light. Rod outer segments were 

elongated toward the retinal pigmented epithelium (RPE) at the distal edge of the 

retina. The opposite positioning of outer segments occurred in the retina of the 

dark-adapted tarpon (Fig. III.10B). The rod outer segments were contracted toward 

the OLM and the incoming light, while the cones were elongated toward the RPE. 
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Table III.3: Sample data set of rod and cone myoid lengths (µm) for a single 

specimen used in studies of retinomotor movement. Distances of outer 

segments from the outer limiting membrane were obtained from thirty 

rods and cones per specimen.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Dark-Adapted Rods 
 

Dark-Adapted Cones 

 Item Length (µm)  Item Length (µm) 

 1 33.86  1 45.04 

 2 40.85  2 45.2 

 3 41.71  3 46.69 

 4 44.39  4 49.59 

 5 46.59  5 51.2 

 6 49.05  6 52.02 

 7 49.81  7 52.95 

 8 50.13  8 57.75 

 9 50.76  9 59.31 

 10 51.38  10 59.83 

 11 51.39  11 61.99 

 12 51.5  12 62.23 

 13 52.03  13 62.49 

 14 53.26  14 62.5 

 15 53.42  15 63.78 

 16 53.82  16 63.79 

 17 54.66  17 67.32 

 18 55.03  18 67.66 

 19 55.38  19 67.95 

 20 55.78  20 70.18 

 21 57.88  21 70.57 

 22 58.46  22 71.61 

 23 60  23 72.98 

 24 61.06  24 74.5 

 25 63.15  25 76.64 

 26 63.6  26 78.11 

 27 63.8  27 80.18 

 28 64.73  28 83.52 

 29 71.26  29 111.84 

 30 88.47  30 117.63 

 Mean 54.91  Mean 66.9 

 St.Dev 9.91  St.Dev 16.35 
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Figure III.10: Immunostained retinal cross-sections of field-collected juvenile  

Megalops atlanticus. DAPI-stained (blue) nucleated cell bodies. 

(A) In the light-adapted retina, cone outer segments (green) are 

retracted toward the outer limiting membrane (OLM; dotted line), 

closest to the incoming light. Rod outer segments (red) are 

elongated toward the retinal pigmented epithelium (RPE). (B) In 

the dark-adapted retina, rod outer segments (red) are contracted 

toward the OLM and the incoming light, and cone outer segments 

(green) are elongated toward the RPE. 
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The distance of the rod or cone OS from the OLM represents the length of 

the photoreceptor myoid and served as a metric for analysis of retinomotor 

movement. In dark-adapted fish (n=3), mean rod myoid length was 53.55µm, 

compared to a mean of 86.00 µm in light-adapted fish (n=3) (Table III.4). Mean 

rod myoid length (µm) of dark-adapted tarpon was significantly shorter than that of 

light-adapted tarpon (p<0.001) (Table III.5; Fig. III.11). Cone myoids demonstrated 

the opposite pattern, with a mean of 97.71 µm in dark-adapted fish (n=3) and a 

mean of 54.93 µm in light-adapted fish (n=3). Analysis with a Mann-Whitney U-

test revealed that a significant difference existed between cone myoids in light- and 

dark-adapted fish (p<0.001) (Table III.6). 
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Table III.4: Mean rod and cone myoid lengths (µm) for light- (n=3) and dark-

adapted (n=3) juvenile Megalops atlanticus used in field analysis of 

retinomotor movement. Distances of outer segments from the outer 

limiting membrane were obtained of thirty rods and cones per 

specimen.  

 

 

 

 

 

  

  Dark-Adapted 

  Rods  Cones 

 

 

Mean Myoid 

Length (µm) 

Standard 

deviation 
 

Mean Myoid 

Length (µm) 

Standard 

deviation 

  58.6 10.87  122.62 23.24 

  47.14 8.93  103.6 22.97 

  54.91 9.91  66.9 16.35 
       
 Mean 53.55 11.08 

 
97.71 31.48 

  Light-Adapted 

  Rods  Cones 

 

 

Mean Myoid 

Length (µm) 

Standard 

deviation 
 

Mean Myoid 

Length (µm) 

Standard 

deviation 

  100.02 14.17  61.03 11.78 

  79.98 8.09  53.53 5.95 

  77.99 16.83  50.24 7.59 

       
 Mean 86.00 16.89 

 
54.93 9.94 
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Figure III.11: Field analysis of light- and dark-adapted juvenile Megalops 

atlanticus using immunohistochemistry. Mean rod (left) and cone 

(right) myoid lengths of tarpon whose eyecups were harvested 

upon capture in both light (white bars) and dark (black bars) 

conditions. Dark-adapted specimens were captured in daylight and 

transported to the aquaculture facility at Florida Institute of 

Technology until several hours after sunset, and eyecups were 

harvested in the dark under dim red light. Error bars represent 

standard deviation of the mean (n=3 per lighting condition). 
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Table III.5: Summary of Mann-Whitney U-test on rod myoid lengths (µm) in light- 

and dark-adapted juvenile tarpon collected in the field. The non-

parametric test was run because the data were not normally distributed 

and variances were not equal (Shapiro-Wilk and Levene’s tests were 

significant, W(180)=0.96, p<0.001 and F(178)=15.84, p<0.001, 

respectively). Statistically significant p-values (α= 0.05) are in bold. 

 

 

Condition N Mean Rank 
Mann-

Whitney U 
Wilcoxon W Sig. 

Light 90 131.08    

Dark 90 49.92    

Total 180  398.00 4493.00 .000 
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Table III.6: Summary of Mann-Whitney U-test on cone myoid lengths (µm) in 

light- and dark-adapted juvenile tarpon collected in the field. The non-

parametric test was run because the data were not normally distributed 

and variances were not equal (Shapiro-Wilk and Levene’s tests were 

significant, W(180)=0.88, p<0.001 and F(1,178)=99.63, p<0.001, 

respectively). Statistically significant p-values (α= 0.05) are in bold. 

 

 

Condition N Mean Rank 
Mann-

Whitney U 
Wilcoxon W Sig. 

Light 90 53.52    

Dark 90 127.48    

Total 180  722.00 4817.00 .000 
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EXPERIMENTAL ANALYSIS OF RETINOMOTOR MOVEMENT 

 

 

TARPON EXPOSED TO 12L:12D (LD). The retinas of juvenile tarpon 

(N=18) were analyzed with immunohistochemistry following a 9-d exposure (5-d 

“entrainment” period followed by a 4-d “treatment” period) to a 12L:12D 

photocycle (LD). Thirty rod myoid and thirty cone myoid measurements were 

obtained from micrographs of each of six fish in a population sampled at 4-hr 

timepoints across a 24-hr period (Fig. III.12). Means of each photoreceptor type 

were obtained across timepoints (tx; Table III.7) and were plotted over time (Fig. 

III.13).  

 



 

 

 

1
3
0
 

 



 

 

 

1
3
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.12: Immunostained retinal cross-sections of juvenile Megalops atlanticus exposed to a 12L:12D (LD) 

lighting regime. Retinas were double-labeled with primary antisera targeting rods and cones, and 

secondary antisera containing distinct fluorophores per photoreceptor type. DAPI-stained (blue) 

nucleated cell bodies. Eyecups were harvested in 4-hr intervals over the course of 24 hr to examine 

retinomotor movement. (A) Retina one hr after lights on (0800 h). Cone outer segments (COS; 

green) are retracted toward the outer limiting membrane (OLM; dotted line), closest to the incoming 

light. Rod outer segments (ROS; red) are elongated toward the retinal pigmented epithelium (RPE). 

(B) Retina at 1200 h, in fully light-adapted state. (C) Retina at 1600 h. (D) At 2000 h (lights off at 

1900 h), COS have begun elongating toward the RPE, and ROS have begun contracting toward the 

OLM. (E) Retina at 0000 h in fully dark-adapted state. ROS are contracted toward the OLM and the 

incoming light, and COS are elongated toward the RPE. (F) Retina at 0400 h remains in dark-

adapted state. 
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Table III.7: Mean rod and cone myoid lengths (µm) for experimental analysis of 

retinomotor movement in juvenile Megalops atlanticus in a 12L:12D 

(LD) photocycle. Thirty rod and thirty cone myoid lengths were 

obtained per specimen, three replicate groups (populations) per 

timepoint (tx; testing conducted at 4-hr intervals over a 24-hr period). 

Means (bold) and standard deviations (italics) calculated for each 

timepoint across three populations for both rod and cone myoids.  

 

 

 

 

  

Mean Rod Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 65.51 71.04 65.70  67.42 3.14 

t12 68.99 71.41 69.31  69.90 1.31 

t16 76.09 66.57 69.66 
 70.77 4.86 

t20 35.86 34.81 44.05 
 38.24 5.06 

t0 34.01 37.70 33.85 
 35.19 2.18 

t4 34.95 43.20 38.63 
 38.93 4.13 

Mean Cone Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 34.81 41.97 37.97  38.25 3.59 

t12 36.17 41.21 34.44  37.27 3.52 

t16 36.43 38.82 36.27  37.17 1.43 

t20 69.61 62.82 84.19  72.21 10.92 

t0 109.18 104.92 89.13  101.08 10.56 

t4 103.12 117.29 89.01  103.14 14.14 
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Figure III.13: Daily repositioning of rod and cone photoreceptors in juvenile 

Megalops atlanticus in LD. Tarpon (n=6) were analyzed at 4-hr 

intervals over a 24-hr period (x-axis), three replicates per 

timepoint. Photoreceptor outer segment position with respect to the 

outer limiting membrane was obtained as a measure of myoid 

length (µm; y-axis) of rods (red line) and cones (green line). 

White/black bar represents lighting condition at time of testing 

(white=light; black=dark). Dashed lines are extrapolations from 

collected data points to data from previous or successive 

timepoints within the same experimental group (parentheses). Error 

bars represent standard deviation of the mean. 
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During light hours of the photocycle (t8, t12 and t16), rod myoid lengths 

ranged from 65.51 to 76.09 µm (see Table III.7, p. 132), and were significantly 

longer (p<0.001; Table III.8) than those sampled during dark hours (t20, t0 and t4), 

which ranged from 34.01 to 44.05 µm. Conversely, cone myoid lengths were 

significantly shorter during light hours (p<0.001; Table III.10) than during dark 

hours. Cone myoid lengths ranged from 34.44 to 41.97 µm in light and 62.82 to 

117.29 µm in darkness (see Table III.7). Significant differences in myoid length 

between timepoints were determined with separate Tukey tests for rods (Table 

III.9) and cones (Table III.11). 
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Table III.8: Summary of one-way ANOVA on rod myoid lengths (µm) across 

timepoints in juvenile tarpon in LD. Statistically significant p-values 

(α= 0.05) are in bold. 

 

 

 Sum of Squares df Mean Square F Sig. 

Between Groups 4625.06 5 925.01 67.20 .000 

Within Groups 165.18 12 13.77   

Total 4790.24 17    
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Table III.9: Summary of Tukey post-hoc test on rod myoid lengths (µm) across 

timepoints in juvenile tarpon in LD. Box shading of Timepoint (i) 

indicates lighting condition at time of testing (white=light; 

black=dark). Statistically significant p-values (α= 0.05) are in bold. 

 

 

  Mean Difference Standard Error Sig. 

(i)  Timepoint (j) Timepoint (i-j)   

0800 1200 -2.49 3.03 .958 

  1600 -3.36 3.03 .869 

  2000 29.18 3.03 .000 

  0000 32.23 3.03 .000 

  0400 28.49 3.03 .000 

1200 0800 2.49 3.03 .958 

  1600 -.87 3.03 1.000 

  2000 31.66 3.03 .000 

  0000 34.72 3.03 .000 

  0400 30.98 3.03 .000 

1600 0800 3.36 3.03 .869 

  1200 .87 3.03 1.000 

  2000 32.53 3.03 .000 

  0000 35.59 3.03 .000 

  0400 31.85 3.03 .000 

2000 0800 -29.18 3.03 .000 

  1200 -31.66 3.03 .000 

  1600 -32.53 3.03 .000 

  0000 3.05 3.03 .907 

  0400 -.69 3.03 1.000 

0000 0800 -32.23 3.03 .000 

  1200 -34.72 3.03 .000 

  1600 -35.59 3.03 .000 

  2000 -3.05 3.03 .907 

  0400 -3.74 3.03 .812 

0400 0800 -28.49 3.03 .000 

  1200 -30.98 3.03 .000 

  1600 -31.85 3.03 .000 

  2000 .69 3.03 1.000 

  0000 3.74 3.03 .812 

  



137 

 

 

 

Table III.10: Summary of one-way ANOVA on cone myoid lengths (µm) across 

timepoints in juvenile tarpon in LD. Statistically significant p-values 

(α= 0.05) are in bold. 

 

 Sum of Squares df Mean Square F Sig. 

Between Groups 15199.34 5 3039.99 39.822 .000 

Within Groups 916.06 12 76.34   

Total 16116.00 17    
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Table III.11: Summary of Tukey post-hoc test on cone myoid lengths (µm) across 

timepoints in juvenile tarpon in LD. Box shading of Timepoint (i) 

indicates lighting condition at time of testing (white=light; 

black=dark). Statistically significant p-values (α= 0.05) are in bold. 

 

 

  Mean Difference Standard Error Sig. 

(i)  Timepoint (j) Timepoint (i-j)   

0800 1200 .98 7.13 1.000 

  1600 1.08 7.13 1.000 

  2000 -33.96 7.13 .005 

  0000 -62.83 7.13 .000 

  0400 -64.89 7.13 .000 

1200 0800 -.98 7.13 1.000 

  1600 .10 7.13 1.000 

  2000 -34.93 7.13 .004 

  0000 -63.80 7.13 .000 

  0400 -65.87 7.13 .000 

1600 0800 -1.08 7.13 1.000 

  1200 -.10 7.13 1.000 

  2000 -35.03 7.13 .004 

  0000 -63.90 7.13 .000 

  0400 -65.97 7.13 .000 

2000 0800 33.96 7.13 .005 

  1200 34.93 7.13 .004 

  1600 35.03 7.13 .004 

  0000 -28.87 7.13 .016 

  0400 -30.93 7.13 .010 

0000 0800 62.83 7.13 .000 

  1200 63.80 7.13 .000 

  1600 63.90 7.13 .000 

  2000 28.87 7.13 .016 

  0400 -2.06 7.13 1.000 

0400 0800 64.89 7.13 .000 

  1200 65.87 7.13 .000 

  1600 65.97 7.13 .000 

  2000 30.93 7.13 .010 

  0000 2.06 7.13 1.000 
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TARPON EXPOSED TO CONSTANT DARKNESS (DD). To determine 

whether rhythms of rod and cone myoid length (i.e. retinomotor movement) are 

governed by a circadian clock, tarpon were exposed to constant darkness (DD; 

N=18) for a 4-d treatment period following an entrainment period under a 12L:12D 

photocycle. Rod and cone myoid lengths were obtained from micrographs obtained 

from each specimen (Fig. III.14). The means were calculated across timepoints 

(Table III.12) and were plotted over time (Fig. III.15) as above.  
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Figure III.14: Immunostained retinal cross-sections of juvenile Megalops atlanticus exposed to constant darkness (DD). 

Retinas were double-labeled with primary antisera targeting rods and cones, and secondary antisera containing distinct 

fluorophores per photoreceptor type. DAPI-stained (blue) nucleated cell bodies. Eyecups were harvested under dim red 

light in 4-hr intervals over the course of 24 hr to determine whether rhythms of retinomotor movement persisted in 

constant conditions. (A) Retina in “subjective” day (0800 h). Cone outer segments (COS; green) are retracted toward the 

outer limiting membrane (OLM; dotted line), closest to the incoming light. Rod outer segments (ROS; red) remain 

contracted in the absence of a light stimulus. (B) Retina at 1200 h. COS are contracted towards the OLM, and ROS remain 

contracted. (C) Retina at 1600 h. (D) At 2000 h (“subjective” night), COS are elongated toward the RPE, and ROS remain 

contracted toward the OLM. (E) Retina at 0000 h. (F) Retina at 0400 h. 
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Table III.12: Mean rod and cone myoid lengths (µm) for experimental analysis of 

retinomotor movement in juvenile Megalops atlanticus in constant 

darkness (DD). Thirty rod and thirty cone myoid lengths were 

obtained per specimen, three replicate groups (populations) per 

timepoint (tx; testing conducted at 4-hr intervals over a 24-hr period). 

Means (bold) and standard deviations (italics) calculated for each 

timepoint across three populations for both rod and cone myoids.  

 

 
  

Mean Rod Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 39.58 27.58 32.84  33.33 6.02 

t12 33.92 33.22 37.05  34.73 2.04 

t16 33.63 29.72 37.33 
 33.56 3.81 

t20 34.58 31.77 56.59 
 40.98 13.59 

t0 33.59 31.47 29.69 
 31.58 1.95 

t4 42.25 34.68 29.16 
 35.36 6.57 

Mean Cone Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 65.19 43.79 45.27  51.42 11.95 

t12 47.03 51.14 45.99  48.05 2.72 

t16 49.79 47.87 89.96  62.54 23.77 

t20 82.68 75.87 92.14  83.56 8.17 

t0 82.29 69.48 80.07  77.28 6.85 

t4 68.18 71.29 68.52  69.33 1.71 
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Figure III.15: Circadian rhythms of retinomotor movement in juvenile Megalops 

atlanticus in DD. Tarpon (n=6) were analyzed at 4-hr intervals 

over a 24-hr period (x-axis), three replicates per timepoint. 

Photoreceptor outer segment position with respect to the outer 

limiting membrane was obtained as a measure of myoid length 

(µm; y-axis) of rods (red line) and cones (green line). Black/gray 

bar represents lighting condition at time of testing (constant 

darkness; black bar=“subjective” night and gray bar=“subjective” 

day). Dashed lines are extrapolations from collected data points to 

data from previous or successive timepoints within the same 

experimental group (parentheses). Error bars represent standard 

deviation of the mean. 
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A Kruskal-Wallis test between timepoints during subjective day (the hours 

during which fish would have experienced light) and those occurring during 

subjective night revealed that rod myoid lengths ranged from 27.58 to 56.59 µm but 

that length did not change significantly across timepoints (p=0.727) (Table III.13). 

However, a Welch’s F-test between subjective light and subjective dark hours 

indicated that significant differences existed among timepoints in cone myoid 

lengths (p=0.002) (Table III.14). As in LD, cone myoid length increased 

significantly during subjective night, ranging from 68.18 to 92.14 µm, and 

remained low during subjective day, ranging from 39.67 and 35.25 µm (see Table 

III.12, p. 142). Significant differences between “subjective” light and “subjective” 

dark hours were determined with a Games-Howell post-hoc test on cone myoid 

lengths (Table III.15). 
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Table III.13: Summary of Kruskal-Wallis H-test on rod myoid lengths (µm) across 

timepoints in juvenile tarpon in DD. The non-parametric test was used 

because residuals were not normally distributed and variances were 

not equal (Shapiro-Wilk and Levene’s tests were significant). 

Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk 0.138 629  .000 

Levene 609.23 5 623 .000 

Kruskal-Wallis 2.825 5  .727 
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Table III.14: Summary of Levene’s test of homogeneity of variances and Welch’s 

F-test of equality of means on cone myoid lengths (µm) across 

timepoints in juvenile tarpon in DD. Statistically significant p-values 

(α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

 Levene 6.62 5 12 .004 

Welch 21.64a 5 12 .002 

 

a. Asymptotically F distributed. 
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Table III.15: Summary of Games-Howell post-hoc test on cone myoid lengths (µm) 

across timepoints in juvenile tarpon in DD. Box shading of Timepoint 

(i) indicates subjective lighting condition at time of testing (light 

grey=subjective day; dark grey=subjective night). Statistically 

significant p-values (α= 0.05) are in bold. 

 

 

  Mean Difference Standard Error Sig. 

(i)  Timepoint (j) Timepoint (i-j)   

0800 1200 3.36 7.08 .993 

  1600 -11.12 15.36 .965 

  2000 -32.15 8.36 .113 

  0000 -25.86 7.95 .190 

  0400 -17.91 6.97 .378 

1200 0800 -3.36 7.08 .993 

  1600 -14.49 13.81 .871 

  2000 -35.51 4.97 .044 

  0000 -29.23 4.25 .041 

  0400 -21.28 1.86 .004 

1600 0800 11.12 15.36 .965 

  1200 14.49 13.81 .871 

  2000 -21.02 14.51 .716 

  0000 -14.74 14.28 .878 

  0400 -6.79 13.76 .991 

2000 0800 32.15 8.36 .113 

  1200 35.51 4.97 .044 

  1600 21.02 14.51 .716 

  0000 6.28 6.15 .889 

  0400 14.23 4.82 .299 

0000 0800 25.86 7.95 .190 

  1200 29.23 4.25 .041 

  1600 14.74 14.28 .878 

  2000 -6.28 6.15 .889 

  0400 7.95 4.07 .534 

0400 0800 17.91 6.97 .378 

  1200 21.28 1.86 .004 

  1600 6.79 13.76 .991 

  2000 -14.23 4.82 .299 

  0000 -7.95 4.07 .534 



148 

 

 

 

TARPON EXPOSED TO ADVANCED LIGHT ONSET (AdvL). To 

determine whether rhythms of retinomotor movement in juvenile tarpon could 

entrain to a drastic and abrupt advance in the onset of a 12L:12D photocycle, lights 

were set to come on 4 hr earlier during the treatment period than during the 

entrainment period (AdvL). The retinas of juvenile tarpon (N=18) were harvested 

at 4-hr intervals over a 24-hr period and were analyzed with immunohistochemistry 

as above. The means of thirty rod myoid and thirty cone myoid measurements from 

three specimens sampled during a given timepoint (tx) were obtained from 

micrographs of photoreceptor immunofluorescence (Fig. III.16; Table III.16). 

Means of each photoreceptor type were plotted over time (Fig. III.17) to determine 

whether rhythms of retinomotor movement adjusted to the advanced photocycle.
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Figure III.16: Immunostained retinal cross-sections of juvenile Megalops atlanticus exposed to a 4-hr advance of light 

onset (AdvL; lights on at 0300 h, 12L:12D). Retinas were double-labeled with primary antisera targeting 

rods and cones, and secondary antisera containing distinct fluorophores per photoreceptor type. DAPI-

stained (blue) nucleated cell bodies. Eyecups were harvested in 4-hr intervals over the course of 24 hr to 

examine retinomotor movement. (A) Retina in light-adapted state at 0800 h. Cone outer segments (COS; 

green) are retracted toward the outer limiting membrane (OLM; dotted line), closest to the incoming light. 

Rod outer segments (ROS; red) are elongated toward the retinal pigmented epithelium (RPE). (B) Retina at 

1200 h, in fully light-adapted state. (C) Retina at 1600 h, one hr after lights off. ROS are contracted toward 

the OLM, and COS have begun elongating toward the RPE. (D) Retina at 2000 h, in fully dark-adapted 

state. (E) Retina at 0000 h remains in dark-adapted state. (F) Retina at 0400 h, one hr after lights on. COS 

are contracted toward the OLM and the incoming light, and ROS are elongated toward the RPE. 
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Table III.16: Mean rod and cone myoid lengths (µm) for experimental analysis of 

retinomotor movement in juvenile Megalops atlanticus in advanced 

light onset (AdvL) treatment. Thirty rod and thirty cone myoid lengths 

were obtained per specimen, three replicate groups (populations) per 

timepoint (tx; testing conducted at 4-hr intervals over a 24-hr period). 

Means (bold) and standard deviations (italics) calculated for each 

timepoint across three populations for both rod and cone myoids.  

 
 

 

  
Mean Rod Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 57.73 51.02 53.41  54.05 3.40 

t12 74.67 47.87 54.62  59.05 13.94 

t16 34.26 37.62 37.53  36.47 1.91 

t20 38.43 42.56 43.54  41.51 2.71 

t0 38.99 38.65 37.81  38.48 0.61 

t4 57.82 52.14 56.19   55.38 2.92 

Mean Cone Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 34.30 36.06 35.07  35.14 0.88 

t12 41.74 34.78 32.83  36.45 4.68 

t16 49.89 74.25 60.60  61.58 12.21 

t20 92.69 100.42 72.22  88.44 14.57 

t0 87.98 75.25 72.19  78.47 8.37 

t4 41.00 35.00 37.93  37.98 3.00 
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Figure III.17: Daily repositioning of rod and cone photoreceptors in juvenile 

Megalops atlanticus exposed to a 4-hr advance of light onset 

(AdvL). Tarpon (n=6) were analyzed at 4-hr intervals over a 24-hr 

period (x-axis), three replicates per timepoint. Photoreceptor outer 

segment position with respect to the outer limiting membrane was 

obtained as a measure of myoid length (µm; y-axis) of rods (red 

line) and cones (green line). White/black bar represents lighting 

condition at time of testing (white=light; black=dark). Dashed lines 

are extrapolations from collected data points to data from previous 

or successive timepoints within the same experimental group 

(parentheses). Error bars represent standard deviation of the mean. 
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Rod myoid lengths ranged from 47.87 to 74.67 µm during light hours, and 

from 34.26 to 43.54 µm during dark hours in fish in AdvL (Table III.16). A 

Kruskal-Wallis test revealed that significant differences in rod myoid length existed 

across timepoints (p=0.013) (Table III.17), and a Kruskal-Wallis post-hoc pairwise 

test was conducted to identify which timepoints differed (Table III.18). Likewise, a 

one-way ANOVA between light and dark hours indicated that significant 

differences existed in cone myoid lengths across timepoints (p<0.001) (Table 

III.19). Cone myoid length increased significantly during dark hours, ranging from 

49.89 to 100.42 µm, and decreased during light hours, ranging from 32.83 and 

41.74 µm (see Table III.16, p. 151). Significant differences in cone myoid lengths 

between light and dark hours were determined with a Tukey post-hoc test (Table 

III.20). 
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Table III.17: Summary of Kruskal-Wallis H-test on rod myoid lengths (µm) across 

timepoints in juvenile tarpon in AdvL. The non-parametric test was 

used because residuals were not normally distributed and variances 

were not equal (Shapiro-Wilk and Levene’s tests were significant). 

Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk .84 18  .006 

Levene 6.32 5 12 .004 

Kruskal-Wallis 14.45 5  .013 
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Table III.18: Summary of Kruskal-Wallis post-hoc pairwise test on rod myoid 

lengths (µm) across timepoints in juvenile tarpon in AdvL. Box 

shading of Timepoint (i) indicates lighting condition at time of testing 

(white=light; black=dark). Statistically significant p-values (α= 0.05) 

are in bold. 

 

 

Timepoint Timepoint Test Statistic Standard Error Sig. 

0800 1200 -.67 4.36 .878 

  1600 11.33 4.36 .009 

  2000 6.00 4.36 .169 

  0000 7.67 4.36 .079 

  0400 -1.33 4.36 .760 

1200 0800 -.67 4.36 .878 

  1600 12.00 4.36 .006 

  2000 6.67 4.36 .126 

  0000 8.33 4.36 .056 

  0400 -.67 4.36 .878 

1600 0800 11.33 4.36 .009 

  1200 12.00 4.36 .006 

  2000 -5.33 4.36 .221 

  0000 -3.67 4.36 .400 

  0400 -12.67 4.36 .004 

2000 0800 6.00 4.36 .169 

  1200 6.67 4.36 .126 

  1600 -5.33 4.36 .221 

  0000 1.67 4.36 .702 

  0400 -7.33 4.36 .092 

0000 0800 7.67 4.36 .079 

  1200 8.33 4.36 .056 

  1600 -3.67 4.36  

  2000 1.67 4.36 .702 

  0400 -9.00 4.36 .039 

0400 0800 -1.33 4.36 .760 

  1200 -.67 4.36 .878 

  1600 -12.67 4.36 .004 

  2000 -7.33 4.36 .092 

  0000 -9.00 4.36 .039 
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Table III.19: Summary of one-way ANOVA on cone myoid lengths (µm) across 

timepoints in juvenile tarpon in AdvL. Statistically significant p-

values (α= 0.05) are in bold. 

 

 

 Sum of Squares df Mean Square F Sig. 

Between Groups 4625.06 5 925.01 67.20 .000 

Within Groups 165.18 12 13.77   

Total 4790.24 17    
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Table III.20: Summary of Tukey post-hoc test on cone myoid lengths (µm) across 

timepoints in juvenile tarpon in AdvL. Box shading of Timepoint (i) 

indicates lighting condition at time of testing (white=light; 

black=dark). Statistically significant p-values (α= 0.05) are in bold. 

 

 

  Mean Difference Standard Error Sig. 

(i)  Timepoint (j) Timepoint (i-j)   

0800 1200 -1.31 7.17 1.000 

  1600 -26.44 7.17 .029 

  2000 -53.30 7.17 .000 

  0000 -43.33 7.17 .001 

  0400 -2.83 7.17 .998 

1200 0800 1.31 7.17 1.000 

  1600 -25.13 7.17 .039 

  2000 -51.99 7.17 .000 

  0000 -42.02 7.17 .001 

  0400 -1.53 7.17 1.000 

1600 0800 26.44 7.17 .029 

  1200 25.13 7.17 .039 

  2000 -26.86 7.17 .026 

  0000 -16.89 7.17 .246 

  0400 23.60 7.17 .056 

2000 0800 53.30 7.17 .000 

  1200 51.99 7.17 .000 

  1600 26.86 7.17 .026 

  0000 9.97 7.17 .732 

  0400 50.47 7.17 .000 

0000 0800 43.33 7.17 .001 

  1200 42.02 7.17 .001 

  1600 16.89 7.17 .246 

  2000 -9.97 7.17 .732 

  0400 40.50 7.17 .001 

0400 0800 2.83 7.17 .998 

  1200 1.53 7.17 1.000 

  1600 -23.60 7.17 .056 

  2000 -50.47 7.17 .000 

  0000 -40.50 7.17 .001 
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TARPON EXPOSED TO CONSTANT LIGHT (LL). To determine 

whether rhythms of rod and cone retinomotor movement are disrupted by light at 

inappropriate times, tarpon were exposed to constant light (LL; N=18) for 4 d 

following an entrainment period under a 12L:12D photocycle. Rod and cone myoid 

lengths were obtained from micrographs obtained from each specimen (Fig. III.18). 

The means were calculated across timepoints (Table III.21) and were plotted over 

time (Fig. III.19) as above. 
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Figure III.18: Immunostained retinal cross-sections of juvenile Megalops atlanticus exposed to constant light (LL). 

Retinas were double-labeled with primary antisera targeting rods and cones, and secondary antisera 

containing distinct fluorophores per photoreceptor type. DAPI-stained (blue) nucleated cell bodies. Eyecups 

were harvested in 4-hr intervals over the course of 24 hr to examine retinomotor movement. (A) Retina one 

hr after lights on (0800 h). Cone outer segments (COS; green) are retracted toward the outer limiting 

membrane (OLM; dotted line), closest to the incoming light. Rod outer segments (ROS; red) are elongated 

toward the retinal pigmented epithelium (RPE). (B) Retina at 1200 h, in fully light-adapted state. (C) Retina 

at 1600 h. (D) At 2000 h (lights off at 1900 h), COS have begun elongating toward the RPE, and ROS have 

begun contracting toward the OLM. (E) Retina at 0000 h in fully dark-adapted state. ROS are contracted 

toward the OLM and the incoming light, and COS are elongated toward the RPE. (F) Retina at 0400 h 

remains in dark-adapted state. 
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Table III.21: Mean rod and cone myoid lengths (µm) for experimental analysis of 

retinomotor movement in juvenile Megalops atlanticus in constant 

light (LL). Thirty rod and thirty cone myoid lengths were obtained per 

specimen, three replicate groups (populations) per timepoint (tx; 

testing conducted at 4-hr intervals over a 24-hr period). Means (bold) 

and standard deviations (italics) calculated for each timepoint across 

three populations for both rod and cone myoids.  

 

 
 

 

 

 

 

 

 

 

 

  

Mean Rod Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 56.48 49.95 53.44  53.29 3.27 

t12 51.85 44.85 61.49  52.73 8.35 

t16 59.04 56.01 45.73  53.59 6.98 

t20 55.46 50.99 54.70  53.72 2.39 

t0 100.02 62.91 60.56  74.50 22.14 

t4 57.26 52.16 55.73  55.05 2.62 

              

Mean Cone Myoid Lengths (µm) 

 Population    

Timepoint 1 2 3  Mean SD 

t8 38.65 33.14 32.60  34.80 3.35 

t12 35.84 29.62 40.30  35.25 5.36 

t16 36.35 38.21 29.04  34.53 4.85 

t20 33.54 38.84 36.59  36.32 2.66 

t0 64.35 37.89 35.78  46.01 15.92 

t4 39.08 37.16 36.10  37.45 1.51 
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Figure III.19: Rod and cone photoreceptor positioning in juvenile Megalops 

atlanticus in LL. Tarpon (n=6) were analyzed at 4-hr intervals over 

a 24-hr period (x-axis), three replicates per timepoint. 

Photoreceptor outer segment position with respect to the outer 

limiting membrane was obtained as a measure of myoid length 

(µm; y-axis) of rods (red line) and cones (green line). White/gray 

bar represents lighting condition at time of testing (constant light; 

gray bar=“subjective” night and white bar=“subjective” day). 

Dashed lines are extrapolations from collected data points to data 

from previous or successive timepoints within the same 

experimental group (parentheses). Error bars represent standard 

deviation of the mean. 
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A Kruskal-Wallis test comparing rod myoid lengths in fish in LL between 

subjective day and subjective night revealed, as in DD, that length did not change 

significantly across timepoints (p=0.215) (Table III.22). However, unlike in DD, 

cone myoid length also did not differ significantly between subjective light and 

subjective dark hours (p=0.780) (Welch’s F-test; Table III.23). Rod myoid length 

ranged from 44.85 to 61.49 µm during subjective day, and from 50.99 to 100.02 

µm during subjective night (see Table III.21, p. 161). Cone myoid length ranged 

from 29.04 to 40.30 µm during subjective day, and from 33.54 to 64.35 µm during 

subjective night (see Table III.21). 
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Table III.22: Summary of Kruskal-Wallis H-test on rod myoid lengths (µm) across 

timepoints in juvenile tarpon in LL. The non-parametric test was used 

because residuals were not normally distributed and variances were 

not equal (Shapiro-Wilk and Levene’s tests were significant). 

Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk .89 18  .039 

Levene 7.02 5 12 .003 

Kruskal-Wallis 7.08 5  .215 
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Table III.23: Summary of Levene’s test of homogeneity of variances and Welch’s 

F-test of equality of means on cone myoid lengths (µm) across 

timepoints in juvenile tarpon in LL. The Welch’s F-test test was used 

because variances were not equal (Levene’s test was significant). 

Statistically significant p-values (α= 0.05) are in bold. 

 

 

Statistical Test Statistic df1 df2 Sig. 

Levene 6.79 5 12 .003 

Welch .48a 5 5.31 .780 

 

a. Asymptotically F distributed. 
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ANALYSIS OF CONE MYOID LENGTHS IN LIGHT HOURS. Mean 

cone myoid lengths during subjective light hours in DD were compared to those in 

light hours in LD or AdvL (or subjective day in the case of LL; Table III.24). were 

significantly longer in subjective day when compared to cone myoid lengths 

(p<0.001) (Fig. III.20; Table III.25). Results of a Kruskal-Wallis post-hoc pairwise 

test indicated that cone OS in DD differed significantly from those in all other 

treatments during light or subjective light hours (Table III.26). 
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Table III.24: Mean cone myoid lengths (µm) of juvenile tarpon during light or 

“subjective” light hours in four experimental lighting treatments. Grey 

boxes represent dark (or subjective dark) hours (lights-on at 0700 h; 

off at 1900 h; AdvL: lights-on at 0300 h, off at 1500 h) 

 

 

 

  Mean Cone Myoid Lengths (µm) 

 Treatment 

Timepoint LD DD AdvL LL 

t8 38.25 51.42 35.14 34.80 

t12 37.27 48.05 36.45 35.25 

t16 37.17 62.54  34.53 

t4   37.98  
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Figure III.20: Comparison of cone myoid lengths between lighting treatments in 

light hours (LD and AdvL) or “subjective” day (DD and LL). 

Significant difference (α=0.05) denoted by (*). 
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Table III.25: Summary of Kruskal-Wallis H-test on cone myoid lengths (µm) in  

                      light (or "subjective” light) hours in four experimental lighting  

                      regimes.  

 

 

Statistical Test Statistic df1 df2 Sig. 

Shapiro-Wilk 0.726 36  .000 

Levene 5.27 3 32 .005 

Kruskal-Wallis 21.11 3  .000 
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Table III.26: Summary of Kruskal-Wallis post-hoc pairwise test on cone myoid 

lengths (µm) in light (or “subjective” light) hours in four lighting 

regimes. Statistically significant p-values (α= 0.05) are in bold. 

 

 

(i) Treatment (j) Treatment Test Statistic Standard Error Sig. 

LD DD -14.78 4.97 .018 

  AdvL 3.89 4.97 .434 

  LL 5.78 4.97 .245 

DD LD -14.78 4.97 .018 

  AdvL 18.67 4.97 .001 

  LL 20.56 4.97 .000 

AdvL LD 3.89 4.97 .434 

  DD 18.67 4.97 .001 

  LL 1.89 4.97 .704 

LL LD 5.78 4.97 .245 

  DD 20.56 4.97 .000 

  AdvL 1.89 4.97 .704 
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EFFECTS OF EXPERIMENTAL LIGHTING TREATMENTS. Rhythms 

of retinomotor movement were examined in juvenile tarpon exposed to four 

different lighting regimes. The 12L:12D treatment (LD) was designed to simulate 

the natural light-dark cycle, and thus served as a control for comparisons with other 

experimental treatments. The distribution of changes in rod and cone myoid lengths 

over a 24-hr period in LD was compared to that of fish treated with constant 

darkness (DD) for 4 d (Table III.27; Figure III.21). Kolmogorov-Smirnov (K-S) 

goodness-of-fit tests were conducted separately for rod and cone myoid lengths. 

When rod myoid lengths were compared between the control treatment (LD) and 

DD, the K-S test revealed that the distributions of rhythms were significantly 

different (D(17)=1.83, p=0.002), as did the K-S test comparing cone myoid length 

distributions in LD and DD (D(17)=1.50, p=0.022). 
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Table III.27: Comparison of mean rod and cone myoid lengths (µm) of juvenile 

Megalops atlanticus in 12L:12D (LD) and constant darkness (DD). 

Thirty rod and thirty cone myoid lengths were obtained per specimen, 

three replicate groups per timepoint (tx; testing conducted at 4-hr 

intervals over a 24-hr period). Means in bold and standard deviations 

in italics. 

 

 

 
Mean Myoid Length (µm) in LD 

 Rods  Cones 

Timepoint Mean SD  Mean SD 

t8 67.42 3.14  38.25 3.59 

t12 69.9 1.31  37.27 3.52 

t16 70.77 4.86  37.17 1.43 

t20 38.24 5.06  72.21 10.92 

t0 35.19 2.18  101.08 10.56 

t4 38.93 4.13  103.14 14.14 

            

 
Mean Myoid Length (µm) in DD 

 Rods  Cones 

Timepoint Mean SD  Mean SD 

t8 33.33 6.02  51.42 11.95 

t12 34.73 2.04  48.05 2.72 

t16 33.56 3.81  62.54 23.77 

t20 40.98 13.59  83.56 8.17 

t0 31.58 1.95  77.28 6.85 

t4 35.36 6.57  69.33 1.71 
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Figure III.21: Comparison of rod and cone retinomotor movement between juvenile 

Megalops atlanticus in LD and DD. (A) Overlay of rod myoid length 

distribution over time of fish in LD with that of fish in DD. (B) 

Overlay of cone myoid length distributions as in A. (n=3 per 

timepoint, per treatment). Error bars represent standard deviation of 

the mean.  
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The distribution of changes in rod and cone myoid lengths in LD were 

compared to those of tarpon exposed to a 4-hr advance in light onset (AdvL) (Table 

III.28; Figure III.22). K-S tests indicated that no significant differences existed for 

either photoreceptor type (D(17)=1.33, p=0.057 for rod and D(17)=0.67, p=0.766 

for cone myoid lengths). Thus, the distributions of retinomotor movement rhythms 

of fish in AdvL were determined to be similar to those of fish in LD. 
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Table III.28: Comparison of mean rod and cone myoid lengths (µm) of juvenile 

Megalops atlanticus in 12L:12D (LD) and advanced light onset 

(AdvL). Thirty rod and thirty cone myoid lengths were obtained per 

specimen, three replicate groups (populations) per timepoint (tx; 

testing conducted at 4-hr intervals over a 24-hr period). Means (bold) 

and standard deviations (italics) calculated for each timepoint across 

three populations for both rod and cone myoids. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Mean Myoid Length (µm) in LD 

 Rods  Cones 

Timepoint Mean SD  Mean SD 

t8 67.42 3.14  38.25 3.59 

t12 69.9 1.31  37.27 3.52 

t16 70.77 4.86  37.17 1.43 

t20 38.24 5.06  72.21 10.92 

t0 35.19 2.18  101.08 10.56 

t4 38.93 4.13  103.14 14.14 
      

  Mean Myoid Length (µm) in AdvL 

 Rods  Cones 

Timepoint Mean SD  Mean SD 

t8 54.05 3.40  35.14 0.88 

t12 59.05 13.94  36.45 4.68 

t16 36.47 1.91  61.58 12.21 

t20 41.51 2.71  88.44 14.57 

t0 38.48 0.61  78.47 8.37 

t4 55.38 2.92  37.98 3.00 
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Figure III.22: Comparison of rod and cone retinomotor movement between juvenile 

Megalops atlanticus in LD and AdvL. (A) Overlay of rod myoid 

length distribution over time of fish in LD with that of fish in AdvL. 

(B) Overlay of cone myoid length distributions as in A. (n=3 per 

timepoint, per treatment). Error bars represent standard deviation of 

the mean.  
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The distribution of changes in rod and cone myoid lengths in LD were 

compared to those of tarpon in constant light (LL) with K-S tests (Table III.29; 

Figure III.23). As in DD, the distributions of retinomotor movement rhythms of 

fish in LL were determined to be significantly different from those of fish in LD for 

both photoreceptor types (D(17)=1.50, p=0.022 for rod and D(17)=1.67, p=0.008 

for cone myoid lengths). 
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Table III.29: Comparison of mean rod and cone myoid lengths (µm) of juvenile 

Megalops atlanticus in 12L:12D (LD) and constant light (LL). Thirty 

rod and thirty cone myoid lengths were obtained per specimen, three 

replicate groups (populations) per timepoint (tx; testing conducted at 

4-hr intervals over a 24-hr period). Means (bold) and standard 

deviations (italics) calculated for each timepoint across three 

populations for both rod and cone myoids. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
Mean Myoid Length (µm) in LD 

 Rods  Cones 

Timepoint Mean SD  Mean SD 

t8 67.42 3.14  38.25 3.59 

t12 69.9 1.31  37.27 3.52 

t16 70.77 4.86  37.17 1.43 

t20 38.24 5.06  72.21 10.92 

t0 35.19 2.18  101.08 10.56 

t4 38.93 4.13  103.14 14.14 
      

  Mean Myoid Length (µm) in LL 

 Rods  Cones 

Timepoint Mean SD  Mean SD 

t8 53.29 3.27  34.80 3.35 

t12 52.73 8.35  35.25 5.36 

t16 53.59 6.98  34.53 4.85 

t20 53.72 2.39  36.32 2.66 

t0 74.50 22.14  46.01 15.92 

t4 55.05 2.62  37.45 1.51 
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Figure III.23: Comparison of rod and cone retinomotor movement between juvenile 

Megalops atlanticus in LD and LL. (A) Overlay of rod myoid length 

distribution over time of fish in LD with that of fish in LL. (B) 

Overlay of cone myoid length distributions as in A. (n=3 per 

timepoint, per treatment). Error bars represent standard deviation of 

the mean.  
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DISCUSSION 

 

 

 

FIELD ANALYSIS OF RETINOMOTOR MOVEMENT 

 

 

To determine whether tarpon exhibit retinomotor movement in their natural 

environment, we examined rod and cone outer segment (OS) position with respect 

to the outer limiting membrane (OLM) in light- vs. dark-adapted juvenile tarpon 

entrained to the natural light-dark cycle. The results presented here show that both 

rod and cone photoreceptors in the Atlantic tarpon (Megalops atlanticus) 

significantly reposition over the daily light-dark cycle; rod myoid length greatly 

decreased at night and increased in the day, and cone myoid length demonstrated 

the opposite trend (Fig. III.24). 

Despite the evidence of retinomotor movement occurrence in field-collected 

tarpon, the results do not implicate involvement of a circadian clock; photoreceptor 

repositioning could have occurred in response to the change in ambient lighting. 

Exogenous light is capable of inciting rapid biochemical adaptation in the retina by 

activating D2-type dopamine receptors of the interplexiform layer (Pierce and 

Besharse 1985). This reduces adenylate cyclase activity, thus decreasing cyclic 

adenosine 3’,5’-monophosphate (cAMP) production (González et al. 2004).  

Decreased levels of cAMP by exogenous light or endogenous levels of dopamine 

induce actin/myosin modulated cone contraction and inhibit melatonin synthesis. 
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Darkness, in turn, inhibits dopamine synthesis in amacrine cells, and increases 

production of both melatonin and cAMP, resulting in microtubule-based cone 

elongation and melanin pigment granule aggregation in the RPE (Iuvone 1995). 
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Figure III.24: Field analysis of retinomotor movement in light- and dark-adapted 

juvenile Megalops atlanticus with immunohistochemistry. (A) Light-

adapted specimen sacrificed in the field at 1509 h. Rods (red) are 

elongated toward the retinal pigmented epithelium (RPE) and 

arranged in bundles, while cones (green) are contracted toward the 

outer limiting membrane (OLM). (B) Additional view of specimen in 

A. Rods are fully elongated toward the RPE. Cones are fully 

contracted toward the OLM and closely associated with rod bundles. 

(C) Dark-adapted specimen sacrificed at 2305 h. Rods are contracted 

and cones are elongated along the apical tips of rod bundles. (D) 

Dark-adapted specimen sacrificed at 2237 h. Rods are contracted and 

cones are elongated beyond rod bundles. 
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EXPERIMENTAL ANALYSIS OF RETINOMOTOR MOVEMENT 

 

 

In order to determine whether the diurnal repositioning of photoreceptors 

observed in the field analysis of juvenile tarpon is controlled, at least in part, by a 

circadian clock, we subjected populations of fish to experimental lighting regimes 

designed to demonstrate 1) that rhythms of retinomotor movement persist in the 

absence of external time cues, and 2) that these rhythms are capable of adhering to 

a 4-hr advance in the light-dark cycle to which they were initially entrained.  

Retinas of juvenile tarpon exposed to a 12L:12D photocycle (LD) were 

examined at the outset, in order to establish a control against which effects of the 

experimental treatments could be compared. Examination of retinas in LD yielded 

results that closely corresponded with those obtained in the field analysis above. 

Both rod and cone myoids exhibited robust changes over the daily light-dark cycle, 

with a relatively clear differentiation in position according to lighting condition 

(see Fig. III.13, p. 133). Inspection of the population means across timepoints 

reveals that during the light hours (t8, t12 and t16) rod myoids remained under 40 µm 

in length, and elongated to lengths up to 70 µm during the dark hours (t20, t0 and t4). 

Similarly, cone myoids remained tightly contracted during the light hours, also 

under 40 µm in length, but cones elongated to over 100 µm in length from 0000 h 

to 0400 h (see Table III.7, p. 132).  
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The 2000 h timepoint (one hr after lights-out) is seemingly a transition 

period in which cone myoids take longer to elongate than they do to contract one 

hour after lights-on (0800 h). At 2000 h, the mean cone myoid length is 

approximately 70 µm, intermediate to the mean lengths of approximately 40 µm 

and 100 µm at 1600 h and 0000 h, respectively. This represents a time span of 8 hr, 

in contrast to the transition after lights-on, in which cone myoids contract from 

over 100 µm to below 40 µm in the 4-hr interval between the 0400 h and 0800 h 

timepoints. A similar trend to is observed in the retinas of tarpon exposed to the 

AdvL lighting regime at the 1600 h timepoint (described below). The increased rate 

of cone myoid contraction vs. elongation could be due to an additive effect of light-

induced activation of D2 receptors described above coupled with the action of the 

endogenous rhythm of dopamine in the retina, both of which stimulate cone 

contraction (Pierce and Besharse 1985). 

To elucidate circadian clock involvement in these rhythms, we investigated 

whether they persisted in the absence of the external light stimulus. After 

entrainment to a 12L:12D photocycle followed by 4 d in DD, rhythms of RM by 

rod myoids were suppressed (see Fig. III.21A, p. 173). Rods remained in the 

contracted state, with all mean lengths under 41 µm. However, cone position 

continued to oscillate rhythmically in constant darkness with a period of 

approximately 24 hours, with lengths that were significantly shorter in light hours 
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than in dark hours (see Fig. III.21B, p. 173). Persistence of cone RM in constant 

conditions implicates circadian clock involvement (Pierce and Besharse 1985). 

An interesting occurrence was observed in cone movement leading up to the 

dark-light transition in DD. At 0400 h, could be observed seemingly contracting 

along rod bundles (Fig. III.25). In contrast to the relatively stark transition from the 

0400 to 0800 h timepoints described above in LD (see Table III.7, p. 132), cones in 

DD assumed an intermediate position during this period.  
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Figure III.25: Cone position of immunostained retinal cross-sections of juvenile 

Megalops atlanticus in DD at 0400 h. Cones (green) assume an 

intermediate position several hours prior to subjective lights-on. Rods 

(red) remain in fully contracted position. 
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Another noteworthy aspect of cone movement in DD is the extent to which 

they contracted (see Table III.12, p. 142). The mean myoid lengths of contracted 

cones in DD were significantly longer in subjective day than they were during the 

light hours (subjective day in LL) in all other treatments (see Table III.24 and Fig. 

III.20, p. 167 and p. 168, respectively). Results of a Kruskal-Wallis post-hoc 

pairwise test (see Table III.26, p. 170) indicated that cone OS did not fully contract 

in DD as they did in the presence of a light signal. This result may also potentially 

be ascribed to the absence of the additive effect of light on the biochemical 

machinery involved in cone contraction. 

The lesser extent of cone elongation results in an overall decrease in range 

of myoid lengths. In addition, the distribution is broadened over time, possibly a 

result of individual clocks drifting out of phase with one another in the absence of a 

light cue. These changes in the myoid length distribution in DD caused it to differ 

from the distribution of those in LD. However, cone RM does still demonstrate a 

clear rhythm and myoid lengths differed significantly between subjective day and 

night. Further, the increase in mean length leading up to “subjective” lights off 

(1600 h) and decrease preceding “subjective” lights on (0400 h) suggest the 

anticipatory function of circadian clock operation. 

After determining that rhythms of retinomotor movement persisted in 

constant conditions in juvenile tarpon, the next corroboration of circadian clock 

operation was verifying whether the rhythms could entrain to an abrupt (4-hr) 
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advance in the onset of light (AdvL). The results show that within 4 d, the rhythm 

synchronized to the advanced light cycle, with rod and cone OS position changing 

significantly between light and dark hours. In the advanced photocycle, lights-on 

occurred at 0300 h and lights-off, at 1500 h. Rod myoids in AdvL were contracted 

during the 1600 h timepoint, whereas they remained elongated at this timepoint in 

LD (while lights were still on). Likewise, cones began to elongate at this timepoint 

in the advanced treatment, but remain contracted in LD (see Fig. III.22, p. 176). 

There is also evidence of anticipation of lights-on, as cone myoids have begun to 

contract at 0000 h. 

A Kolmogorov-Smirnov test also corroborated that the distribution of the 

myoid length over time curve in AdvL was statistically similar to the distribution in 

LD. Inspection of the overlay of the two distributions in Fig. III.21 reveals that 

rhythms of both rod and cone retinomotor movement underwent a phase shift 

consistent with the advanced photocycle. Rod myoids began to contract and cone 

myoids, to elongate (and vice versa) approximately 4 h earlier in AdvL than they 

did in LD. This property is a hallmark of circadian clock operation, and evidence 

suggesting that light at inappropriate times of the night causes drastic changes in 

retinal physiology. 

While rhythms of RM remained robust in AdvL, constant light (LL), 

conversely, suppressed RM of both photoreceptor types (see Fig. III.23, p. 179); 

neither type changed significantly between subjective day and subjective night. 
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This result demonstrates that darkness is thus necessary for some component of the 

biomechanical system underlying cone elongation and rod contraction. The most 

likely component is melatonin, a hormone that plays a key role in regulating retinal 

physiology. Melatonin and dopamine participate in a regulatory pathway in the 

retina, which each modulating the synthesis of the other (Pierce and Besharse 1985) 

and acting as chemical analogs of night and day, respectively (Doyle et al. 2002). 

cAMP is also directly involved in RM, with increased levels associated with night 

leading to reactivated cone elongation (Pierce and Besharse 1985) and inhibiting 

cone contraction through interference with the Ca2+-calmodulin system involved in 

actin-based motility (Iuvone 1995).  

Regardless of the mechanism, it is evident that both constant light and 

advanced onset of light interfere with the circadian clock operation dictating 

retinomotor movement in juvenile tarpon. It is unclear how detrimental such 

disruption may be, such interference likely impedes organisms’ ability to 

effectively respond to the natural daily light-dark cycle and other daily 

environmental events. By providing insight into the potentially detrimental effects 

of light pollution, these results provide justification for implementing additional 

measures restrict these parameters in areas of coastal development.  
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CHAPTER IV 

 

CONCLUSIONS 

 

 

 

Biological clocks and the rhythms they produce are fundamental to 

eukaryotic life, allowing organisms to anticipate change in their environments. 

While many physiological and behavioral life processes may change in direct 

response to external influence, most also change over time because of internal 

timekeeping mechanisms – biological clocks. Circadian (daily) rhythms in 

vertebrate animals (especially mammals) are by far the best studied, but internally-

driven rhythms are also tied to tidal, lunar and seasonal environmental cycles. 

Thus, people experience daily changes in visual sensitivity and alertness, flowers 

open at specific times of day, and fish spawn en masse at particular times of day in 

specific seasons. The ubiquity of biological clocks among eukaryotes strongly 

suggests that they enhance survival in some way (Kumar et al. 2005, Merrow et al. 

2005, Paranjpe and Sharma 2005). Indeed, the ability to synchronize behavioral 

and physiological outputs to external cues in this manner permits an organism to 

coordinate metabolic and behavioral processes, allows expression of physiology 

and behavior to occur at appropriate times, and has been shown to provide fitness 

advantages (Sharma 2003). 

Extensive research has defined the anatomical locations and molecular 

make-up of clocks in people and some lab animals, and we know much about how 
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circadian rhythms become synchronized to the daily light-dark cycle, but we 

understand very little about the functional utility of clocks and rhythms in the 

natural world. Further, abnormally-timed light (such as exposure to artificial light 

at night) may disrupt these rhythms in ways that affect behaviors essential to 

survival, such as prey capture and predator avoidance. While several aspects of 

habitat degradation have been investigated and even mitigated, light pollution has 

received little to no attention despite its increasing threat. Studies that have been 

conducted on the harmful effects of light at night (LAN) have been restricted to its 

effects on circadian function in humans, rodents and birds (Navara and Nelson 

2007, Dominoni et al. 2013). Comparable studies on coastal dwelling species, 

including marine fish, are virtually nonexistent. 

The purpose of this study was therefore to determine how the retina and 

internal clock(s) of an ecologically and economically valuable marine fish, the 

Atlantic tarpon, respond to alterations of the natural daily light-dark cycle. Defining 

the rhythms of visual function in these fish is an essential first step in identifying 

protective measures for ensuring their continued survival in a changing 

environment. Specifically, I sought to examine the following hypotheses: 1) tarpon 

exhibit daily oscillations in retinal sensitivity, 2) tarpon exhibit cyclic retinomotor 

movement of photoreceptors (rods vs. cones) over the course of the day, 3) a 

circadian clock drives these daily changes in retinal sensitivity and in photoreceptor 
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position, and 4) circadian clock operation of retinomotor movement is disrupted by 

excessive light exposure. 

This research provides a foundation for examining ways in which the retina 

prepares for and responds to changes in water quality (and hence light availability) 

because of migration among habitats, pollution and eutrophication of coastal 

waters, and the effects of coastal storms. Furthermore, this research allows us, for 

the first time, to begin understanding how increasing levels of light pollution 

(including light at inappropriate times – i.e., nighttime) affects marine fish.  This 

work was aimed ultimately not only at a better understanding of vision generally, 

but also at the conservation of important marine species in the face of continuing, 

rapid coastal development. 

To test the hypothesis that visual sensitivity changes according to the time 

of day in tarpon, we used electroretinography (ERG), an in vivo measure of retinal 

function. We measured overall retinal sensitivity at 4-hr intervals over the course of 

24 hours following exposure to either a 12L:12D light-dark cycle (LD) or constant 

darkness (DD) for four days prior to testing (N=18 per treatment, six timepoints 

with three replicates). Neuronal response of the retina (μV) was plotted vs. intensity 

over a range of intensities of 100-ms pulses of white light. Retinal sensitivity 

(μV/μW s-1 cm-2) was calculated from these plots by determining the amplitude 

(μV) at which the ERG response has reached 50% of the maximum response. 



193 

 

 

 

Retinal sensitivity across six timepoints over a 24-hr period permitted visualization 

of how visual sensitivity changed over the course of the day. 

 The results indicated that retinal sensitivity gradually increased during dark 

hours—peaking around midnight—and decreased during the day, reaching a low 

point around noon. The intensity of light required to elicit a maximal ERG response 

was significantly greater during the day than the night in fish held in LD. To 

determine whether this cycle is driven by a circadian clock, ERG was performed at 

the same timepoints on juvenile fish held in constant darkness (i.e. without the 

environmental input; DD). These rhythms continued in constant conditions; 

sensitivity was significantly higher during subjective night than during subjective 

day. These results thus demonstrate that this rhythm of retinal sensitivity is driven 

at least in part by an internal biological clock.  

In addition to rhythms of retinal sensitivity, which occur primarily at the 

biochemical level, the retinas of teleost fish also undergo daily structural 

modifications. For example, rod and cone photoreceptors acutely reposition their 

outer segments in response to light availability and/or under control of a circadian 

clock. These phenomena, called retinomotor movements (RM), aid vision by 

positioning photoreceptors for optimal light capture according to time of day 

(Burnside et al. 1983, Pierce and Besharse 1985). Using immunofluorescence (IF) 

with opsin-specific primary antibodies, we observed RM occurrence in a field 

analysis of light- and dark adapted juvenile tarpon. In the light-adapted retina, cone 
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outer segments were contracted toward the outer limiting membrane (OLM), 

closest to the incoming light, while rod outer segments were elongated and shielded 

by melanin granules dispersed in fingerlike processes from the retinal pigmented 

epithelium (RPE). In the dark-adapted retina, rod outer segments were contracted 

toward the OLM for increased photon capture in dim light conditions, and cone 

outer segments were extended toward the RPE.  

In order to further quantify rhythms of RM over the course of the day and as 

a control against which to measure effects of experimental lighting treatments, 

juvenile specimens (N=18, six timepoints with three replicates) were field-collected 

then reared in the laboratory under a 12L:12D photocycle (LD). After a 4-d 

exposure, populations of six specimens were euthanized at 4-hr intervals over a 24-

hr period. Retinas were analyzed by double-label immunofluorescence using opsin-

specific primary antisera and Alexa-fluor-conjugated secondary antisera, with 

DAPI as a nuclear counterlabel. RM was quantified by measuring photoreceptor 

(rod and cone) outer segment (OS) positions with respect to the OLM. The extent 

of rod and cone RM was then plotted over a 24-hr period for visualization of 

circadian rhythms. Juvenile tarpon in LD exhibited robust oscillations of RM over 

the course of the day with both rod and cone OS position changing significantly 

between light and dark hours.  

To understand the role of a circadian clock(s) in driving RM, a separate 

group of juvenile fish (N=18, six timepoints with three replicates) were reared as 
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above, except in constant darkness (DD) for 4 d. Fish were euthanized at 4-hour 

intervals over a 24-hr period and were analyzed with immunofluorescence, as 

above. To elucidate circadian clock involvement in these rhythms, we investigated 

whether they persisted in the absence of external light stimulus; while cyclic 

oscillations of RM in LD may have indicated that the daily light-dark cycle drives 

photoreceptor repositioning, persistence of a rhythm in constant conditions (DD) 

definitively demonstrated that an internal clock drives rhythmic RM. Though RM 

of rod OS was suppressed in DD, cone OS position continued to oscillate 

rhythmically, implicating clock involvement. 

Finally, we investigated the effect of abnormal environmental light 

exposure on circadian rhythms of RM, two separate lighting regimes simulating 

exposure to light at night in coastal environments were implemented: a four-hour 

advance of light onset (AdvL) and constant light (LL). Juvenile tarpon (N=18 per 

treatment) were analyzed for evidence of rhythms of RM using IF as above. In 

AdvL, the rhythm synchronized to the advanced light cycle, with photoreceptor 

repositioning occurring at a 4-hr advance coincident to the altered photocycle. 

Thus, the rhythm demonstrated a phase shift, with the clock re-entraining and 

synchronizing to the new light-dark cycle. In addition, both rod and cone OS 

position changed significantly between light and dark hours. Conversely, constant 

light suppressed RM of both photoreceptor types. These findings were consistent 

with the literature, in which rhythms of RM have been shown to be severely 
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disrupted in lab animals exposed to constant light (Besharse 1982), as cone myoid 

elongation requires darkness (Burnside et al. 1983).  

These significant findings suggest that light at inappropriate times is likely 

detrimental to visual efficacy and on tarpon retinal clock function. These rhythms 

support survival behaviors such as prey capture and predator avoidance in these 

fish by preparing the visual machinery for optimal light capture in cyclically 

changing photic environments. These findings present a strong case for mitigation 

efforts of coastal light pollution. A deeper appreciation of biological clocks and of 

the effects of light on retinal function is important for anticipating the effects that 

anthropogenic insults including artificial light at night may have on coastal 

dwelling species such as the Atlantic tarpon. In addition, this study may inform best 

practices for captive rearing and maintenance of fish, such as in aquaculture 

programs (Bromage et al. 2001). Therefore, the results presented here may serve as 

a catalyst to aid in the conservation and effective management of important 

commercial and recreational fisheries. 
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APPENDIX 

 

 

 

Table A.1: Electroretinography (ERG) data set of juvenile Megalops atlanticus over six timepoints in LD. For each 

timepoint (tx; testing conducted at 4-hr intervals over a 24-hr period), three replicates (populations) were tested 

on separate days (N=18). Data in grey shading exceeded peak amplitude and were not used. 

 

 

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t0 
  

 t0 
  

 t0 
  

 0.50 92   0.25 43   0.25 18 

 1.00 94   0.30 34   0.30 10 

  1.50 78   0.35 84   0.35 13 

  2.00 90   0.40 95   0.50 10 

  2.50 67    0.45 77   0.60 15 

  3.00 66    0.50 41   0.75 13 

  3.50 94    0.60 28   1.00 18 

  4.00 73       1.25 18 

  4.50 84       1.50 16 

  5.00 74       1.75 64 

  5.50 65       2.00 69 

  6.00 78        2.25 37 

                  2.50 41 
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Table A-1. Continued  

  

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t4    t4    t4   

 0.50 81   0.25 27   0.25 16 

 1.00 102   0.30 42   0.30 20 

 1.50 120   0.35 53   0.35 10 

 2.00 123   0.40 67   0.40 13 

  2.50 114   0.45 73   0.45 17 

  3.00 105   0.50 66   0.50 15 

  3.50 111   0.60 79   0.55 24 

  4.00 102   0.75 88   0.65 30 

  4.50 104    1.00 74   0.75 32 

  5.00 113    1.50 68   0.85 16 

  5.50 100       1.00 133 

  6.00 105             1.50 102 

t8    t8    t8   

 0.50 0   1.00 10   1.00 12 

 1.00 0   5.00 17   5.00 21 

 1.50 0   7.50 41   10.00 26 

 2.00 0   10.00 41   15.00 16 

 2.50 24   12.50 53   20.00 44 

 3.00 34   15.00 63   22.50 58 

 3.50 30   17.50 67   25.00 49 
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Table A-1. Continued         

           

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t8    t8    t8   

 4.00 43   20.00 71   27.50 86 

 4.50 52   22.50 75    30.00 64 

 5.00 63    25.00 59    32.50 73 

 6.00 42        35.00 18 

 7.00 57        37.50 35 

 8.00 72         

 9.00 57         

 10.00 56         

 15.00 66         

  20.00 93                 

t12    t12    t12   

 1.00 0   5.00 33   5.00 12 

 2.00 0   10.00 34   10.00 16 

 3.00 0   15.00 58   15.00 46 

 4.00 0   20.00 42   20.00 28 

 5.00 32   25.00 78   25.00 20 

 6.00 40   30.00 61   30.00 22 

 7.00 38   35.00 52   35.00 12 

 8.00 56   40.00 57   40.00 12 

 9.00 44   45.00 50   45.00 14 
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Table A-1. Continued         

         

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t12    t12    t12   

 10.00 49   50.00 82   50.00 43 

 15.00 60    55.00 67   55.00 55 

 20.00 61    60.00 32    60.00 16 

 25.00 68         

 30.00 63         

 40.00 89         

  50.00 72                 

t16    t16    t16   

 1.00 0   10.00 56   10.00 39 

 2.00 0   15.00 78   15.00 35 

 3.00 0   20.00 99   20.00 21 

 4.00 0   25.00 109   25.00 15 

 5.00 0   30.00 119   30.00 13 

 6.00 0   35.00 121   35.00 32 

 7.00 0    40.00 49   40.00 113 

 8.00 24        42.50 17 

 9.00 15        45.00 11 

 10.00 23         

 15.00 17         

 20.00 26         
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Table A-1. Continued         

           

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint 

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t16    t16    t16   

 30.00 19         

 40.00 15         

 50.00 32         

 80.00 75         

 86.00 97         

  90.00 52                 

t20    t20    t20   

 0.50 50   0.50 69   0.50 10 

 1.00 47   0.75 119   0.75 18 

 1.50 137   1.00 115   1.00 24 

 1.75 141   1.25 119   1.25 23 

 2.00 168   1.50 128   1.50 20 

  2.25 148   1.75 103   1.75 43 

  2.50 148   2.00 137   2.00 23 

  3.00 154    2.25 125   2.25 40 

  3.50 155    2.50 137   2.50 63 

      3.00 122    2.75 37 

          3.00 48 

          3.25 23 

          3.50 28 
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Table A.2: Electroretinography (ERG) data set of juvenile Megalops atlanticus over six timepoints in DD. For each 

timepoint (tx; testing conducted at 4-hr intervals over a 24-hr period), three replicates (populations) were tested 

on separate days (N=18). Data in grey shading exceeded peak amplitude and were not used. 

 

 

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t0 
  

 t0 
  

 t0 
  

 0.25 11   0.25 39   0.25 20 

 0.30 20   0.30 36   0.30 17 

 0.40 9   0.40 25   0.40 9 

 0.50 37   0.50 31   0.50 14 

 0.60 46   0.60 32   0.60 27 

  0.70 21   0.70 31   0.70 11 

  0.80 1   0.80 26   0.80 9 

  0.90 1   0.90 38   0.90 15 

     1.00 26   1.00 46 

     1.10 15    1.25 19 

     1.20 22    1.50 22 

     1.30 28     

     1.40 22     

     1.50 13     

     1.60 26     
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Table A-2. Continued 

           

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV)  

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV)  

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t0    t0    t0   

     1.70 22     

     1.80 44     

      1.90 19     

      2.00 41     

      2.10 1     

          2.50 0         

t4    t4    t4   

 0.25 20   0.25 29   0.25 9 

 0.30 18   0.50 33   0.50 13 

 0.40 15   0.60 31   0.60 15 

 0.50 27   0.80 42   0.80 7 

 0.60 32   0.90 15   1.00 17 

 0.70 51   1.00 42   1.10 7 

 0.80 15   1.10 47   1.20 9 

 0.90 44   1.25 30   1.40 14 

 1.00 46   1.50 48   1.50 8 

 1.10 66    1.60 40   1.60 26 

  1.20 37    1.75 38   1.75 27 

  1.30 44    1.90 16    2.00 19 

  1.50 47    2.00 3    2.25 2 
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Table A-2. Continued 
         

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t4    t4    t4   

  1.75 55    2.25 14    2.5 18 

  2 43     2.5 2         

t8    t8    t8   

 0.50 10   0.50 11   1.00 45 

 1.00 16   1.00 46   2.50 53 

 2.50 8   2.50 18   5.00 61 

 5.00 10   5.00 37   7.50 60 

 10.00 9   10.00 23   10.00 35 

 15.00 33   15.00 16   12.50 49 

 17.50 32   17.50 31   15.00 40 

 20.00 36   20.00 44   17.50 37 

 22.50 89   22.50 18   20.00 34 

  25.00 17   25.00 20   25.00 24 

  27.50 2   27.50 48   27.50 30 

  30.00 16   30.00 19   30.00 28 

     32.50 55   32.50 25 

      35.00 33   35.00 42 

      37.50 29   37.50 36 

      40.00 2   40.00 39 

         42.50 27 
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Table A-2. Continued 
         

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t8    t8    t8   

         45.00 39 

         47.50 48 

         50.00 37 

         52.50 49 

         55.00 65 

         57.50 51 

         60.00 64 

         62.50 70 

          65.00 58 

          67.50 43 

          70.00 56 

          72.50 43 

                  75.00 51 

t12    t12    t12   

 1.00 23   1.00 39   1.00 61 

 5.00 66   5.00 62   5.00 78 

 7.50 29   7.50 29   7.50 84 

 10.00 43   10.00 57   10.00 10 

 12.50 29   12.50 43   12.50 96 

 15.00 37   15.00 48   15.00 109 
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Table A-2. Continued 

       

Population 1  Population 2  Population 3 
Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t12    t12    t12   

 17.50 32   17.50 39    17.50 57 

 20.00 39   20.00 37    20.00 99 

 22.50 22   22.50 41    22.50 67 

 25.00 38   25.00 48    25.00 79 

 27.50 35   27.50 44    27.50 76 

 30.00 34   30.00 62    30.00 91 

 32.50 38   32.50 49    32.50 79 

 35.00 28   35.00 54    35.00 73 

 37.50 42   37.50 40    37.50 35 

 40.00 51   40.00 37    40.00 23 

 42.50 32   42.50 54     

 45.00 59   45.00 48     

 47.50 34   47.50 42     

 50.00 67   50.00 50     

  52.50 43   52.50 51     

  55.00 61   55.00 35     

     57.50 34     

     60.00 34     

     62.50 47     

     65.00 43     

     67.50 57     
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Table A-2. Continued 
        

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t12    t12    t12   

     70.00 55     

     72.50 74     

          75.00 55         

t16    t16    t16   

 5.00 48   7.50 70   5.00 26 

 7.50 51   10.00 50   7.50 36 

 10.00 45   12.50 51   10.00 26 

 12.50 65   15.00 31   12.50 44 

 15.00 36   17.50 61   15.00 28 

 17.50 36   20.00 30   17.50 22 

 20.00 40   22.50 43   20.00 23 

 22.50 29   25.00 41   22.50 38 

 25.00 69   27.50 48   25.00 30 

 27.50 70   30.00 57   27.50 27 

 30.00 48   32.50 49   30.00 25 

 32.50 36   35.00 68   32.50 36 

 35.00 54   37.50 57   35.00 31 

 37.50 60   40.00 73   37.50 32 

 40.00 106   42.50 65   40.00 27 

  42.50 56   45.00 74   42.50 47 

  45.00 55   47.50 82    45.00 46 
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Table A-2. Continued 
         

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t16    t16    t16   

      50.0 73    47.50 33 

      52.5 52    50.00 29 

      55.0 66    52.50 33 

      57.5 75    55.00 44 

      60.0 79    57.50 31 

      62.5 43    60.00 29 

          65.0 59         

t20    t20    t20   

 0.50 25   0.50 7   0.50 36 

 1.00 17   1.00 11   1.00 26 

 1.50 34   1.50 14   1.50 23 

 2.00 47   2.00 11   2.00 43 

 2.25 27   2.25 24   2.25 36 

 2.50 22   2.50 29   2.50 29 

 2.75 41   2.75 12   2.75 44 

 3.00 24   3.00 14   3.00 53 

 3.25 50   3.25 11    3.25 40 

 3.50 44   3.50 25    3.50 27 

 4.00 58   3.75 51    3.75 50 

  4.25 38    4.00 38    4.00 37 

  4.50 31    4.25 20    4.25 26 
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Table A-2. Continued 
         

Population 1  Population 2  Population 3 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 
 

Timepoint    

lkhg 

Intensity 

(µW) 

Amplitude 

(µV) 

t20    t20    t20   

      4.50 18    4.50 46 

      4.75 14    5.00 39 

      5.00 22     

 
 

 

 

 

 

 

 

 

 

 

 


