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Abstract

Identifying determinants of variation in fitness for organisms with complex life histories has
been a longstanding challenge for ecologists. Night-time conditions encompass half the lives
of many organisms (Gaston et al., 2022), yet the impacts of varied nocturnal illumination on
fitness-related traits across ontogeny are rarely considered. Many organisms exhibit differing
patterns of development, growth, and reproduction in conjunction with natural seasonal
variations in the timing, strength, and duration of light:dark periods. Interruptions to these
cycles can be particularly disruptive to organisms that rely on environmental light to entrain
and synchronise development or reproduction. Elucidating the unique impacts of nocturnal
illumination during different stages of life history can be particularly difficult. In this thesis, I
assessed the effects of nocturnal illumination on fitness-related traits of Forsterygion lapillum

(the New Zealand common triplefin) in early (embryonic) and adult life history phases.

In Chapter 2, I conducted a laboratory experiment to appraise the impacts of the strength and
timing of nocturnal light (including lunar patterns), on fitness-related traits for adults. I
addressed three questions: 1) Does nocturnal illumination alter adult body condition? 2) Does
growth vary in different conditions of nocturnal light? 3) How does nocturnal illumination
affect reproductive behaviour? I exposed adult triplefin to four different nocturnal light
treatments (regular lunar cycle, dimmed lunar cycle, 24-hr artificial light, and dark at night)
over the course of three months. I then evaluated the impact of nocturnal light on the relative
change in body condition for each individual during the experiment. Additionally, I extracted
triplefin otoliths to reconstruct a portion of life history during the experiment and conducted
growth analyses assessing if somatic growth varied between treatments. Lastly, I progressively
photographed egg clutches and quantified the influence of nocturnal illumination on the timing
and frequency of reproduction. Body condition was not influenced by light treatment but
differed with sex and pre-experimental body condition. Female fish experienced greater
reduction in body condition than males, and body condition degraded to a greater degree over
the course of the experiment as pre-experimental body condition increased. While light
treatment was not a determinant of body condition, the interaction of light treatment, sex, and
standard length caused significant variation in growth increment width. This interaction was
particularly pronounced in the 24-hr light treatment, where male growth rates increased as body
size increased, but the inverse relationship was seen for females. The interaction of sex and

body size varied in the other three treatments. There were no apparent lunar patterns in growth.
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Reproduction was also impacted by nocturnal illumination. Fish in the 24-hr light and dark at
night treatments were more likely to reproduce than those in the lunar treatments. Furthermore,
fish in the 24-hr light treatment tended to lay more eggs than those in the dark at night treatment.
The number of eggs laid in lunar treatments also followed semi-lunar patterns. Fish in the
regular lunar treatment exhibited greater numbers of eggs laid at the first and third quarter
moons, while fish in the dimmed lunar treatment had asymmetrical peaks during just after the
full moon and just before the new moon. Water temperature and the number of females in each
tank did not influence the likelihood of reproduction nor the number of eggs laid during
reproductive events. These results suggest that nocturnal illumination has distinct and
significant impacts on fitness-related traits for adult F. lapil/lum that interact with other life

history traits.

In Chapter 3, I estimated the length, structure, and success of embryonic development for eggs
laid during the laboratory experiment to address two questions: 1) How does nocturnal
illumination influence the duration and structure of embryonic development? 2) Does exposure
to nocturnal light impact hatching success of embryos? Using photographs of egg clutches
taken progressively throughout the experiment, I tracked the fates of each clutch and estimated
their dates of laying, eye development, hatching, and their hatching success. I used these
estimates to assess the influence of nocturnal illumination on fitness-related traits for offspring.
Light treatment did not impact the length or structure of development, however, eye
development and overall development length followed lunar patterns. Clutches laid during the
new moon had longer development periods than those laid during the full moon, and eye
development was longer when it coincided with the first and third quarter moons. Warmer
water temperatures at laying resulted in shorter periods of eye and total development and
increased the rate of eye development relative to total development time. Conversely, clutches
that had faster relative eye development also took less time to hatch. Hatching success was
likewise not impacted by light treatment but followed lunar patterns. Clutches that hatched
during the full moon tended to have lower hatching success than those hatched during the new
moon. Larger clutches experienced much greater hatching success at higher temperatures, and
water temperature did not influence hatching success for small clutches. These results
emphasise the complicated interactions of environmental cues on fitness-related traits during
early life history phases for common triplefin (F. lapillum) and highlight the need for further

research into this subject.
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CHAPTER 1

General introduction

The influence of environmental cues on organism development, behaviour, and reproduction
may vary widely over the course of an organism’s lifetime (Werner and Gilliam, 1984). Yet
the distinct impacts of environmental cues across ontogeny are still poorly understood. This is
especially prescient for organisms with complex life histories. Complex life histories are
characterised by discrete life stages associated with unique form or function, allowing an
individual to occupy different ecological niches across its lifespan (Wilbur, 1980). The field of
evolutionary biology is founded upon the understanding that fitness varies between individuals
and changes over time, and elucidating determinants of this variation are essential to enhancing
our knowledge of reproductive and developmental ecology (Cheverud, 1984, Hallgrimsson et

al., 2009, Orr, 2009, Roseman, 2020).

A large body of literature aims to assess the influence of environmental cues on fitness-related
traits like development and reproduction in a wide variety of organisms, such as birds
(Halfwerk and Slabbekoorn, 2014), insects (Stearns et al., 1995, Wilner et al., 2019), mammals
(Gaillard and Yoccoz, 2003), reptiles (Huang and Pike, 2011), amphibians (Zhang et al., 2020),
and fish (Salvanes and Balino, 1998, Vindenes et al., 2016). Two important determinants of
offspring development and survival (i.e., offspring fitness) during early ontogeny are parental
body condition (Donelson et al., 2009, Reid et al., 2010, Farquharson et al., 2021) and local
environmental conditions (Werner and Gilliam, 1984, Ridley, 2007, Burton and Metcalfe,
2014). The experiences of an individual during early life history also inform its condition in
adult phases (Giménez and Anger, 2001, Shima and Swearer, 2010, Fopp-Bayat et al., 2021).
The timing and success of these phases dictate the number of reproductive events an individual
may have in its lifetime and have carry-over effects on the fitness of its offspring (Yamahira,

2001).

Because an individual’s fitness is influenced by distinct factors over its lifetime, the specific
mechanisms that determine facets of adult fitness (e.g., body condition, growth, reproductive
behaviour) and offspring fitness (e.g., development and survival) are still poorly understood
for many species. Within vertebrates, fish display a high degree of synchronicity in

reproductive behaviours and development with seasonal environmental cues (Lowerre-Barbieri



et al., 2011). The marine environment is characterised by great fluctuation in tidal activity,
current, salinity, sedimentation, temperature, and oxygen content of the water (Bleile and
Rodgers, 2001, Grassle, 2013), resulting in radically variable conditions that organisms must
navigate, survive, and reproduce in. For many fish, reproduction and development is innately
connected to the lunar cycle (Leatherland et al., 1992, Fukunaga et al., 2020). The gravitational
pull of the moon’s changing position relative to the Earth across the month influences tidal
activity (Takemura et al., 2004, Ikegami et al., 2014a), providing a key mechanism by which
reproductive material and offspring disperse (Rowe and Epifanio, 1994, Breitburg et al., 1995,
Cury and Pauly, 2000, Ando et al., 2013, Landaeta et al., 2015). Many fish rely on regular
patterns of lunar light to sync reproduction, and patterns of lunar illumination modify offspring
behaviour and development (Blaxter, 1968, Ricketts, 1985, Shima et al., 2020, Shima et al.,
2021). Many studies investigate the influence of lunar cycles, though this is usually in the

context of tidal activity.

Night-time conditions constitute half the lifespan of most animals, and key processes in fish
that mediate fitness are intimately connected to patterns of nocturnal illumination in the form
of lunar light (Lowerre-Barbieri et al., 2011). Yet, a comprehensive understanding of the
implications of altered regimes of nocturnal light on fitness and development is lacking
(Hernandez-Leon, 2008, Park et al., 2014, Shima and Swearer, 2019, Shima et al., 2020). To
achieve a holistic understanding of fitness across ontogeny it is critical to examine the
influences of a wide range of environmental cues. Shifts in the strength, timing, and duration
of environmental cues such as nocturnal illumination can have direct consequences for
organism development and reproduction (Shaffer et al., 2020), and these consequences can
differ with ontogeny (Werner and Gilliam, 1984). In assessing influences of nocturnal

illumination across ontogeny, we can gain insight into how fish life histories are constructed.

1.1 Complex life histories of fish

A complex life cycle is one in which an organism may occupy different ecological niches at
discrete stages of life. This type of life cycle is the product of ontogenetic adaptations to
morphology, physiology, or behaviour to utilise transient resources (Wilbur, 1980). Individuals
with complex life histories experience different pressures (e.g., predation, competition,

resource availability) across different stages of life (Werner and Gilliam, 1984).



Metamorphosis is a key life history trait that allows movement between different habitats at
certain sizes, ages, or stages of life, that maximises growth potential and minimises mortality

risk (Istock, 1967, Wilbur, 1980, Willson, 1981, Werner and Gilliam, 1984).

Fish exhibit complex life histories, undergoing early phases of development before
metamorphosis and later reach reproductive maturity as adults (Espinel-Velasco et al., 2018).
The earliest phase: the embryonic phase, encompasses post-fertilisation development within
the egg before hatching occurs. After hatching, embryos enter a prolonged phase of planktonic
development in the water column called the pelagic larval duration before undergoing
metamorphosis and settling as juveniles (Grosberg and Levitan, 1992). Offspring are highly
sensitive and vulnerable during these early phases, and most offspring do not survive to
juvenile settlement (Mcgurk, 1986, Litvak and Leggett, 1992, Parsons et al., 2014). Tolerance
to environmental stressors also tends to be much narrower for embryos and larvae than adults
(Septriani et al., 2021). Changes in the intensity and timing of environmental cues such as light,
temperature, and pH can significantly alter the length and success of early development phases
(Guma'A, 1978, El-Fiky, 2002, Martin-Robles et al., 2012). Some species circumvent this by
prolonging or accelerating their development to reach maturity during favourable seasonal
conditions (Johansson and Rowe, 1999). In altering developmental length to access transient
resources and avoid unfavourable environmental conditions, these individuals are able to
maximise their fitness (Werner and Gilliam, 1984). Adult fitness is connected to reproductive
success and influences offspring fitness, and by extension, the chances that their offspring will
reproduce successfully (Shaffer et al., 2020). This means it can be challenging to delineate the
specific mechanisms by which environmental factors impact fitness at various stages of the

complex life cycle of fish.

1.2 Nocturnal illumination as an environmental cue

There is strong evidence that seasonal (Koger et al., 1999, Nakane et al., 2013) and monthly
(i.e., lunar) (Leatherland et al., 1992, Lowerre-Barbieri et al., 2011) illumination exhibits
significant sway over patterns in fitness-related traits such as growth, feeding behaviour, and
reproduction in fish (Kaartvedt et al., 1998, Holzman and Genin, 2003, Hanson et al., 2008,
Ikegami et al., 2014a, Shima et al., 2021). In recent years, the impact of light on life history

traits of fish has received increased attention (Marangoni et al., 2022). However, published
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research is usually focussed on variation in nocturnal illumination on a single stage of the fish
life cycle, or fails to consider both natural and artificial variation in nocturnal illumination
(Tidau et al., 2021). A detailed insight into how nocturnal illumination influences fitness is
therefore still lacking for many species. This is especially prescient when accounting for
multiple possible sources of variation in nocturnal illumination, which may occur seasonally
e.g., annual changes in photoperiod length, lunar cyclic variation in light, or can be artificially
introduced (Gaston et al., 2013). For example, many fish operate on a circadian rhythm, which
is entrained by changes in diurnal light throughout the year (Sweeney, 1963). The Earth’s
rotation provides a regular cycle of night and day, and the tilt of its axis and orbit around the
sun causes seasonal variation in the timing, duration, and intensity of light:dark periods. This
consistent variation is responsible for regulating the frequency and phase of the circadian
endogenous clock (Menaker, 1968). In addition to the circadian rhythm, many fish also rely on
lunar (monthly) or semi-lunar (fortnightly) rhythms to synchronise fitness-related processes
like reproduction, and growth may also follow lunar patterns (Tanner, 1996, Takemura et al.,
2006, Baker and Dekker, 2008). The circalunar rhythm is entrained by regular and predictable
changes in lunar illumination across its cycle. The moon orbits the Earth in a cycle that lasts
29.53 days. Light from the sun is reflected to Earth from the moon, illuminating different
portions of the lunar disc as it orbits Earth. Lunar brightness peaks when the moon is positioned
at 180° to the sun from Earth’s perspective (full moon) through to 270° (third quarter) (Ikegami
etal., 2014b). Moonrise and moonset times likewise vary at different stages of the moon’s orbit.
The lunar cycle therefore presents a natural, predictable, spatially discrete window of changing
duration, timing, and luminosity of lunar light (Fukunaga et al., 2020, Tidau et al., 2021). These
large-scale differences in light level also vary locally due to changing weather conditions.
Luminosity and light period vary by latitude, and lunar illumination is less intense in temperate
latitudes (Kyba et al., 2017). In the marine context, the properties of seawater and the organisms
that it contains alter the intensity, spectra, and spatiotemporal persistence of light underwater
(Aksnes et al., 2009, Capuzzo et al., 2015, Tidau et al., 2021). The quality of light at the sea
surface is likewise altered by atmospheric conditions including light pollution, air pollution,
cloud cover, the position of the moon in the sky, and its distance from Earth (Cinzano et al.,
2001). Despite these spatiotemporal differences, the light regime for any given latitude has
been consistent for long periods of geographical time, providing a reliable set of environmental

cues that inform ecological and evolutionary processes (Gaston et al., 2013).



Artificial light at night (ALAN), is a common technology used in human settlement and
transportation (Baker and Dekker, 2008) that alters natural states of luminescence (Gaston et
al.,, 2017). ALAN can be directly transmitted into otherwise dark environments at night,
disrupting cycles of light and dark (Longcore and Rich, 2004, Navara and Nelson, 2007, Holker
et al., 2010, Perkin et al., 2011). ALAN can also be transmitted or reflected into the sky. This
scattered light can have additive effects with fog or clouds to significantly increase Night Sky
Brightness (NSB), especially in urban areas with high light pollution (Ribas et al., 2016). Some
heavily populated areas of the planet experience “perennial moonlight” conditions, where
natural patterns of luminescence are masked by heavy light pollution (Cinzano et al., 2001).
While the utilisation of light at night has many beneficial outcomes for humans and allows us
to extend hours of activity into the night, it also can have severe negative impacts on other
organisms that we share our environment with (Gaston et al., 2022). The artificial introduction
of light into an ecosystem can significantly disrupt important fitness-related processes
controlled by endogenous clocks (Gaston et al., 2013). For example, saturation of nocturnal
environments with artificial light can cause changes in patterns of predation, disrupt navigation,
alter social and survival behaviours such as foraging and singing, inhibit diel vertical
migrations of zooplankton, and cause failure in synchronized mass spawning of corals
(reviewed in Gaston et al., 2017, Gaston et al., 2022, Marangoni et al., 2022), as well as
reducing individual growth and likelihood of survival (Schligler et al., 2021). Over the past
several decades, ALAN and its effects has become an increasing concern for ecology
researchers (Depledge et al., 2010). A developing body of literature aims to assess the impacts
of artificial light on organism fitness, but knowledge of the consequences of ALAN across
ontogeny is limited for many species. Furthermore, little research has attempted to assess the

impacts of disruptions to nocturnal light regimes on fish species endemic to New Zealand.

1.2.1 Adult fitness

Reproduction is an energetically expensive process, often involving trade-offs between
maximising parental fitness versus offspring fitness (Roff and Fairbairn, 2007) or between
investing energy into reproduction versus parental growth or survival (Brosset et al., 2016).
These trade-offs can cause individuals to neglect growth and survival in favour of boosting

fecundity (Abrahams and Dill, 1989, Donelan and Trussell, 2020) or else sacrifice fecundity to



maintain body condition or growth (e.g., Ghalambor and Martin, 2001). Fecundity is also
influenced by body size and condition (Barneche et al., 2018, Mu et al., 2021), and individuals
that accumulate greater energetic reserves prior to reproduction tend to experience greater
reproductive success (Clark et al., 1994, Johnston et al., 2007). Larger individuals are often
better equipped to meet the energetic requirements of reproduction (Clark et al., 1994).
Increased access to resources translates to periods of greater growth and therefore increased
body size, and conversely, periods of reduced food availability can translate to reduced growth
(Jorgensen et al., 2014), resulting in decreased physical condition in preparation for
reproduction. The timing of reproduction determines not only parental condition and fitness,
but also the number of reproductive opportunities an individual will have in its lifetime
(Yamahira, 2001). Reproductive timing, too, sets the starting conditions that an offspring will
inhabit, and is therefore an important determinant of offspring fitness (Yamahira, 2001).
Unique qualities of marine and freshwater environments such as water current and viscosity
exert strong selection on fish reproductive life-history traits, and many fish therefore share
similar reproductive traits (Cury and Pauly, 2000, Lowerre-Barbieri et al., 2009). Many fish
spawn following seasonal or monthly changes in light (Koger et al., 1999, Yamabhira, 2001,
Lowerre-Barbieri et al., 2011). The high prevalence of periodic spawning in fish at different
timescales associated with annual and seasonal variations in light suggests that there are
advantages associated with breeding at a specific time (Rowe and Ludwig, 1991). This implies
that spawning in tandem confers some advantage to either parents or offspring. The persistence
of synchronized spawning despite increased risk of predator-based larval mortality derived
from greater larval patchiness (Mcgurk, 1986) also supports this. Alternatively, aggregated
spawning behaviour may enhance reproductive success and decrease predation risk by
swamping predators with larvae, increasing the average chance of survival for individual larva
(Johannes, 1978). Chronological factors that promote breeding within a window of time can
also maximise the likelihood of gamete fertilisation alongside offspring survival (Juntti and

Fernald, 2016).

1.2.2 Offspring fitness

Patterns of luminescence can influence growth, feeding behaviour, and recruitment of fish

during early life phases (Hernandez-Leo6n, 2008, Shima and Swearer, 2019, Shima et al., 2021).



Most larval fish, and their predators, rely on nocturnal illumination to visually locate their prey
(Blaxter, 1968), so being active at certain times of the lunar month may yield multiple benefits
or costs to larval growth and survival. For example, the recruitment and hatching of Trachurus
trachurus (the Atlantic horse mackerel) has been found to increase during the new moon (Klein
et al., 2018). It was speculated that this was because low levels of luminescence during the new
moon provided a temporal refuge for larvae from their predators. The relationship of larval
behaviour and growth to lunar phases is also mediated by lunar-induced changes in behaviour
of predators and prey. Exposure of larvae to light can increase the efficiency of prey capture,
feeding, and larval swimming behaviours (Blaxter, 1968, Batty, 1987). The timing and
intensity of lunar light can therefore alter patterns of larval feeding across the lunar month
(Gehrke, 1992), which in turn affects patterns of larval development and growth. Diel vertical
migrations (DMVs) are the migration of meso-planktonic organisms up and down in the water
column every night (Hernandez-Ledn, 2008, Benoit-Bird et al., 2009, Drazen et al., 2011,
Jorgensen et al., 2014). Moonlight regulates this migration of organisms to surface waters,
constituting the largest animal migration on Earth occurring on a nightly basis (Benoit-Bird et
al., 2009, Drazen et al., 2011). Diel vertical migrants not only include planktonic food sources
for larval fish, but also their predators (Drazen and Sutton, 2017). The encroachment of both
prey items and predators into shallow waters is inhibited in conditions of high luminescence,
so upward migration is restricted during the full moon. DMVs are therefore seen in their
shallowest extent in dim conditions at the new moon (Benoit-Bird et al., 2009, Last et al., 2016,
Bandara et al., 2021). These patterns of movement are also influenced by the timing of
moonrise and set across the month. The lunar illumination hypothesis asserts that light at the
sea surface promotes increased feeding by adult fish and lowered rates of mortality in their
early planktonic phases through its control of DMVs (Hernandez-Ledn, 2008). DMVs, by
virtue of influencing the presence of food and predators, therefore alter patterns of larval
growth, mortality, and recruitment (Hernandez-Leon, 2008, Shima and Swearer, 2019, Shima
et al., 2020, Shima et al., 2021). The literature investigating the impact of nocturnal
illumination on larval stages is well-developed, but the impact of this environmental cue is less

explored in the context of embryonic development — especially lunar illumination.



1.3 Study species

This thesis investigates the influence of nocturnal illumination on facets of adult and offspring
fitness for the New Zealand common triplefin, Forsterygion lapillum (Hardy, 1989). F.
lapillum belongs to the family Tripterygiidae, which is characterised by a high degree of
endemism (Stewart et al., 2015), representing 26 species over 14 genera (Hickey et al., 2009).
The phenotype and ecology of this group of fishes is strongly influenced by environmental
conditions (Syms, 1995, Hilton et al., 2008, Caiger et al., 2021). In particular, water depth and
exposure have been identified as the most significant determinants of habitat differentiation for

the triplefin taxon (Wellenreuther and Clements, 2007).

F. lapillum is a small-bodied demersal species of this family (Hickey and Clements, 2003,
Feary et al., 2009) that is highly abundant in shallow water (0-5m; Jawad, 2008) coastal reef
environments throughout New Zealand (Hickey and Clements, 2003, Feary and Clements,
2006, Wellenreuther and Clements, 2007, Wellenreuther and Clements, 2008, Smith et al.,
2013). F. lapillum is a highly generalist triplefin species, inhabiting a wide variety of habitats
(Wellenreuther et al., 2009) and displays significant phenotypic plasticity correlating with
environmental conditions (Caiger et al., 2021). Common triplefin feed on tiny invertebrates
such as isopods, amphipods, and polychaetes, as well as algae (Allen and Robertson, 1994,
Fricke, 1994). F. lapillum are abundant in the Wellington region, found in densities of 1-6 fish
per metre? for both adults and juveniles depending on time of the year (Mensink and Shima,
2014). Despite the close phenotypic association of F. lapillum with environmental conditions,
the impact of nocturnal illumination on fitness for this species is currently unexplored.
Common triplefin are also easy to maintain in a laboratory environment (Wellenreuther and

Clements, 2007), making them an excellent study species for manipulative experiments.

1.4 Aims and thesis structure.

This thesis aims to evaluate the importance of nocturnal illumination on components of fitness

at distinct stages of the complex life cycle of the temperate reef fish Forsterygion lapillum.

In Chapter 2, I assess the impact of nocturnal illumination on fitness-related traits of adult F.

lapillum. 1 collected adults in the field and conducted a laboratory experiment using four



nocturnal light treatments (regular lunar cycle, dimmed lunar cycle, 24-hr artificial light, and
darkness at night) to evaluate how nocturnal illumination impacted several components of adult
fitness: body condition, growth, and reproductive behaviour. I measured body condition before
and after the experiment to assess whether exposure to nocturnal illumination impacted
individual wellbeing. I then extracted and processed otoliths post-experiment to assesses the
influence of nocturnal light (treatment and lunar effects) on growth rates during the final month
of the experiment. Lastly, I used photographs of egg clutches taken progressively throughout
the experiment to investigate the effect of nocturnal illumination (light treatment and lunar

effects) on reproductive activity (timing and output).

In Chapter 3, I examine the impact of nocturnal illumination on components of offspring
fitness: development length, structure, and success. I used progressive photos of each clutch
taken throughout the laboratory experiment to gather estimates of development milestones and
structure (eye development, total development, and the portion of development taken to
synthesise eyes) and used these estimates to evaluate if embryonic development was shaped by
exposure to nocturnal illumination (light treatment and lunar effects). I also tracked the number
of eggs lost from each clutch until hatching occurred to estimate the survival of embryos to
hatching — i.e., clutch “hatching success” — and examined whether hatching success differed

with nocturnal illumination (light treatment and lunar effects).



CHAPTER 2

The 1mpact of nocturnal illumination on adult

fitness-related traits of Forsterygion lapillum.

2.1 Introduction

Night-time represents half the lives of organisms, yet we rarely consider effects of nocturnal
illumination on fitness. Light is a significant factor that informs the organisation of the
biological world (Ragni, 2004, Bradshaw and Holzapfel, 2010). The timing, intensity, duration,
direction, and spectra characteristics of natural light provide information to organisms about
the time of day, month, and year, their location, and other characteristics of their environment
(Neff et al., 2000, Ragni, 2004). Variation in light intensity, wavelength, polarization, and
diurnal or seasonal photoperiod influence several facets of fish behaviour (reviewed in
Puvanendran and Brown, 2002), growth, and reproduction (Head and Malison, 2000,
Takemura et al., 2004). Nocturnal illumination, in addition to photoperiod, is therefore an
important source of environmental variation that is likely to affect adult fitness. Changes in
nocturnal illumination can occur naturally monthly (i.e., the lunar cycle) or seasonally (i.e.,
changes in photoperiod throughout the year). Lunar light moves in a predictable window over
the course of a single lunar month spanning 29.53 days, with brightness peaking during the full
moon and third quarter moon phases (Ikegami et al., 2014a, Fukunaga et al., 2020, Tidau et al.,
2021). In addition to natural sources of variation, patterns of nocturnal illumination may be
artificially altered due to human influence (e.g., Artificial light at night — ALAN) (Gaston et
al., 2013).

Many fish share similar fitness-related life history traits such as egg size and the presence of a
larval phase but display great variation in the timing of reproduction between species (Lowerre-
Barbieri et al., 2009). Some fish spawn on a seasonal or daily (circadian) rhythm, using changes
in light:dark ratios and temperature to initiate development to sexual maturity and reproduction
(Koger et al., 1999). Both seasonal and lunar cycles may influence reproductive timing

concurrently (Bushnell et al., 2010, Graham et al., 2021). Some fish spawn year-round in
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regions where environmental conditions remain relatively consistent but still rely upon
environmental cues to trigger reproduction at optimal times (Taylor, 1984). Many fish
(Leatherland et al., 1992) and many other organisms across different taxa reproduce in
conjunction with the lunar cycle (e.g., Clifton, 1997, Connell et al., 1997, Claydon et al., 2014,
Andreatta et al., 2020, Luz et al., 2020, Shima et al., 2020) using lunar light to induce gonadal
maturation, gamete production, and synchronise other reproductive behaviours such as
courtship and spawning (Bhattacharya, 1992, Leatherland et al., 1992, Takemura et al., 2006,
Baker and Dekker, 2008).

Some species rely on darkness as a resource to regulate growth and reproduction (Gerrish et
al., 2009). For these species, consistent patterns in periods of light and darkness are essential
to entraining the endogenous clocks that regulate these processes (Menaker, 1968).
Furthermore, considerable energetic costs may be borne to maintain the metabolic pathways
and sensory organs required to maintain endogenous rhythms (Niven and Laughlin, 2008).
Artificial light - particularly in the form of artificial light at night (ALAN) - may provide
misleading cues or mask cycles of light and dark, disrupting processes that are entrained by
natural shifts in patterns of light (reviewed in Marangoni et al., 2022). This is of particular
concern for organisms occupying highly light-saturated environments. Constant exposure to
low levels of ALAN can reduce metabolic performance, causing fatigue, reduced individual
health, and degradation of body condition (Beck and Gobatto, 2016, Kupprat et al., 2021).
Growth can also be hindered by continued exposure to artificial light, and these impacts vary
depending on ALAN wavelength colour (Head and Malison, 2000). The wavelength of
artificial light can be especially disruptive to certain organisms due to differences in the spectral
sensitivity of receptor organs between species (Gaston et al., 2013). Changing trends in
artificial light wavelength and spectrum towards a broader spectrum of “white” light alter the
colour of sky glow, potentially exacerbating biological impacts in areas of dense human
settlement (Kyba et al., 2012). ALAN can be especially disruptive to organisms with complex
life histories, inhibiting metabolic processes associated with growth, development, and
metamorphosis, causing greater mortality risk and reduced fitness in later phases of life (Geffen
and Nash, 2012, Gaston et al., 2017, Schligler et al., 2021). In species where reproduction is
closely connected with seasonal and environmental cues, disruptions to the strength or timing
of light may interfere with reproductive output and timing, likewise influencing offspring

fitness (Shaffer et al., 2020).
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Understanding the drivers of variation in fitness-related traits is essential to develop insight
into the evolutionary biology and ecology of a particular species within its community.
Individuals must often trade-off energy investment between maintenance of body condition,
somatic growth, or reproduction (Brosset et al., 2016, Zhiegelbecker and Sefc, 2021).
Individual investment choices between these factors can determine the timing, mode, and
outcome of reproduction (Mitterwallner and Shima, 2022). The outcome of the energetic trade-
off contributes to the timing and success of reproduction, which dictates facets of offspring
fitness, and in turn affects patterns of community recruitment, population size, structure,
composition, and genetic variation (Cargnelli and Gross, 1996). Achieving a holistic
understanding of the impact of nocturnal illumination on fitness-related traits is therefore of
paramount importance to explicate factors that shape adult fitness in species with complex life
histories. Despite most fish displaying strong synchronicity in fitness-related processes and
reproductive behaviours, our understanding of how many environmental cues like nocturnal
illumination influence these traits is limited (Lowerre-Barbieri et al., 2011). This is especially
true of lunar illumination, partially due to the general lack of emphasis in research on nocturnal

processes (Park, 1940).

In this study I investigated how nocturnal illumination influences adult fitness-related traits for
a species that exhibits close phenotypic association with environmental cues: the New Zealand
common triplefin (Forsterygion lapillum). 1 conducted a laboratory experiment manipulating
nocturnal illumination for F. lapillum to examine its effects on adult condition, growth, and
reproduction over 3 months. I measured individual body condition before and after the
experiment to assess whether exposure to nocturnal light altered adult body condition over the
experiment. Additionally, I humanely euthanised fish post-experiment and extracted their
otoliths to assess the impact of nocturnal illumination on somatic growth rates (light treatment
and lunar effects). Lastly, I progressively photographed egg clutches laid in experimental tanks
to evaluate the influence of nocturnal illumination on the timing and frequency of reproduction
(light treatment and lunar effects). I explored three questions through this research: 1) Does
nocturnal illumination alter adult body condition? 2) Does growth vary in different conditions

of nocturnal light? 3) How does nocturnal illumination affect reproductive behaviour?
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2.2 Methods

2.2.1 Study species and system

Forsterygion lapillum (the common triplefin) is a small-bodied (Hickey and Clements, 2003,
Feary et al., 2009) temperate fish that is found commonly in rocky reef environments
throughout New Zealand (Wellenreuther and Clements, 2007, Wellenreuther et al., 2008). F.
lapillum are found naturally in densities of 1-6 fish per metre? in cobblestone environments in
the Wellington region (Mensink and Shima, 2014) and feed largely on small invertebrates
(Allen and Robertson, 1994, Fricke, 1994). Common triplefin exhibit close phenotypic
association with environmental factors (Caiger et al., 2021) resulting in differed timing of
breeding seasons across New Zealand. For example, the breeding season in Auckland ranges
from June-January (Francis, 2001, Mcdermott and Shima, 2006) but they may spawn year-
round except for the coldest winter months in the Wellington region (Moginie and Shima,
2018). Common triplefin are thought to be asynchronous daily spawners (Warren, 1990).
During the breeding season, reproductively active males assume a black nuptial colouration
and defend a small cobble territory (~1m?) that may contain several suitable nesting sites
(Wellenreuther and Clements, 2007, Mensink et al., 2014). Males provide a substrate for
nesting that protects eggs from physical disturbance and predation (Thompson, 1979, Francis,
2012) and maximises the ability to attract females (Thompson and Jones, 1983). Common
triplefin display resource-defensive polygyny, where males defend spawning sites and females
travel to forage and find potential mates (Jones, 2013). Females anchor eggs with sticky threads
to the underside of a nesting stone within the successful male’s territory (Thresher, 1984, Feary
and Clements, 2006). Male triplefin then assume sole parental care over offspring until eggs
hatch, usually around 2-3 weeks after laying (Moginie and Shima, 2018). Males court females
using a set of ritualised courtship displays and may guard clutches laid by several different
females at once (Mensink et al., 2014). Males that defend higher quality spawning sites may
display disproportionately high reproductive success, whereas others may not spawn at all
during a breeding season (Jones, 1981). The use of relatively open nesting sites may improve
the ability of males to attract greater numbers of females, and therefore increase the number of
eggs laid in their nests and potential number of offspring (Feary and Clements, 2006). F.

lapillum therefore exhibit strong preference for nesting sites (Thompson and Jones, 1983).
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Other factors such as nest site quality, body size (Tornquist, 2020), and population density can
significantly influence reproductive success for both sexes (Barnett and Pankhurst, 1996).
Female triplefin retain the same colouration year-round, which is indistinguishable from that
of non-reproductively active males (Wellenreuther et al., 2008). Gray and brown are common
colours for female and non-spawning male blennies (Thresher, 1984, Wheeler, 1985, Bohlke
and Chaplin, 1994, Nelson, 1994, Springer, 1998, Myrberg and Fuiman, 2002). “Streaking”
occurs in some species of triplefin, wherein younger cryptically coloured males rush in while
the nest-guarding male is spawning and release their own sperm to attempt to fertilize some of
the eggs (Thresher, 1984). It is possible that this occurs in common triplefin, though this has
not been substantiated. Visual differentiation between non-breeding males and females via
non-lethal means is difficult owing to small size and relatively undifferentiated external
genitalia. It is currently unknown whether reproduction of the common triplefin follows lunar

patterns, or how nocturnal illumination impacts fitness-related traits for adults of this species.

2.2.2 Laboratory experiment

Tank setup and experimental conditions

I used 68 litre food-safe plastic storage containers as tanks for the experiment (645mm length,
413mm width, 397mm height: AP15 Enviro Stacka Nesta 68L - 1223RG; Stowers Containment
Solutions 2010 Ltd). Each tank was fitted with a water in-tube (12mm diameter) and a PVC
downpipe (16mm diameter). Tanks were supplied with continuous flow-through of filtered
seawater. I provided two artificial nesting sites to each tank made from halved unglazed
terracotta flowerpots (Northcote Pottery 12cm diameter, 147.03cm? internal surface area) and
1.5 litres of fine river stone (Garden Highlights, NZ) to emulate a cobble substrate (Fig 2.1A).
Black lids were affixed to tanks, and once these were in place, tanks were entirely opaque to
the passage of light. Black silicone sealant was used to block passage of light around any
fittings. All tanks were threaded with one length of PVC piping (16mm diameter) that was cut
and re-fitted around a length of clear vinyl (12mm diameter). The vinyl housed an LED strip
attached to a bamboo stake. The PVC pipe had nine holes drilled into it at roughly equal
intervals to allow light to shine into the tank (Fig 2.1B). I made additional modifications to
tanks depending on which experimental light treatment they were assigned to; details are

described in the following section.
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Figure 2.1: A) Cross-section of a tank with its lid removed. A water in-pipe was threaded through a hole in one side of the tank with a downpipe
situated opposite allowing a continuous flow-through of seawater. Two artificial nesting sites sat at opposite ends of the tank, and fine river stone
was scattered haphazardly along the tank floor. Two lighting tubes containing vinyl-housed LED strips ran lengthways through lunar treatments —
one for lunar lighting and the other for diurnal lighting. Non-lunar treatments contained only a single diurnal lighting tube. B) Compares the

number of holes drilled into a lighting tube housing lunar LEDs (left) versus a lighting tube housing diurnal light (right).
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Experimental manipulation of light

I assigned tanks to one of four experimental light treatments (n = 5 per treatment, total n tanks
=20): 1) a simulated lunar cycle with luminescence approximating moonlight in clear cloudless
sky conditions (regular lunar treatment); 2) a simulated lunar cycle with luminescence intended
to approximate moonlight under heavy cloud cover (dimmed lunar treatment); 3) no nocturnal

light (dark at night treatment); and 4) constant 24-hour artificial light (24-hr light treatment).

Tanks in the two lunar treatments and the dark at night treatment received the same diurnal
light (24volt LED strip, 10watt/metre, 5000k colour temperature, approx. 75.31ux), which were
setto a 12 hour on/off cycle (7:30am-7:30pm, 12L:12D). For the 24-hr artificial light treatment,
these lights remained on overnight (24L:0D). Due to a change in the LED manufacturing
process during experimental set-up, the lights for this treatment had slightly different
specifications to those of the other three treatments (15watt/metre rather than 10watts/metre).
The increased power input requirement for this strip resulted in brighter ambient light
conditions for this treatment (approx. 150.7lux). Because diurnal light should be even between
treatments (Tidau et al., 2021), I assigned the different set of lights to the 24-hr light treatment

so that the remaining three treatments would receive equal diurnal light.

The two lunar treatments were also threaded with an additional PVC pipe (described in the
previous section) containing LED lights for the lunar lighting system. The specifications for
these LEDs matched those of the diurnal lights, except the colour temperature. The refraction
of sunlight from the moon tends further towards the red end of the visible light spectrum than
sunlight (400-700nm) (Ciocca and Wang, 2013), so I selected LEDs with 4000k colour
temperature to appropriately emulate the colour of moonlight (Forsythe, 1923). Additionally,
only a single hole was drilled into the PVC for lunar lighting tubes, allowing less light to
penetrate the tank to mimic the perceived difference in magnitude of brightness between solar
and lunar light (Fig 2.1B). To dim the lunar light in the dimmed lunar treatment, I affixed a
segment of black duct tape over the hole in the PVC, limiting the light that penetrated the tank.

Tanks in each of the four treatments shared a single strip of LEDs for diurnal or artificial light
(and another single strip for simulated lunar light for lunar treatments). As a result, [ was not
able to randomly assign tanks to treatments, so tanks in each treatment were located adjacent

to one-another in a line.
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The two lunar light programmes were implemented using an APEX lunar simulator module
(A2 APEX base unit AOS 5.10 8F22, APEX lunar simulator LSM: Neptune Systems, Morgan
Hill USA). The simulator was programmed to vary intensity, duration, and timing of
luminescence like that of a natural lunar cycle across the month (Fig 2.2A). The moon rises
and sets during the day at certain phases of the lunar cycle, so during periods of the experiment
lunar treatments received lunar illumination during the daytime as well as at night. Simulated
lunar light was not able to be detected using a HOBOware light logger (Onset, Bourne USA)
(measured as 0lux), so it is unlikely that simulated lunar light had an additive impact on diurnal
light (measured approx. 75.3lux) for the lunar treatments. I measured light readings for
calibration purposes to compare the nocturnal brightness across the lunar cycle for the regular
and dimmed lunar treatments using a Unihedron sky quality meter-LU-DL (Unihedron, Ontario
Canada). Measurements were taken in magnitude per square arcsecond (MPSAS), an
astronomical quantification of surface brightness. MPSAS deals with logarithmic difference in
surface brightness which is constant with distance, whereas lux is calculated using distance and
area. Lux therefore varies significantly depending on proximity to the object that is emitting
light, and so cannot be converted to MPSAS or vice versa. Lower readings constitute greater
object brightness. A decrease of a single MPSAS corresponds to a 2.5x increase in sky
brightness, so 5 magnitudes lower is equal to a 100x increase in brightness. The MPSAS of the
sun averages around -26.7, while the full moon is -12.6, constituting a 408,276.3x difference
in brightness. MPSAS readings of both lunar and diurnal lights provided a reasonably accurate
approximation of the magnitude of difference in sky brightness between day and night-time,
and the regular lunar cycle provided a reasonable approximation of natural variations in lunar

brightness (Fig 2.2B).
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Figure 2.2 A) Magnitude per square arcsecond (MPSAS) by percentage illumination of LED lights in the regular lunar treatment (light purple)
and the dimmed lunar treatment (dark purple). B) Magnitude per square arcsecond (MPSAS) of celestial bodies (Sun, stars, moon) (measurements
obtained from Unihedron (2022) and simbad.u-strasbg.fr. (n.d.)) and lights used in the experiment (Lunar LEDs for the regular and dimmed lunar
treatments, diurnal LED lights).
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Fish collection and maintenance

I collected adult triplefin from Tarakena Bay (41°20'41.24"S, 174°49'14.35"E) on the south
coast of Wellington between December 2021 and April 2022. I aimed to collect 40 males and
120 females. I identified males by the presence of black nuptial colouration and territorial
displays. Triplefin without black colouration were initially assumed to be female, though
(because this is an imperfect indication of sex) I assessed this further upon experiment
completion (described below). I made collections with the aid of snorkel using hand nets. I then
transported fish to the Wellington University Coastal Ecology Lab (WUCEL) alive, segregated
by assumed sex in seawater-filled buckets. Upon arrival at WUCEL, I randomly assigned 2
confirmed males and 6 putative females to each of the 20 experimental tanks. I conducted the
laboratory experiment between May 6™ and August 3™, 2022. I maintained fish on an ad-
libitum diet (consisting of a single whole Mytilus edulis) added to each tank once per week. 1
assumed that this frequency of feeding was sufficient as I routinely found M. edulis tissue
remaining in the tanks by the end of the 7-day period in the weeks prior to experiment
commencement. [ acclimated fish to tanks under ambient light conditions in the laboratory for
at least one week prior to experiment commencement. Upon commencement of the experiment,
I manipulated patterns of nocturnal light for 3 months, and quantified the effects of these
treatments on the body condition, growth, and reproductive behaviour of adult triplefin. After
the experiment, I euthanised the fish using clove oil in accordance with approved VUW Animal

Ethics procedures (AEC 29677) and stored them in 99% ethanol.

Towards the end of the experiment 2 fish had to be euthanised due to an unknown infection (1
from the 24-hr light treatment, 1 from the dark treatment), and a further 8 died suddenly (5
from the 24-hr light treatment, 3 from the dark treatment). Common triplefin typically have a
maximum lifespan of 1-1.5 years (Moginie, 2016). All fish had already reached sexual maturity
prior to the experiment, and I collected many of them in December 2021. Because the
experiment began in May 2022, it is likely that these fish were reaching the end of their natural
lifespan. As fish were euthanised, I replaced them in the tank with members of the same
putative sex that had been acclimated in laboratory conditions for at least one week. This was
to ensure even breeding densities between tanks. I did not replace fish in the final 2 weeks of
the experiment, assuming that exposure to nocturnal light would require time to become
entrained and that this was not likely to be represented if I added fish in the final days of the

experiment. Four fish were also missing by the end of the experiment from the 24-hr light
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treatment. It is possible that these fish somehow escaped experimental tanks, though this is
unlikely as none were found in the sea table surrounding the tanks. The sea table downpipe
was also screened off, and I did not find any fish on the area of floor surrounding the sea tables.
It is possible that these fish reached the end of their natural lifespan, died of natural causes, and
were eaten by their tankmates, but I never found any remains. This is unlikely but not
impossible given that I checked tanks once every 1-3 days so as to minimise disruption to

experimental conditions.

2.2.3 Data collection and analysis

Sexing

As small-bodied fish triplefin are difficult to sex via inspection of external genitalia.
Posthumously, all triplefin changed to a dark black colouration like that of the nuptial
colouration displayed by males. This necessitated extra measures to confirm the number of fish
of different sexes in the experiment. I sexed triplefin using a combination of sighting the
urogenital opening under a dissecting microscope and specimen dissection to confirm
suspected sex internally. After performing 20 dissections I was able to distinguish the
appearance of male and female genital papillae from one another. The female urogenital
opening tended to be larger with a spongy texture and an indistinct opening, whereas the male
urogenital opening was more distinct with a puckered appearance (Fig. 2.3). I was then able to
correctly predict sex in 9 out of 10 attempts based solely on inspection of the genital papilla.
In cases where the genital papilla was indistinct, or I was otherwise uncertain about sex based
on the appearance of the genital papilla alone, I performed dissections to confirm sex. Four

missing fish from the 24-hr light treatment were not able to be sexed.
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Figure 2.3: F. lapillum urogenital openings. A) Shows the spongy female urogenital opening located at the base of the anal rays. B) Exhibits the

puckered male urogenital opening also located at the base of the anal rays.
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Assessing changes in body condition

Fulton’s body condition index (K) (Fulton, 1904) is a non-lethal morphometric index used to
estimate body condition using weight and length measurements of each fish. It assumes that
heavier fish of a certain length are in better condition, with K factors closer to 1 indicating
“normal” condition (Sutton et al., 2000). Prior to experiment commencement, I measured the
wet weight of each fish to the nearest 0.0001g, the standard length (from the base of the caudal
fin to the tip of the snout — SL) and total length (from the tip of the anal rays to the tip of the
snout) to the nearest 0.0lmm using callipers. I used measurements of standard length and

weight to calculate Fulton’s K for each individual as:

Weight(g)
100 *length(cm)?

In early phases of experimental design development, I attempted to tag some triplefin (that
were not used in the later experiment) using visual implant elastomer (VIE) (Northwest Marine
Technology, Washington, USA). Tagging results were mixed, and the dark colouration taken
on by both male and female fish to camouflage with the bottom of the tank made identification
of marks extremely difficult without further invasive procedures. To avoid causing unnecessary
stress to the fish and to apply a consistent approach in identification, I assigned each of the
eight fish in each tank a rank (1-8) based on their standard length (i.e., the largest fish in a tank
was ranked 1, the smallest was ranked 8). Following the experiment, I measured the standard
length (SL), total length (TL), and wet weight (WWT) of each fish again posthumously. I
assumed that any variation in growth rates among fish within a given tank would be unlikely
to influence rank order in their standard lengths. Given this assumption, I used the same system
of ranking from the pre-experimental measurements to estimate the identity of each individual.
I then used post-experimental wet weight and standard length to calculate post-experimental

Fulton’s K for each fish.

I estimated change in body condition by calculating the relative percentage change between

pre-experimental and post-experimental Fulton’s K for each fish (AK).
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Does nocturnal illumination alter adult body condition?

To assess the influence of nocturnal illumination on adult body condition, I built a linear mixed
effects model using the percent change in Fulton’s body condition across the experiment (AK)
as the response variable and light treatment as a fixed effect. This analysis tested the null
hypothesis that the relative change in body condition after 3 months of experimental rearing
did not vary with light treatment. Fish may experience changes in body condition differently
depending on sex (Schoenebeck et al., 2014, Angel et al., 2015) and pre-existing body
condition (Schoenebeck et al., 2014, Bright Ross et al., 2021), so I included sex and pre-
experimental body condition (Pre-K) as fixed effects that may additionally influence AK in the
model. I included tank as a random effect to account for possible variation between tanks in
the same light treatment. I tested all possible combinations of the model terms—main effects
and their interactions—and used AICc (Akaike information criterion) to select the best fitting
model (4/Ccmodavg package, Mazerolle, 2020). The best fitting model included interaction
terms between all three of the fixed effects. I have included the AIC output in appendix A
(Table A1) to illustrate the model selection process that I use in model selection for all analyses

described in this chapter, and in chapter 3.

I analysed this model using a Wald chi-square analysis of deviance test (R Core Team, 2022)
(type I error) to test the significance of main and interaction terms. The interaction terms were
not indicated to influence the response variable, so I re-analysed the model using type II error
due to its superior statistical power in main effects analysis. [ then conducted a linear mixed
effects regression to test the prediction power of linear effects (/me4 package, Bates et al.,
2015) and calculated the marginal R?> (R?m) and conditional R? (Rc) to assess the variance in
the model explained by the fixed effects and the entire model (including both fixed and random
effects) respectively (MuMIn package, Barton, 2022). For categorical fixed effects of statistical
significance, | conducted post-hoc pairwise testing (emmeans package, Lenth, 2022) to test for

differences in body condition between fixed effect groups.

Estimating growth rates

Otoliths (‘ear stones’) preserve a record of daily growth that can be analysed by measuring the

width of each daily growth increment (Shima and Swearer, 2009, Shima and Swearer, 2016).

23



I evaluated otolith microstructure to assess the influence of nocturnal light regime on growth
rates. First, I extracted two (left and right) sagittal otoliths from each fish by cutting a wedge
of skull and cranial tissue from the top of the head, extracting the brain, and removing each
otolith using fine forceps. I cleaned remaining tissue off the otoliths and stored them dry in
centrifuge containers (1ml). I prepared otoliths for microstructure analysis by randomly
selecting one otolith per specimen and mounting it on a lapping disc using a two-part epoxy
resin (EpoThin™2 Epoxy resin 20-3440-032, EpoThin™?2 Epoxy hardener 20-3442-016:
Buehler, Lake Bluff, IL, USA) sulcus side up. Once set, I used 9um lapping film to remove
otolith material by hand until the otolith edge was thin enough to read. I then applied a small
amount of type F immersion liquid (Leica Microsystems CMS) and photographed the rostrum
of the processed otoliths using a camera (Leica DMC4500, Danaher, Washington D.C.)
mounted to a dissecting microscope (Leica DM2500 LED, Danaher, Washington D.C) at the
20x/0.5 objective. Temporal patterns in growth often require time to become entrained. These
patterns may not have been entrained within the first two months of the experiment, so I used
the Otolith M app in Image-Pro Premier v9.3 (Media Cybernetics, Bethesda, Maryland, USA)
to conduct otolith analysis and measure the width (um) of each of the outer 30 growth rings
from the otolith edge — corresponding to growth occurring during the final month of the
experiment. [ corroborated each increment width to the date it was formed, counting back from
the otolith edge, and assigned it the equivalent day of the lunar month (0-29). To ensure that
all otolith measurements were taken from fish during the same window of time, I did not take
growth measurements from fish that were not in the experiment for its entire duration (female
n=4,male n=25). I successfully recorded 30 days of growth measurements for 140 fish (female
n =55, male n = 85). I assigned each otolith a rating from 1-5 based on my confidence in the

accuracy of measurements, with 1 indicating low confidence and 5 indicating high confidence.

Lunar effects.

In the two lunar treatments, I also investigated whether growth varied over the lunar month by
comparing increment width to lunar day. I assigned each day of the lunar month a number
representing its place in the month (0 = new moon, 15 = full moon, 29 = end of the last quarter).
I then allocated an angular equivalent theta (0) to each lunar day by dividing lunar days into
360° (2w radians). I applied sine and cosine transformations of 8 to express the circular-periodic
quality of the lunar cycle following the methods of deBruyn and Meeuwigg (2001). Cosine
describes a phase shift close to 0° (new moon) or 180° (full moon), while the sine term describes

a phase shift around 90° or 270° (first and last quarter respectively). A positive cos coefficient
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would indicate a peak in growth at the new moon, while a negative value indicates a peak at
the full moon. A positive sinf coefficient represents a peak in growth during the first quarter,
while a negative coefficient indicates a peak during the third quarter. I included sin26 and cos26
transformations of the data to investigate whether two peaks growth could be occurring per

lunar month.

Does growth vary in different conditions of nocturnal light?

Light treatment.

I investigated the impact of nocturnal illumination on patterns of adult growth by building a
linear mixed effect model, fitting growth increment width (um) as the response variable with
light treatment as a fixed effect. The analyses based on this model tested the null hypothesis
that the growth increment width over 30 days in the experiment did not vary by light treatment.
Growth may vary between individuals based on sex (Parker, 1992) or body size of the fish
(Day and Taylor, 1997). To account for this possible variation in the model, I included sex and
standard length (SL) as fixed effects. [ also included tank as a random effect to account for
random variation in growth between tanks. My confidence in the accuracy of increment width
measurements also varied, so I assigned the confidence rating of each otolith as an additional
random effect in the model. I then tested all possible combinations of main effects and their
interactions and used AICc scores to select the best fitting model for the data (4/Ccmodavg
package, Mazerolle, 2020). The best fitting model for this analysis included the interaction
terms between all three of the fixed effects (standard length, sex, and treatment). I then
conducted analysis of the model using a Wald chi-square analysis of deviance test (R Core
Team, 2022) (type III) to test the significance of main and interaction terms. I analysed the data
using a linear mixed effects regression (glmmTMB package, Brooks et al., 2017) to elucidate
the prediction power of linear fixed effects. I calculated the marginal R? (R?m) and conditional
R? (R?c) to understand the degree of variance that was explained by the fixed effects and the
entire model (including fixed and random effects) respectively (MuMIn package, Barton, 2022).
Data did not conform to assumptions of normality (based on the distribution of the Q-Q
residuals plot). I performed a log transformation of the data, which improved normality of the
residuals. I therefore report analyses in the results section using the log transformation of the

data.
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Lunar effects.

To elucidate whether adult growth changed across the course of the lunar month, I built a linear
mixed effects model using growth increment width (pum) as the response variable and the lunar
terms; sinf and cosO as fixed effects. Analysis of this model tested the null hypothesis that
growth increment width (um) in lunar treatments did not change across the final lunar month
of the experiment. Following the procedure described in the previous analysis, I included tank
as a random effect to account for possible random variation in a given tank. I also included the
confidence rating for each otolith as a random effect to account for differing confidences in
measurement. [ tested every possible combination of main effects of sinf and cos, with sin26
and cos260 added (representing dual peaks in growth), and lunar treatment, with interaction
terms between lunar treatment and the lunar prediction terms and used AICc to select the best
fitting model (4/Ccmodavg package, Mazerolle, 2020). The best fitting model used only sinf
and cos0 as fixed effects. I then conducted a periodic mixed effects regression (linear-circular)
to analyse this lunar model (glmmTMB package, Brooks et al., 2017). I calculated the marginal
R? (R?m) and conditional R? (R%c) for the data to explain the degree of variance that was
explained by the fixed effects and the entire model (including fixed and random effects)
respectively (MuMIn package, Barton, 2022). Residuals were not normally distributed (as
illustrated by the Q-Q residuals plot), so I performed a log transformation of the data.
Transformation improved normality of the residuals, so I report the results of this analysis using

the log transformation of the data.

Quantifying timing and frequency of reproduction

Triplefin were able to engage in regular breeding and feeding behaviours during the experiment
for 3 lunar months. I assessed reproductive activity three times per week (n sampling dates =
37) by removing nesting sites from tanks and photographing any egg clutches that were present
alongside a ruler for scale. I counted eggs by hand, overlaying a small, coloured dot overtop
each egg in a clutch using Paint.net version 4.3.11 (Fig 2.4). In new clutches, I changed dot
colour for every 50 eggs to acquire an accurate count of clutch size (Fig 2.4A). Once a clutch
was counted, I assigned a colour code to it to distinguish it from any new clutches in the same

nesting site (Fig 2.4B) and tracked the fate of each clutch across the experiment by comparing
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progressive photos and counting the number of eggs lost over time (Fig 2.4C) to maintain

accurate counts as new clutches were continually laid.

Because triplefin spawn seasonally in Wellington in warmer temperatures, I recorded the water
temperature in degrees Celsius (nearest 0.1 degree) using a thermometer each time I conducted
photo sampling. The influence of other environmental cues on reproductive activity was
possible but unlikely given that aquaria were self-contained and external light was blocked

from the tank.
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Figure 2.4: Diagrams depicting my methods for counting common triplefin eggs. A) Shows a freshly laid clutch. Each coloured band represents
a count of 50 eggs, the remaining green band at the bottom contains 35 eggs for an overall clutch egg n = 685. B) Shows a freshly laid clutch
(indicated in rainbow bands, purple band n = 27, total clutch egg n = 327) alongside an older clutch (indicated in pink, n = 382). C) Shows two

older clutches, the fates of which are being tracked alongside one another (indicated in pink and blue, n =97 and n = 211 respectively).
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Because triplefin may spawn multiple times in a single day (Warren, 1990), I was unable to
estimate the number of discrete spawning events that occurred. There were also differing
numbers of females in each tank and the number of days between photograph sampling varied
(2 or 3 days). I therefore estimated reproductive activity of fish in each tank post-experiment

by calculating the average clutch size as:

. Total clutch size
Average clutch size =

nremales*Days between photographs

Lunar effects.

In the two lunar treatments, I assessed whether reproductive output followed lunar patterns by
comparing the number of eggs laid in each reproductive event to lunar day. Following the
methods of deBruyn and Meeuwigg (2001), I assigned the estimated date the clutch was laid a
lunar day corresponding to the day of the simulated lunar month (0 = new moon, 15 = full
moon, 29 = end of the last quarter). I then transformed the data by allocating each lunar day an
angular equivalent; theta (), dividing lunar days into 360° (2n radians). I applied sine and
cosine transformations of 6 to express the circular nature of the lunar cycle. The cosine term
describes phase shifts close to the new moon (0°) or full moon (180°). The sine term describes
a phase shift close to the first quarter (90°) or third quarter (270°). A positive cos6 signifies a
peak in the number of eggs laid at the new moon, whereas a negative coefficient indicates a
peak in the number of eggs laid at the full moon. Conversely, a positive sinf coefficient
signifies a peak in the number of eggs laid during the first quarter, while a negative coefficient
corresponds to a peak in the number of eggs laid during the third quarter. I also performed
sin20 and cos20 transformations of the data to assess whether the number of eggs laid across

the lunar month exhibited dual peaks.

How does nocturnal illumination affect reproductive behaviour?

Light treatment.

To evaluate the impact of nocturnal light on reproductive behaviours, I built a linear mixed-
effects model fitting the average number of eggs per female per day as the response variable
and light treatment as a fixed effect. Analyses of this model tested the null hypothesis that

nocturnal illumination did not influence clutch size across the 3-month experiment. Triplefin
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are seasonal spawners (Francis, 2001, Mcdermott and Shima, 2006, Moginie and Shima, 2018),
so I included water temperature as a fixed effect to account for possible seasonal variation in
spawning activity. I included tank as a random effect to consider random variation in

reproductive behaviours within a given tank.

Spawning data contained a disproportionately high number of zeros. As a result, the assumption
of normality was not met (as evidenced by the residual Q-Q plot). I therefore selected a hurdle
model containing a zero-inflated component and a conditional component (negative binomial
distribution) to analyse the data. The zero-inflated component tested whether the fixed effects
influenced if the response variable was 0 or not, i.e., whether reproductive activity occurred or
not. The conditional component of the model used a negative-binomial distribution and tested
if the fixed effects influenced the distribution of non-zero values of the response variable (i.e.,
if eggs were laid, how many?). The conditional component used log transformations of the data,
improving the normality of residuals (seen in the Q-Q plot of the model given by the DHARMa
package; Hartig, 2022). Because the negative binomial distribution requires that the response
variable be an integer, | reverted to total clutch size as an estimate of reproductive activity for
this analysis. However, the raw count data did not account for differences in the number of
females in each tank or the number of days between photographs. I therefore considered the
number of females in each tank and the days between photographs as possible fixed effects,
using AICc scores to select the most appropriate model (4/Ccmodavg package, Mazerolle,
2020). The model with the lowest AICc score included the number of females as a fixed effect
but excluded days between photographs. I then tested every combination of these main effects
and their interaction terms using the same method previously described. The best-fitting model
included only the interaction term of water temperature and light treatment. It is possible to
specify main effects and interaction terms for both components of the zero-inflated model. To
refine model fit, I tested further combinations of inclusion of the interaction term of water
temperature:light treatment in a single component of the model (zero-inflated or conditional)
or in both. The best-fitting model included the interaction term of temperature and light

treatment only in the zero-inflated portion of the model.

I excluded two tanks from the dimmed lunar treatment and 24-hr light treatment from analyses.
The tank in the dimmed lunar cycle contained only males (and so did not exhibit any
reproductive activity). 3 fish went missing by the end of the experiment in the tank in the 24-
hr light treatment (see methods for possible explanations for this). The missing fish from this

tank meant that I could not be sure of the number of females across the experiment, so I
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excluded it from the model. Another tank in the same treatment was also missing a single fish
at experiment conclusion. I conducted separate analyses of the data assuming that this
individual was male in one and female in the other. Changing the sex of this individual did not
significantly alter results or model fit. [ conducted analyses assuming that this individual was

male so as not to underestimate the possible impact of the number of females in each tank.

I analysed the model by conducting a Wald chi-square Analysis of deviance (type II error) to
assess the significance of fixed effects. This test was only applied to the conditional portion of
the model. I also conducted a generalised linear mixed effects regression (glmmTMB package,
Brooks et al., 2017) to ascertain the influence of the fixed effects on both the zero-inflated and
conditional portions of the model. For categorical fixed effects of statistical significance, I
conducted post-hoc pairwise testing (emmeans package, Lenth, 2022). Likewise, this testing

applied only to the conditional portion of the model (using the model’s logarithmic scale).

Lunar effects.

To investigate the influence of patterns of lunar illumination on the reproductive output of
common triplefin, I built a linear mixed effects model using clutch size (eggs per female per
day) as the response variable. Analysis of this model tested the null hypothesis that the number
of eggs laid during reproductive events did not vary over the course of the lunar month in the
experiment. To account for possible random variation in reproduction between tanks, I selected
tank as a random effect. I fit the two lunar prediction terms; sinf and cos0 as fixed effects to
evaluate the influence of lunar patterns. [ used AICc scores to compare variations of this model
that also included lunar treatment (regular versus dimmed), the lunar prediction terms
accounting for two possible peaks in the number of eggs laid (sin26 and cos20), and interaction
terms between lunar treatment and lunar prediction terms (indicating that the effect of lunar
predictors differ between treatments) as possible fixed effects (4/Ccmodavg package,
Mazerolle, 2020). The best-fitting model included sin20 and cos26 and the interaction terms of
lunar treatment with lunar predictors (sin, cosf, sin26, cos28). I analysed this model using a
linear mixed effects periodic (circular-linear) regression (/me4 package, Bates et al., 2015). |
then calculated the marginal and conditional R? (R?m, R%c) to ascertain the degree of variance
explained by the fixed effects and the overall model (including both fixed and random effects)
accordingly (MuMIn package, Barton, 2022). I performed all statistical analyses in this chapter
using R Statistical Software 4.2.1 (R Core Team, 2022).
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2.3 Results

2.3.1 Nocturnal illumination and body condition

I subjected 163 fish to experimental conditions over the course of 3 months including 96 males
(24-hr light nmank = 3, 3, 4, 4, 5; dark niank = 3, 4, 5, 5, 7; regular lunar nxank = 4, 5, 6, 6, §;
dimmed lunar n#ank = 4, 4, 5, 5, 6), 61 females (24hr light njtank = 2, 3, 4, 4, 6; dark njank = 1, 3,
3, 4, 6; regular lunar niank = 0, 2, 2, 2, 4; dimmed lunar nsank = 2, 2, 2, 3, 4), and 6 individuals
of unknown sex (24 hr light niank = 0, 0, 0, 1, 3; dark niank = 0, 0, 0, 0, 1; regular lunar nsank =0;
dimmed lunar ntank = 0). All tanks contained at least one female, save a single tank in the

regular lunar treatment that was excluded from analyses.

The percentage change in relative body condition (AK) ranged from -33.63% to +27.15%.
Body condition decreased on average by 6.8295% (+SE 0.8120). The change in body condition
did not vary significantly between light treatments (Table 2.1, Fig. 2.5A). Female body
condition decreased to a much greater degree than male body condition (Female mean = SE; -
10.29% + 1.20, male mean + SE; -4.49% + 1.04) (Fig. 2.5 B), constituting a mean reduction in
body condition twice as great as male fish (emmeans pairwise comparison; tizz = 4.970, p

<0.0001).

Fulton’s K of fish prior to the experiment (Pre-K) indicated good average body condition
(Mean + SE, 1.8480 £ 0.01328), ranging between 1.3919K and 2.6144K. As pre-experimental
body condition increased, the relative percentage change in body condition tended to decrease
(Fig 2.5C). The mixed effects model regression estimate indicated that an increase in pre-
experimental Fulton’s K by one unit (1K) resulted in a reduction in body condition of 47.771%.
Conversely, individuals in relatively worse condition showed increases in Fulton’s K over the

experiment.

The interaction terms of Treatment:Sex, Treatment:Pre-K, Sex:Pre-K, and Treatment:Sex:Pre-

K were not of statistical significance (Figure included in Appendix B; Fig. B1).

This model explained approximately 59.8% of the variation in the percentage change in body
condition overall (R%c = 0.5984431). A high proportion of this variation was attributed to the
fixed effects (R*m = 0.4821463).
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Table 2.1: Analysis of Deviance table (Wald Chi-square, type II error) for the model investigating the impact of nocturnal illumination on adult body
condition. The response variable (percentage change in relative body condition; AK) is analysed versus the main effects of pre-experimental Fulton’s
K index for body condition (Pre-K), sex, light treatment, and their interaction terms (Pre-K:Sex, Pre-K:Light treatment, Sex:Light treatment, and Pre-
K:Sex:Light treatment). The table contains model parameters, chi-square test statistics (X?), degrees of freedom (df), and p values. Statistically

significant results (p <0.05) are indicated in bold text.

Parameters X? df p value
Pre-K 131.5246 1 2.2°16
Sex 24.8153 1 6.309°7
Light treatment 0.7537 3 0.8605
Pre-K:Sex 0.3704 1 0.5428
Pre-K:Treatment 0.8806 3 0.8301
Sex:Treatment 2.9070 3 0.4062
Pre-K:Sex:Treatment 5.5259 3 0.1371
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Figure 2.5: A) Mean percentage relative change in body condition (AK) between light treatments with 95% confidence interval. B) Mean percentage
relative change in body condition (AK) between sexes with 95% confidence interval (female n = 61, male n = 96). C) Scatterplot of the percentage

relative change in body condition (AK) versus pre-experimental body condition (K). The plot contains a regression line (blue) = 95% confidence

interval (grey shaded).
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2.3.2 Nocturnal illumination and adult growth

Light treatment.

Daily growth increment width ranged from 0.43um to 6.93um, averaging at 1.4305um (£ SE
0.0097). The three main effects - standard length, sex, and light treatment - showed significant
interaction (Table 2.2, Fig. 2.6), so I present results of the interaction terms over the main
effects. Growth increment width did not vary significantly between sexes within the regular
lunar treatment (Fig 2.6A), but increment width increased as standard length increased. This
was only significantly distinct between the smallest and largest fish (for example, femalest -

41mm mean + SE: 1.1306um + 0.0088, femalesL = 66mm mean + SE: 1.7630um + 0.1009).

Mean increment width size likewise also did not vary between sexes in the dimmed lunar
treatment save for the fish with large standard lengths (Fig. 2.6B). Male growth was equivalent
across body size, but female growth increment width increased as standard length increased.
This resulted in females having wider growth increments than males at large body sizes (male

mean + SE: 1.2997um + 0.0787, female mean + SE: 1.9237um + 0.1134).

Both sex and standard length interacted strongly in the 24-hr light treatment (Fig. 2.6C).
Females had much wider growth increments than males at small body sizes (male mean + SE:
1.1135um + 0.1234, female mean = SE: 2.6303um + 0.0846). The inverse relationship was true
at large body sizes (male mean + SE: 1.6916pum =+ 0.0.0848, female mean + SE: 0.6614um =+
0.0900). For intermediate standard lengths, growth increment width did not differ between
sexes. Lastly, neither sex nor standard length caused variation in growth increment width for

the dark at night treatment (2.6D).

The model explained approximately 37.7% of variation in the data (R?c = 0.3773465), but only
8.48% of variation was explained by the fixed effects (R?m = 0.08482449).

Lunar effects.

Growth increment width did not show any statistically significant relationships to lunar
rhythms (cos8, sinf) (Appendix B; Table B1, Fig. B2). The model explained approximately
13.3% of variation in the data (R*c = 0.1330166), and very little of this variation was attributed
to the fixed effects (R*m = 5.448967%).
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Table 2.2: Analysis of deviance table (Wald Chi-square, type III error) for the mixed effects model with the log width of growth increments (um)
as the response variable and sex, standard length (mm), light treatment, and their interaction terms as fixed effects. The table contains chi-square

test statistics (X?), degrees of freedom (df), and p-values. Statistically significant relationships (p<0.05) are indicated in bold text.

Parameters X2 df p value
Intercept 7.3907 1 0.006556
Sex 0.0153 1 0.901577
Standard length 18.5621 1 1.6455
Light Treatment 224.0990 3 <2.2°1¢
Sex:Standard length 0.0118 1 0.913473
Sex:Light Treatment 103.8785 3 <2.2°16
Standard length:Light Treatment 245.9179 3 <2.2°16
Sex:Standard length:Light Treatment 117.5406 3 <2.2°16
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Figure 2.6: Interaction plots of the model effects (generated by the effects package, Fox and Weisberg, 2018) for mean growth increment width
(with 95% confidence interval) by standard length (mm) for females (blue) and males (red) across light treatments (A: regular lunar treatment, B:

dimmed lunar treatment, C: 24-hr light treatment, D: dark at night treatment).
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2.3.3 Nocturnal illumination and reproduction

Light treatment.

162 reproductive events occurred during the experiment. 18 of these were in the regular lunar
treatment, 14 occurred in the dimmed lunar treatment, 77 occurred in the 24-hr light treatment,
and the remaining 53 were in the dark at night treatment. Water temperature ranged from 11.3
to 17.3°C, decreasing as the experiment progressed during the winter months (Mean + SE;
13.59°C £ 0.052). It is not possible to extract model effects for the zero-inflated portion of the
model and graphically represent them (Brooks et al., 2017). To that end I have not provided
figures for the zero-inflated portion of the model and discuss the results in the context of the
regression output only. The negative estimate for water temperature in the zero-inflated part of
the model (Table 2.3) indicates that reproduction was more likely to occur in warmer
temperatures, however this relationship was marginally not significant. Likewise, greater
numbers of females in a tank increased the likelihood that reproduction would occur, but this
relationship was also marginally not significant. Both the 24-hr light and dark at night light
treatments had significant high likelihood that reproduction would occur. Exposure to lunar
light did not affect the likelihood of reproduction occurring for fish in the lunar treatments. The
only significant interaction term between water temperature and light treatment for the zero-
inflated model was seen in the dark at night treatment. For this treatment, as temperature
increased, the likelihood of reproduction occurring tended to decrease (estimate = SE; 0.9900
+ (0.2420). A total of 70,490 eggs were laid by triplefin in the experiment. 6,039 eggs were laid
in the regular lunar treatment, and 4,288 eggs were laid in the dimmed lunar treatment. The 24-
hr light treatment had the greatest number of eggs laid at 40,959 eggs. The dark at night
treatment had 19,204 eggs laid. Clutch size ranged from 6 to 1753 eggs, with a mean clutch
size of 105.84 eggs (= SE 8.97). In the conditional portion of the model, light treatment
significantly influenced clutch size (Wald X% = 15.2899, p = 0.001585) (Table 2.3, Fig. 2.7A).
The mean clutch size for the regular lunar treatment (Mean + SE; 335.5 +30.14), dimmed lunar
treatment (Mean + SE; 306.29 + 81.56) and the dark at night treatment (Mean + SE; 362.34 +
27.47) did not differ. The 24-hr light treatment had the largest mean clutch size (Mean + SE;
531.94 £+ 35.73). This treatment differed significantly only from the dark at night treatment
(emmeans pairwise comparison 24-hr — dark at night; tess = 3.384, p = 0.0042). Water
temperature and the number of females in each tank did not influence clutch size (Fig. 2.7B-

Q).
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Table 2.3: Output for the zero-inflated negative binomial model assessing variation in clutch size. The table includes estimates, standard errors, z
values, and p values for the zero-inflated portion (fixed effects: light treatment, water temperature, the number of females in each tank, and water
temperature:light treatment) and for the conditional portion (fixed effects: Light treatment, water temperature, and the number of females in each

tank). The regular lunar treatment has been used in the intercept. Significant results (p<0.05) are indicated in bold text.

Model Parameter Estimate Standard error ~ z value p value
Intercept 7.5736 2.5539 2.965 0.00302
Treatment (Dimmed lunar cycle) 2.0354 3.8393 0.530 0.59601
Treatment (24-hr light) -6.8485 3.0416 -2.252 0.02434
Treatment (Dark at night) -14.5771 3.3376 -4.368 1.26%
Zero-inflated Water temperature -0.3193 0.1765 -1.809 0.07047
Number of females per tank -0.2607 0.1357 -1.921 0.05474
Treatment (Dimmed lunar cycle):temperature -0.1519 0.2677 -0.568 0.57036
Treatment (24-hr light):temperature 0.3386 0.2159 1.569 0.11673
Treatment (Dark at night):temperature 0.990 0.2420 4.091 4.29%
Intercept 6.084919 0.714679 8.514 <216
Treatment (Dimmed lunar cycle) -0.052444 0.225513 -0.233 0.8161
Conditional Treatment (24-hr light) 0.390379 0.173947 2.244 0.0248
Treatment (Dark at night) -0.001828 0.185356 -0.010 0.9921
Water temperature -0.027172 0.049625 -0.548 0.5840
Number of females per tank 0.039346 0.036542 1.077 0.2816
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Figure 2.7: A) Mean clutch size (number of eggs) in each light treatment with 95% confidence interval. B) Scatterplot of clutch size (number of
eggs) versus water temperature (degrees Celsius). C) Scatterplot of clutch size (number of eggs) versus the number of females in each tank. The

relationships in B and C were not of statistical significance (linear mixed effects regression p>0.05), so no regression lines have been fitted.
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Lunar effects.

I observed 32 reproductive events across three lunar months in the lunar treatments (regular
lunar cycle n = 18, dimmed lunar cycle n = 14). Eggs per female per day in the regular lunar
treatment ranged from 20.1 to 106 eggs (Mean + SE; 53.4 + 6.16). The range for the dimmed
lunar treatment was 1.5 to 217 eggs per female per day (Mean + SE; 60.2 + 16.6). The average
number of eggs per female per day differed between treatment groups, but this relationship was

marginally not significant (Table 2.4, Fig. 2.8A, B).

The sin6, cosB, sin26, and cos20 terms alone were not sufficient to describe patterns in
reproductive activity, but the interaction terms of lunar treatment with sinf, cos, sin26 were
significant. The regular lunar treatment showed significant peaks in the number of eggs per
female per day during the first and third quarter moons (Fig. 2.8 A). Conversely, the dimmed
lunar treatment showed asymmetrical peaks in the number of eggs per female per day just after
the full moon, and just before the new moon (Fig. 2.8B). Two data points in the dimmed lunar
treatment were significantly larger than others, and consequentially held a great degree of sway
over the results. When these data points were removed, the pattern in the number of eggs laid
mimicked that of the regular lunar treatment. These reproductive events were from the same
experimental tank. The model overall explained 54.66% of variation in the average number of
eggs per female per day (R%c = 0.5466143), and 27.18% of the variation was attributed to the
fixed effects (R*m = 0.2718274). Removal of these large data points eliminated the variation
caused by the random effects (R?c = 0.2850162, R?’m = 0.2850162) indicating these two points
explained the large degree of variation introduced by tank as a random effect. However, I am
confident that these outliers were not the result of an error in data collection, so I present the

results with outliers included.
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Table 2.4: Periodic mixed effects regression output of the average number of eggs per female using lunar phase terms, light treatment, and the
interaction terms as fixed effects. The regular lunar treatment was used as the intercept. The table contains a list of parameters, the estimate,

standard error, degrees of freedom (df), t studentized residual test statistic, and p values. Significant results (p <0.05) are indicated in bold text.

Parameter Estimate Standard error df t value p value
Intercept 40.190 28.497 13.093 1.410 0.1818
CosH -12.271 26.665 17.117 -0.460 0.6512
Sin6 -18.536 34.461 18.774 -0.538 0.5970
Cos20 -2.154 16.352 17.297 -0.132 0.8967
Sin26 -22.675 29.755 20.387 -0.762 0.4547
Light treatment (Dimmed lunar) 83.661 42.251 12.908 1.980 0.0694
Light treatment (Dimmed lunar):Cos0 96.654 43.829 21.970 2.205 0.0382
Light treatment (Dimmed lunar):Sin0 124.762 47.252 21.694 2.640 0.0150
Light treatment (Dimmed lunar):Cos260 -18.828 24.692 17.599 -0.762 0.4559
Light treatment (Dimmed lunar):Sin20 | 125.375 44.594 21.729 2.811 0.0102
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2.4 Discussion

Does nocturnal illumination alter adult body condition?

Nocturnal illumination did not significantly impact changes in adult body condition over the
course of the experiment, but females experienced a much greater relative reduction in body
condition than males. The energetically expensive process of reproduction is often borne to a
higher degree for females than males because eggs require more energy to produce than sperm
(Trivers, 1972, Roff and Fairbairn, 2007, Hayward and Gillooly, 2011). At times in order to
meet the energetic costs associated with reproduction, females must sacrifice other
energetically expensive processes to maintain personal body condition (Abrahams and Dill,
1989). The greater relative decrease in the body condition of females may be reflective of serial
depletion of energetic resources over the course of the reproductive season. Triplefin with
better prior body condition also experienced deterioration of body condition during the
experiment, while fish with worse prior body condition improved in condition. Fish
reproductive energy and fecundity is directly influenced by weight and body length (Barneche
et al., 2018, Mu et al., 2021), and individuals that accumulate greater energetic reserves prior
to reproduction tend to experience greater reproductive success (Clark et al., 1994, Johnston et
al., 2007). Triplefin with better body condition prior to experiment commencement may have
been better equipped to divert resources towards reproduction, resulting in an erosion in body
condition across the experiment. Conversely, fish with worse body condition may have elected

to invest resources into improving body condition over reproducing.

Does growth vary in different conditions of nocturnal light?

Interactions of nocturnal illumination, sex, and body size yielded distinct differences in growth.
This was most pronounced for fish in the 24-hr light treatment. Small females in the 24-hr
treatment showed significantly increased growth in comparison to large females in the same
treatment. Greater nocturnal brightness can increase rates of feeding and reproduction
(Donelan and Trussell, 2020). Day and Taylor (1997)’s model for growth asserts that small fish

preferentially allocate energy towards growth, and large fish tend to invest energy in
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reproduction. The modified female growth rates across body size in this treatment could
therefore be a function of shifting investment choice from growth to reproduction
(Mitterwallner and Shima, 2022) as body size increased. Males in this treatment showed the
opposite relationship. In some species, large body size provides an advantage in territoriality
and food acquisition against conspecifics with smaller body sizes (Rhodes and Quinn, 1998,
Szabo, 2002). Furthermore, common triplefin display resource-defensive polygyny (Jones,
2013), and large males tend to occupy larger, superior nesting territories, netting greater
reproductive success (Tornquist, 2020). The contrasting sex effects of body size on growth for
males in the 24-hr light treatment may be attributed to increased competitive ability at larger
body sizes since nest size was uniform. In direct contrast to the 24-hr light treatment, fish in
the dark at night treatment did not show any changes in growth across body sizes or between

sexes, implying that no energetic trade-offs were occurring between reproduction and growth.

Growth rates in the regular lunar treatment did not differ between sexes but increased with
body size. Following the increased growth for males in the 24-hr light treatment, this suggests
that larger fish may have had an advantage in feeding over smaller-bodied conspecifics. It is
possible that fish in this treatment also preferentially allocated energy towards growth over
reproduction. This pattern was mirrored for females in the dimmed lunar treatment, however,
males with large body sizes in this treatment exhibited less growth than females of the same
size. Growth also did not follow lunar patterns for fish in the lunar treatments. Apparent lunar
behaviours are the result of responses to lunar behaviours of another species in the environment
(Schmoker et al., 2012, Ikegami et al., 2014Db). It is possible that triplefin may have apparent
lunar growth in field settings, but that the removal of triplefin from the ecosystem erased any
possible lunar patterns. Supporting this, the feeding schedule of triplefin in the experiment did
not conform to lunar patterns. Transferring an organism to a laboratory setting in absence of
the natural lunar cycles of behaviour of predators and prey in the ecosystem may therefore

remove the influence of lunar cycles on species growth.

For each model, the fixed effects explained only a small portion of variation in growth (approx.
1%<to 9%), and a much larger portion of variance was explained by the random effect of tank
(approx. 13% to 30%). This indicates that while light treatment may have influenced adult
growth rates, it is much more likely that factors unmeasured during the experiment influenced
adult growth rates to a much greater degree than fixed effects captured in the models. For
example, I did not assess possible competitive interactions during the experiment or evaluate

the impact of fish density in each tank on growth. A factor that should also be considered when
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interpreting these results is that I only conducted growth analyses of the last month of growth
rings to account for a lag in entrainment after exposure to experimental conditions. However,
including the first two months of growth and comparing growth over time would have given a
clearer understanding of what long-term patterns in growth and entrainment may have occurred
if the extent of my data collection had not been limited by time constraints. Likewise, |
concluded that growth patterns did not follow lunar patterns, but only a single reproductive
event occurred in either treatment during the final month of the experiment. It was therefore
not possible for me to conclude whether growth rates varied in response to reproductive events
over the lunar month. These results highlight the complexity of factors determining growth and

emphasises the need for further research into this subject.

How does nocturnal illumination affect reproductive behaviour?

In the regular lunar treatment, the number of eggs laid across the lunar month exhibited semi-
lunar peaks around the first and third quarter moons. Melatonin is thought to be the hormone
responsible for the chemical control of lunar-entrained reproduction (Takemura et al., 2004),
that also controls the sleep/wake cycle. The perception of bright lunar light supresses melatonin
accumulation in the brain, resulting in reduced concentrations of melatonin in bright nocturnal
conditions (Andreatta et al., 2020). This can cause increased wakefulness and vigour of some
behaviours, such as feeding or swimming (Ikegami et al., 2014b, Kupprat et al., 2020). Fish in
the dimmed lunar treatment followed asymmetric semi-lunar patterns in the number of eggs
laid, showing peaks just after the full moon and just before the new moon. It is likely that fish
with lunar synchronization perceive changes in moonlight and use this information to adjust
the timing and output of reproductive behaviour (Fukunaga et al., 2020). The dimmed lunar
treatment reached a maximum brightness at the full moon comparable to the first few days of
the simulated new moon in the regular lunar treatment. The degree of change in luminescence
for this treatment was thus more subtle than in the regular lunar treatment. This may have
caused smaller-scale changes in melatonin accumulation over the lunar cycle, confusing
responses in reproductive output. Furthermore, all variation introduced by tank as a random
effect was attributed to two large outliers in this treatment. The data without these points
appears to conform to a semi-lunar pattern exhibiting peaks at the first and third quarter moons.

However, I am confident that these outliers were not due to errors in data collection, so I have
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interpreted the results with these points included. Due to the influential nature of these points,
my results for lunar effects in the dimmed lunar treatment should be interpreted with caution.
Additionally, even within species that show strong lunar rhythmicity in reproductive timing,
individual variation is still seen in the duration of reproduction, the abundance of offspring,
and the frequency of reproductive events (Luz et al., 2020, Neely and Butler, 2020), so the
relative strength of lunar patterns within the experiment may have been influenced by factors
not accounted for in my model. This is reflected by the weak-moderate amount of variance in
clutch size that was explained by lunar effects (~27%). Fish exposed to unnatural conditions
of nocturnal light (i.e., 24-hr light or complete darkness) were significantly more likely to
reproduce than fish in the lunar treatments. In species that utilise environmental cues to
synchronise reproduction, shifts in the timing or strength of cues determine reproductive timing
and output (Shaffer et al., 2020). If the reproductive output of common triplefin peaks in
conditions of intermediate brightness, being kept in perpetual conditions that cause high or low
melatonin accumulation could inundate the triplefin brain with confused environmental signals,
inducing continual readiness to breed. This would increase propensity to reproduce in contrast
to populations experiencing natural cycles of luminescence. Furthermore, fish in the 24-hr light
treatment laid more eggs on average than fish in the dark at night treatment. As previously
discussed, increased conditions of brightness (and lowered melatonin accumulation) can
increase feeding, growth, and reproduction (Hernandez-Ledn, 2008, Kupprat et al., 2020). That
average clutch size only differed between the 24-hr treatment and the dark at night treatment
(but not between the two lunar treatments and the 24-hr light treatment or the dark at night
treatment) suggests that conditions of increased nocturnal brightness may increase the

reproductive output of common triplefin.

Reproductive activity was not significantly influenced by water temperature during the
experiment. Triplefin are seasonal breeders, reproducing preferentially during the summer
months in Wellington (Francis, 2001, Mcdermott and Shima, 2006, Moginie and Shima, 2018),
so it was surprising that temperature did not impact the likelihood of breeding occurring, or the
number of eggs laid. It is possible that seasonal windows of reproduction in wild triplefin are
programmed by photoperiod rather than temperature, as triplefin in the laboratory experiment
(save for the 24-hr treatment) were exposed to an unchanging cycle of 12-hr light between
7:30am and 7:30pm. The number of females in each tank also did not significantly influence
the likelihood of reproduction, or the average number of eggs laid in each clutch. The

reproductive success for both sexes of triplefin is significantly influenced by population density
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(Barnett and Pankhurst, 1996), but triplefin also exhibit female mate selection (Feary and
Clements, 2006, Mensink et al., 2014). An increased ratio of male:female triplefin may have
mitigated possible impacts on reproductive behaviour by increasing the number of suitable

mating candidates for females to choose from.

Conclusion

My results demonstrate the importance of assessing influences of nocturnal illumination when
investigating determinants of adult fitness-related traits for species with complex life histories.
Altered patterns and intensity of nocturnal light can mediate energetic investment choices.
Furthermore, traits associated with fitness can have significant consequences on reproductive
success and survival of adults in a breeding population. While my results indicated that
nocturnal illumination impacts fitness-related traits of F. lapillum such as growth and
reproduction, I cannot identify the mechanisms underlying these effects with certainty.
Additionally, the extent to which these patterns present themselves in wild populations cannot
be extrapolated from my laboratory study. These added considerations merit further study.
Characteristics of the physical environment are highly dynamic and can significantly modify
adult fitness. Further empirical and theoretical research is required to develop a holistic

understanding of the influences and effects of nocturnal illumination on adult fitness.
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CHAPTER 3

The influence of nocturnal illumination on fitness-
related traits for offspring of Forsterygion
lapillum.

3.1 Introduction

During early stages of life history and development, juveniles have a significantly narrower
margin of tolerance for changes in environmental conditions than adults (Septriani et al., 2021).
Embryonic development is a particularly sensitive and complex process that is influenced by
factors such as temperature (Guma'A, 1978, Kilambi and Galloway, 1985, Hamel et al., 1997,
Kaminski et al., 2006, Korwin-Kossakowski, 2012, George and Chapman, 2013), predator
presence (Godoy et al., 2021), photoperiod (Martin-Robles et al., 2012), exposure to metabolic-
enhancing acids (Francis et al., 2012), and pH (El-Fiky, 2002). Embryonic development tends
to follow the same pattern for most fish, but unique differences in the timing of organ
differentiation and morphology are apparent at distinct developmental stages for different
species (Jafari et al., 2010). Variation in the shape, structure, and length of embryonic
development can also influence the changes of embryo survival to hatching (Pearson and
Warner, 2018), which consequently dictates the starting resources and conditions an individual
will encounter with it enters the larval phase. Additionally, experiences in early development
phases can have long-lasting “carryover” effects that shape fitness in later stages of life
(Giménez and Anger, 2001, Fopp-Bayat et al., 2021). Furthermore, physiological and
developmental changes that occur during embryonic to larval ontogeny (Penaz, 2001) cause
variation in phases of growth and differentiation (Osse and Van den Boogaart, 1995, Wieser,
1995, Osse et al., 1997). In early phases of life history, exposure to varied intensities and
wavelengths of light can cause increased energy consumption and accelerate growth (Septriani
et al., 2021), modifying development length and duration of hatching (Briining et al., 2011).
Light is interpreted in the pineal gland of the fish embryo (Forsell et al., 1997). Pineal

photoreceptors can differentiate before retinal cells during embryonic development (Ekstrom

49



and Meissl, 1997) and are specifically adapted to detect variation in luminescence (Meissl and
Ekstrom, 1988, Kusmic et al., 1993). The pineal organ plays a key role in the entrainment of
endogenous rhythms and influences metabolism, growth, and endocrine regulation during early
ontogeny (Ekstrom and Meissl, 1997). Furthermore, early differentiation of pineal neurons is
foundational to establishing neural patterns in the brain (Wilson and Easter, 1991) that interpret
environmental stimuli and synchronise hatching activity in favourable environmental
conditions (Yamagami et al., 1988, Forsell et al., 1997). Eye development and maintenance is
a particularly metabolically costly process during early development, constituting an estimated
15% of resting metabolism for fish weighing less than 1 gram (Moran et al., 2015). As the
pineal gland — a precursor to ocular development involved in light perception — is impacted by
light exposure during embryonic development, it is conceivable that eye development is also
influenced by light exposure. The rate of eye development could also theoretically alter other
facets of development and hatching success. Hatching occurs once the embryo has reached a
size where the energy required to maintain respiration exceeds the capacity for oxygen to
diffuse through the egg envelope (Fuiman, 2002). Light can impact hatching activity uniquely
between species (Korwin-Kossakowski, 2012). In some cases, exposure to light accelerates
and synchronises hatching activity (Downing and Litvak, 2002), but delays development and
hatching in others (Helvik and Walther, 1992, Helvik and Walther, 1993b, Helvik and Walther,
1993a), and can reduce hatching success (Arambam et al., 2020). Conversely, the
embryogenesis of some species is not affected by variations in light at all (Iglesias et al., 1995).
Despite the apparent and varied impacts of light on the length and success of embryonic
development, the exact mechanisms underpinning these differences are still poorly understood,
particularly in the context of lunar illumination. There is a developing body of literature
addressing the important role that moonlight plays in regulating patterns of larval growth and
development for fish (Hernandez-Leo6n, 2008, Shima et al., 2018, Shima and Swearer, 2019,
Shima et al., 2021), but these same considerations are conspicuously absent for the embryonic
stage. The length, structure, and success of this phase influences the fitness of an individual
during the larval phase, and consequently its ability to survive to adulthood and reproduce
(Jonsson and Jonsson, 2014). Individual fitness of embryos consequently affects larval fitness
and therefore larval recruitment and the size, genetic variation, and composition of the
community (Cargnelli and Gross, 1996). Building a detailed knowledge of the impacts of
nocturnal illumination on fitness-related traits for offspring is essential to understanding how
development and survival are shaped during early life phases, and what implications these

influences have for fitness in later stages of life.

50



In this study, I evaluated the influence of nocturnal illumination on fitness-related traits for
embryos in the New Zealand common triplefin (Forsterygion lapillum). 1 conducted a
laboratory experiment that manipulated nocturnal illumination for 3 months and examined the
effects of light treatment on the length and structure of embryonic development of F. lapillum
embryos. Furthermore, I tracked the fate of clutches laid during the experiment to assess the
influence of nocturnal illumination on the survival of embryos to hatching, i.e., the “hatching
success” of each clutch. I investigated two questions through this study: 1) How does nocturnal
illumination influence the duration and structure of embryonic development? 2) Does exposure

to nocturnal light impact hatching success of embryos?

3.2 Methods

3.2.1 Study species and system

Forsterygion lapillum (the New Zealand common triplefin) is a small-bodied temperate fish
that is found commonly in rocky reef environments throughout New Zealand (Wellenreuther
and Clements, 2007, Wellenreuther et al., 2008). Common triplefin are most reproductively
active between August and December in the Wellington region but may spawn year-round,
excluding during the coldest winter months (Francis, 2001, Mensink et al., 2014, Moginie and
Shima, 2018).

Triplefin lay small, hemi-spherical eggs that are anchored to the underside of a nesting site
with sticky threads by the female during spawning (Thresher, 1984). Male triplefin provide
sole parental care and brood eggs inside the nest until hatching after approximately 20 days
(Paulin and Roberts, 1992). Little is known about the development of common triplefin
embryos in the egg, or about which factors determine the length, structure, and success of
embryonic development. After hatching, larvae are planktonic (Watson, 2009), inhabiting
shallow coastal waters until juvenile settlement in algal environments. Please see section 2.2.1

for more information on adult reproductive behaviours.
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3.2.2 Laboratory experiment

I conducted a 3-month experiment manipulating nocturnal illumination to assess its influences
on embryonic development and hatching success. Please see section 2.2.2 for detailed

descriptions of tank set-up, light specifications, adult collection, and maintenance.

In brief, I collected adult F. lapillum from Tarakena Bay (41°20'41.24"S, 174°49'14.35"E) on
the south coast of Wellington between December 2021 and April 2022 with the aid of snorkel
and hand nets. I then transported the fish live to the Wellington University Coastal Ecology
Lab (WUCEL) and randomly assigned them to one of 20 tanks. Tanks were assigned to one of
four nocturnal light treatments for the duration of the experiment (May 6™ — August 3, 2022).
I assigned 5 tanks each to the following four light treatments: 1) a simulated lunar cycle
approximating moonlight in clear and cloudless conditions (regular lunar treatment), 2) a
simulated lunar cycle with illumination intensity intended to approximate nocturnal conditions
of heavy cloud cover (dimmed lunar treatment), 3) no nocturnal light (dark at night treatment),

and 4) constant 24-hour artificial light (24-hr light treatment).

Fish were able to participate in regular feeding and breeding behaviours over the duration of
the experiment. I collected estimates of embryonic development and survival (“hatching
success”) from eggs laid during the experiment to evaluate the influence of nocturnal

illumination on fitness-related traits for offspring of common triplefin.

3.2.3 Data collection and analysis

Quantifying duration and structure of development

To quantify length and structure of embryonic development, I took photographs of egg clutches
alongside a ruler for scale three times per week throughout the course of the experiment,
counted them, and tracked their fates (details of this are included in section 2.2.3). Triplefin
are daily spawners and sometimes spawn several times within the same day (Warren, 1990),
s0 it was not possible to accurately stage embryos within the same “clutch” (i.e., the cohort of
eggs that had been laid between photograph sampling). I did not take photographs of clutches

at a higher frequency so as not to disturb the reproductive activity of adults in the experiment.
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This meant that the date that eggs were laid and hatched fell within a window of 2-3 days. I
therefore estimated the date that each clutch was laid as the first day that the clutch was
recorded photographically. Using this estimated date, I recorded the water temperature at
laying for each clutch. I measured temperature using a thermometer to the nearest 0.1 degree
Celsius. I estimated the egg diameter for each clutch using ImageJ (ver. 1.53u). I calibrated the
scale for each image using the ruler photographed alongside the clutch. I then haphazardly
selected 10 eggs and took two diameter measurements for each. I averaged these to acquire a
single diameter measurement and calculated the egg diameter for the clutch (mm) by averaging
the 10 diameter measurements for each clutch. Some clutches contained fewer than 10 eggs (n
= 2). For these, | measured all present eggs and estimated egg diameter for the clutch from

these measurements.

I estimated the date of eye development as the first day that eye spots became visible for any
part of the clutch. Hatching activity often occurred over a period of one to several days. I
estimated hatch date as the first date that hatching activity was observed (after eye development
had occurred). This was usually signified by the presence of clear “empty” egg casings in place
of eggs containing fully developed larvae. I estimated the length of eye development (zeyc) by
subtracting the estimated date of eye development from the estimated date of clutch laying. |
estimated the total duration of embryonic development (#Hatch) by subtracting the estimated date
of hatching from the estimated date of laying. To quantify the structure of development in
differing conditions, I calculated the proportion of development required for eye synthesis

(PEye) as:

PEye =
Hatch

A proportion closer to 0 indicates a very quick eye synthesis with a longer interval of
development before hatching. A proportion of 1 would indicate that hatching started as soon

as eye development had occurred.

53



Lunar effects.

In the two lunar treatments, [ also investigated whether embryonic development duration varied
at different times of the lunar month. Following the methods of deBruyn and Meeuwigg (2001),
I assigned the corresponding day of the lunar month to the estimates for the date of laying, the
date of eye development, and the date of hatching (0 = new moon, 15 = full moon, 29 = end of
the last quarter). Each day was allocated an angular equivalent (8) by dividing the lunar day by
360° (2x radians). I then transformed 6 by sine and cosine to express the circular quality of the
lunar cycle. The cosine term relates to phase shifts corresponding to 0° (new moon) or 180°
(full moon), and the sine term relates to phase shifts occurring near 90° (first quarter) or 270°
(last quarter). A significant positive cosd would correspond to a peak in the response variable
around the new moon, while a negative value indicates a peak at the full moon. Conversely, a
positive sinf describes a peak in the response variable at the first quarter, while a negative value
corresponds to a peak during the third quarter. I also conducted cos26 and sin20 transformations
of the lunar date data for estimated dates of laying, eye development, and hatching to assess

the possibility of dual peaks in development duration across the lunar month.

How does nocturnal illumination influence embryonic development?

Evye development.

I investigated the influence of nocturnal illumination on the duration of eye development of
embryos by building a linear mixed effects model, fitting duration of eye development (Zeyc) as
the response variable and light treatment as a fixed effect. The analysis of this model tested the
null hypothesis that the length of eye development did not vary between nocturnal light
treatments. I assigned tank as a random effect to account for non-independence introduced for
the breeding population within a given tank. Water temperature alters embryonic development
(Guma'A, 1978, Kilambi and Galloway, 1985, Kaminski et al., 2006, George and Chapman,
2013), so I included the water temperature for the estimated date of laying as a fixed effect. |
compared model fit including the interaction term of water temperature and light treatment and
used AICc to select the best fitting model for the data (4/Ccmodavg package, Mazerolle, 2020).
The best fitting model excluded the interaction term. I then conducted analysis of the model

using a Wald chi-square analysis of deviance test (R Core Team, 2022) (type II) to test the
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significance of main effects and analysed the data using a linear mixed effects regression

(glmmTMB package, Brooks et al., 2017).

I calculated the marginal R? (R?m) and conditional R? (R%c) to ascertain the degree of variance
in eye development explained by the fixed effects and the overall model (including random
effects) (MuMIn package, Barton, 2022). I conducted post-hoc testing between groups for
statistically significant discrete fixed effects (emmeans package, Lenth, 2022).

Structure of embryonic development.

I examined the impact of nocturnal illumination on the structure of embryonic development by
building a linear mixed effects model, using the proportion of embryonic development taken
to synthesise eyes (Peye) as the response variable and light treatment as a fixed effect. This
model tested the null hypothesis that the structure of embryonic development did not vary
between light treatments. I selected tank as a random effect to consider random variation in
development structure within a given tank. [ included water temperature as a fixed effect to

account for seasonal influences in development structure.

I assessed the fit of all possible combinations of the main effects and their interaction terms
and used AICcs to select the best fitting model (4/Ccmodavg package, Mazerolle, 2020). The
best-fitting model excluded interaction effects. I analysed this model using a Wald chi-square
analysis of deviance test (R Core Team, 2022) (type II) to test for significant relationships to
the main effects. [ also conducted a linear mixed effects regression (glmmTMB package, Brooks
et al., 2017) to gather model parameter estimates. I assessed the amount of variance in
development structure that was explained by the fixed effects and the total model (including
fixed effects) by calculating the R? (R?m) and conditional R? (R%c) (MuMIn package, Barton,
2022). For predictors of statistical significance, I conducted post-hoc pairwise comparison

testing (emmeans package, Lenth, 2022).

Total development duration.

Lastly, to assess the impact of nocturnal illumination on overall development length I built a
linear mixed effects model, fitting the total duration of embryonic development (fHatch) as the

response variable and light treatment as a fixed effect. This model tested the null hypothesis
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that the length of embryonic development did not vary between light treatments. I included
tank as a random effect in the model to account for random variation in development length
within each tank. Following prior models detailed in this section, I selected water temperature
at the estimated date of laying as a fixed effect to consider possible seasonal variation in
development length. I also fit the proportion of development taken to synthesise eyes (Pgyc) as
a fixed effect to ascertain whether the structure of development influenced its duration. I
compared AICc values for all possible model combinations of main effects and their interaction
terms and used the lowest value to select the best-fitting model (4/Ccmodavg package,
Mazerolle, 2020). The best-fitting model excluded all interaction terms. I then analysed the
model using a Wald chi-square analysis of deviance test (R Core Team, 2022) (type II) to test
the significance of the main effects. I conducted a linear mixed effects regression (glmmTMB
package, Brooks et al., 2017) to acquire parameter estimates for the model. I evaluated the
degree of variance in development length explained by the main effects and the total model
(including random effects) by calculating the R?> (R?m) and conditional R? (R%c) (MuMin
package, Barton, 2022). I conducted post-hoc pairwise comparison testing (emmeans package,
Lenth, 2022) for statistically significant discrete predictors to investigate the strength and

direction of relationships.

Lunar effects on embryonic development

Eye development.

To investigate the role of lunar illumination in shaping the development of eyes for embryonic
triplefin, I constructed two linear mixed effects models. The first fit the duration of eye
development as the response variable and the lunar predictors (sinf, cosf) for the estimated
lunar day of laying as fixed effects. This model tested the null hypothesis that duration of eye
development did not vary with the lunar time of the month at clutch laying. I fit tank as a
random effect to consider random variation within a given tank. I considered dual-peak lunar
predictors (sin260, and cos20) and lunar treatment (regular versus dimmed) as possible fixed
effects and used AICc scores to test all combinations of main effects and their interaction terms
(AICcmodavg package, Mazerolle, 2020). The best fitting model only used the main effects of

sin0 and cos0 and excluded interaction terms.

The second model fit the duration of eye development as the fixed effect and the lunar

predictors (sinf, cos0) for the estimated date of eye development as fixed effects. This model
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tested the null hypothesis that the length of eye development did not vary with the time of the
lunar month when eye development was estimated to occur. To consider random variation in
eye development within a tank, I included tank as a random effect. I considered lunar predictors
indicating dual peaks in eye development length (sin20, and cos20) and lunar treatment (regular
versus dimmed) as possible fixed effects, then used AICc scores to test all possible
combinations of main effects and their interaction terms (4/Ccmodavg package, Mazerolle,
2020). The best fitting model used sinf, cosO, sin26, and cos20, and excluded lunar treatment

and interaction effects.

I analysed both models using Wald chi-square analysis of deviance tests (R Core Team, 2022)
(type II) to assess the significance of the main effects and conducted periodic (linear-circular)
mixed effects regressions (/me4 package, Bates et al., 2015) to attain parameter estimates for
each model. I also evaluated the degree of variance in eye development length explained in
each model by calculating the R? (R?’m) and conditional R? (R%c) (MuMIn package, Barton,
2022), which describe the variation explained by the main effect and total model (including

random effects).

Development duration.

To assess the role of lunar illumination in determining the length of embryonic development, I
constructed two linear mixed effects models. The first fit the length of embryonic development
as the response variable and the lunar terms (sin6, cos0) for the estimated lunar day of laying
as fixed effects. This model tested the null hypothesis that the length of embryonic development
did not vary depending on the time of the lunar month that eggs were laid. To account for
random variation in development length between tanks, I included tank as a random effect. I
considered the inclusion of dual-peak lunar predictors (sin26, and cos26) and lunar treatment
(regular versus dimmed) as possible fixed effects and evaluated the fit all possible model
combinations of main effects and their interaction terms using AICc scores (AICcmodavg

package, Mazerolle, 2020). The best fitting model only included sinf and cos6 as main effects.

The second model fit the length of embryonic development as the response variable and the
lunar terms (sinf, cos0) for the estimated lunar day of hatching as fixed effects. This model
tested the null hypothesis that the length of eye development did not vary with the time of the
lunar month when hatching was estimated to occur. I accounted for random variation in

development length between tanks by including tank as a random effect. I also considered lunar
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predictors indicating two possible peaks in development length during the month (sin26, and
c0s20) and lunar treatment (regular versus dimmed) as possible fixed effects and conducted
model comparison of all possible main effects and their interactions using AICc scores to select
the best-fitting model (4/Ccmodavg package, Mazerolle, 2020). The best fitting model used

sin0, cosb, sin26, and cos26 terms, and excluded lunar treatment and interaction effects.

I then analysed both models using Wald chi-square analysis of deviance tests (R Core Team,
2022) (type II) to test the significance of the main effects and obtained parameter model
estimates using periodic (linear-circular) mixed effects regressions (/me4 package, Bates et al.,
2015). T assessed the variance explained in each model by the fixed effects and total model
(including random effects) by calculating the R? (R?m) and conditional R? (R%c) (MuMIn
package, Barton, 2022).

Assessing hatching success

I tracked the fate of eggs in each clutch across the course of the experiment by counting the
number of eggs lost between each progressive photograph of the clutch until hatching occurred.
I recorded the number of eggs that remained immediately prior to hatching and used this as the
estimate for the number of embryos that survived to hatching. I then calculated the hatching
success of each clutch as the proportion of embryos that survived from laying to hatching. I did
not calculate hatching success for clutches where most embryos had not yet hatched by

experiment conclusion.

Does nocturnal illumination impact hatching success?

Light treatment.

I investigated the relationship between nocturnal illumination and hatching success by fitting
a linear mixed effects model using the proportion of successfully hatched larvae for each clutch
as the response variable and light treatment as a fixed effect. This model tested the null
hypothesis that hatching success of a clutch did not vary by light treatment. I included tank as
a random effect to account for random variations in hatching success within a given tank. |

considered several additional variables as mixed effects. Water temperature, egg diameter, and
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clutch size are determinants of embryonic survival (Brockelman, 1975, Parker and Begon, 1986,
Das et al., 2006, Johnston et al., 2007). I therefore considered these three additional variables
as possible fixed effects. I conducted pairwise comparison of models containing different
combinations of these five variables as fixed effects and used AICc scores to select the best-
fitting combination of main effects (4/Ccmodavg package, Mazerolle, 2020). The most
appropriate combination of main effects included light treatment, clutch size, and water
temperature. I then used the same method to consider all combinations of these three main
effects and their interactions. The best-fitting model included the interaction term of clutch size
and water temperature. Hatching success data was extremely skewed towards high percentages
of hatching success (Fig. 3.1), resulting in non-normal distribution of residuals (evaluated by
inspecting the Q-Q residuals plot). Applying log, square root, and cube root transformations of
the data did not improve distribution of the residuals. Analysing the data using a Poisson
distribution also did not improve fit. The data also violated assumptions of homoscedasticity
(as shown in the DHARMa package output for the model; Hartig, 2022), so I performed a box-
cox transformation of the data (MASS package, Venables and Ripley, 2002). The dataset had a

lambda (A) of 5. The box-cox transformation formula is as follows:

IfL#0, X1
A

IfA=0, log(x)

The transformed data conformed to assumptions of normality and homoscedasticity (DHARMa
package, Hartig, 2022), so I present results for this analysis using the A = 5 transformation. I
conducted a Wald chi-square Analysis of Deviance (type III error) (R Core Team, 2022) test
to assess the significance of the main effects. I also performed a linear mixed effects regression
to obtain model parameters (glmmTMB package, Brooks et al., 2017). For statistically
significant main effects, I conducted post-hoc pairwise comparison (emmeans package, Lenth,
2022) to describe the strength and direction of these relationships. I then calculated the
marginal R? (R?’m) and conditional R? (R%c) to ascertain the degree of variance in hatching
success explained by the fixed effects and the overall model (including random effects)

(MuMIn package, Barton, 2022).
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Figure 3.1: Histogram showing the distribution of hatching success data for triplefin embryos.

The data shows heavy skewing towards high proportions of hatching success.
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Lunar effects.

To assess whether lunar patterns influenced the hatching success of triplefin embryos, I built
two linear mixed effects models. I fit tank as a random effect to both models to account for

random variation in hatching success in each tank.

The first model investigated whether hatching success was influenced by the time of the lunar
month at laying, fitting hatching success as the response variable, and the lunar terms for laying
date (sin6 and cos0) as fixed effects. This model tested the null hypothesis that hatching success
is not influenced by lunar patterns at laying. I also considered the possibility of dual peaks of
hatching success occurring in the Iunar month (sin20 and cos260), and of hatching success
varying by lunar treatment. I tested every possible combination of main effects and interaction
terms and selected the best fitting model based on AICc score (4/Ccmodavg package,
Mazerolle, 2020). The best fitting model used only sinf and cos0 as fixed effects. The second
model assessed whether hatching success was influenced by the time of the lunar month at
hatching, fitting hatching success as the response variable, and the lunar terms - sinf and cos6
— for hatch date as fixed effects. This model tested the null hypothesis that hatching success is
not influenced by lunar patterns at hatching. I tested models including dual-peak lunar
predictors (sin20 and cos20) and lunar treatment as main effects, and all possible combinations
of interaction terms. I selected the most appropriate model based on AICc score (4ICcmodavg
package, Mazerolle, 2020). The best fitting model used only sinf and cosf as fixed effects.
Like the previous section, data did not conform to assumptions of normality or
homoscedasticity, so I performed a box-cox transformation (MASS package, Venables and
Ripley, 2002). A=3.7 for this subset of hatching success data. I transformed the data following
the formula described in the previous selection. Transformed data conformed to assumptions
of normality and homoscedasticity (residuals plot, DHARMa package, Hartig, 2022). 1

therefore present the results for these analyses using the transformed data.

I analysed both models using periodic (linear-circular) regression analyses (/me4 package,
Bates et al., 2015). I then calculated the delta marginal R? (R?m) and conditional R? (R%c) of
each model to ascertain the degree of variance in hatching success explained by the fixed

effects and the overall model (including random effects) (MuMIn package, Barton, 2022).

I performed all statistical analyses in this chapter using R Statistical Software 4.2.1 (R Core

Team, 2022).
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3.3 Results

3.3.1 Nocturnal illumination and embryonic development milestones

Eye development.

151 of the 181 clutches laid in the experiment developed eyes. 3 clutches did not develop eyes
before the experiment concluded, the remaining 27 clutches died before eye development could
occur. The length of eye development ranged from 7-14 days. On average, clutches took 10.25
days (£SE 0.1462) to develop eyes. Eye development did not differ significantly between light
treatments (Table 3.1, Fig. 3.2A).

At warmer laying temperatures, the length of eye development decreased. (Fig. 3.2B).
Parameter estimates from the regression showed that for every degree that water temperature

increased, eye development tended to decrease by 0.8286 days (£SE 0.1194).

The fixed effects explained 33.36% of the total variation in eye development (R’m = 0.336344).
The random of tank by comparison was only responsible for 0.44175% of variation in eye

development (R%c = 0.3380519).
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Table 3.1: Analysis of deviance table (Wald Chi-square, type II error) for the mixed effects
model fitting the length of eye development (zeye) as the response variable and light treatment
and water temperature as fixed effects. The table contains chi-square test statistics (X?), degrees

of freedom (df), and p-values. Statistically significant relationships (p<0.05) are indicated in

bold text.
Fixed effect X2 df p value
Light treatment 6.8695 3 0.07618
Water temperature 48.1480 1 3.952°12
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Development structure.

Of the 151 clutches that survived to eye development, 141 hatched. The remaining 10 clutches
did not hatch before the experiment concluded. Eye synthesis lasted for at least 33.33% of
development for clutches that hatched (Peye = 0.33"). The maximum proportion of time devoted
to eye development was 1, wherein eye development and hatching occurred simultaneously (n
= 9 clutches). On average, 61.26% of development time was allocated to eye synthesis (Mean

+ SE: 0.6126 + 0.0139).

The proportion of development taken to synthesise eyes did not vary between light treatments
(Table 3.2, Fig. 3.3A). Warmer water temperatures at laying yielded faster eye synthesis
relative to development length (Table 3.2, Fig. 3.3B). The mixed effects regression parameter
estimates predicted that for every degree that water temperature increased, the proportion of

development taken to synthesise eyes tended to decrease by 0.068 (+SE 0.012).

The fixed effects explained 23.53% of variation in development structure (R’m = 0.2353073).
Only 2.53% of additional variation was explained by the random effect of tank (R%c =
0.260612).
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Table 3.2: Analysis of deviance table (Wald Chi-square, type II error) for the linear mixed effects model of the proportion of development taken
to synthesise eyes (Peye) versus the fixed effects of light treatment and water temperature. The table contains chi-square test statistics (X°), degrees

of freedom (df), and p-values. Statistically significant relationships (p<0.05) are indicated in bold text.

Fixed effect X2 df p value
Light treatment 2.2007 3 0.5318
Water temperature 32.3635 1 1.279%8
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Figure 3.3: A) Mean proportion of development taken to synthesise eyes (Peye) (with 95% confidence interval) by light treatment. B) Scatterplot
showing the proportion of development taken to synthesise eyes by water temperature at laying (degrees Celsius). The plot includes a regression
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Total duration of development.

Development length (Hatch) ranged from 9 to 30 days, with clutches taking an average of 17.16
days to hatch (£SE 2.66).

The relationship between development length and light treatment was not significant (Table
3.3, Fig. 3.4A). Warmer water temperatures at laying resulted in shorter duration of
development (Fig. 3.4B). The mixed effects regression estimate predicted that for every degree
increase in water temperature, development length tended to decrease by 0.45 days (+SE

0.1678).

Greater proportion of development taken to synthesise eyes resulted in shorter development
length. (Fig. 3.4C). The mixed effects regression estimate indicated that an increase in the
proportion of time taken to synthesise eyes by 0.1 results in a decrease in development length

by 1.555 days (raw estimate = -15.5542 + SE 1.0506).

The fixed effects of this model predicted 57.56% of variation in development length (R’m =
0.575581), and the random effect of tank explained a further 14.24% of variation (R*c =
0.7179618).
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Table 3.3: Analysis of deviance table (Wald Chi-square, type II error) for the linear mixed effects model of development length (#Hatch) versus the

fixed effects of light treatment, proportion of development taken to synthesise eyes (Peye), and water temperature. The table contains chi-square

test statistics (X?), degrees of freedom (df), and p-values. Statistically significant relationships (p<0.05) are indicated in bold text.

Fixed effect X’ df p value
Light treatment 6.4132 3 0.092416
PEye 219.1732 1 <2.2°16
Water temperature 7.1966 1 0.007304
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Lunar patterns of development

Eve development.

Of the 32 clutches laid in the lunar treatments during the experiment, 27 of them developed
eyes and later hatched. Length of eye development (#gyc) ranged from 7 to 12 days. On average,
embryos developed eyes after 9.44 days (£SE 0.299). Eye development was observed
throughout the lunar month, except for the days at the very start and end of the month (i.e., 0-
1,29). The lunar day of laying did not influence the length of eye development (Table 3.4, Fig.
3.5A). The fixed effects of the cosine and sine transformations of the lunar predictor 6
explained 10.04% of variation in the response variable (R*’m = 0.1003775), while the random
effect of tank explained 29.57% of variation (R%c = 0.3960498). Conversely, the length of eye
development exhibited dual peaks in eye development corresponding to the first and third
quarters respectively (Table 3.4, Fig. 3.5 B). The longest eye development occurred during the
first quarter of the month on day 6, with embryos having taken 10.714 days (£SE 0.542) to
develop eyes. The length of eye development exhibited a slightly lower peak on day 23 during
the third quarter of 10.486 days (£SE 0.600). Conversely, eye development for embryos that
developed eyes during the full moon (day 16) showed much shorter duration at 8.197 days
(£SE 0.536). The lunar prediction terms for the estimated date of eye development explained
25.13% of variation in the length of eye development (R’m = 0.2512858), while the random
effect of tank explained 29.25% of variation (R?c = 0.543763).

Total length of development.

Embryonic development length (#Hatch) in lunar treatments ranged from 11-21 days. Clutches
on average took 17.81 days to hatch (=SE 0.4864). Development length was significantly
predicted by cosf transformation for the lunar day of the estimated date of laying (Table 3.5,
Fig. 3.5C). The estimate for the regression output indicates that clutches laid during the new
moon took longer to hatch (Mean = SE = 19.865 days + 1.020 at day 2) than those laid just
after the full moon (Mean + SE = 16.478 days + 0.726 at day 19). The fixed effects for this
model explained 15.79% of variation in development length (R*?m = 0.157918), and the random
effect of tank did not explain any variation (R%c = 0.157918). Contrastingly, the duration of
embryonic development was not significantly related to the time of the lunar month at the
estimated date of hatching (Table 3.5, Fig. 3.5D). The fixed effects of the model explained
16.18% of variation in development length (R?’m = 0.1618101), and the random effect of tank
did not explain any variation (R’c = 0.1618101).
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Table 3.4: Parameter estimates of two periodic mixed effects regressions. The first model models tested for variation in the length of eye

development versus lunar period of laying, using the length of time to eye development (eye) as the response and the sine and cosine transformations

of the lunar term, 6, for the time of the lunar month at laying as fixed effects. The second model models tested for variation in the length of eye

development depending on the lunar period of eye development, using the length of time to eye development (¢gye) as the response and the sine

and cosine transformations of the lunar term, 6, for the time of the lunar month at eye development as fixed effects. These models use a student’s

t distribution for small sample sizes. The table contains parameter estimates, standard errors, degrees of freedom (df), t values, and p-values.

Statistically significant parameters (p<0.05) are indicated in bold text.

Model Parameter Estimate Standard df t value p value
error
Is eye development length Intercept 9.78095 0.48768 7.03 20.056 1.82Y7
related to the lunar phase of | Lunar period of laying (cos0) -0.06192 0.45933 20.25 -0.135 0.894
laying? Lunar period of laying (sin®) 0.072148  0.42262 22.35 1.707 0.102
Intercept 8.0141 0.8701 21.00 9.211 8.01”
Is eye development length Lunar phase of eye date (cos0) -1.9146 1.0065 21.04 -1.902 0.07091
related to the lunar phase of | Lunar phase of eye date (sinf) -1.8130 0.9667 19.43 -1.872 0.07586
hatching? Lunar phase of eye date (sin20) 24164 0.8491 20.52 -2.846 0.00982
Lunar phase of eye date (cos20) -0.3375 0.3383 19.58 -0.972 0.34275
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Figure 3.5: Scatterplots of A) length of eye development (light blue) and B) length of eye

development (navy) by lunar day of eye development; and C) development length (green) and D)

development length (orange) by the lunar day of hatching. B and C include predictor lines

(generated by the /me4 package, Bates et al., 2015) and 95% confidence interval (grey shaded)

calculated from estimated SE generated using g/mmTMB package (Brooks et al., 2017).

Relationships in A and D were not of statistical significance (regression p>0.05), so no regression

lines have been fitted.
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Table 3.5: Parameter estimates of two periodic mixed effects regressions. The first model models tested for variation in the length of eye
development depending on the lunar period of laying, using development length (#Hatch) as the response and the sine and cosine transformations of
the lunar term, 6, for the time of the lunar day at laying as fixed effects. The second model models tested for variation in the length of development
depending on the lunar period of hatching, using the development length (#Hatch) as the response and the sine and cosine transformations of the
lunar term, 0, for the time of the lunar day at hatching as fixed effects. These models use a student’s t distribution for small sample sizes. The table
contains parameter estimates, standard errors, degrees of freedom (df), t values, and p-values. Statistically significant relationships predictors

(p<0.05) are indicated in bold text.

Model Parameter Estimate Standard error  df t value p value
Intercept 18.2555 0.5844 24.00 31.236 <2¢16
Is development length
related to the lunar phase of Lunar phase (cos0) 1.7678 0.8367 24.00 2.113 0.0452
ing?
laying? Lunar phase (sin6) 0.2562 0.7475 24.00 0.343 0.7348
Intercept 18.4535 0.8270 22.00 22.314 <2¢16
Is development length Lunar phase (cos8) 0.9650 0.9293 22.00 1.038 0.310
related to the lunar phase of | Lunar phase (sinf) 1.5869 1.2656 22.00 1.254 0.223
hatching? Lunar phase (c0s26) 0.8626 0.9277 22.00 0.930 0.363
Lunar phase (sin20) 1.5450 1.0379 22.00 1.489 0.151
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3.3.2 Nocturnal illumination and hatching success

Light treatment.

Hatching success data was calculated for 171 out of 181 clutches. The remaining 10 clutches
did not hatch before experiment conclusion. The proportion of successfully hatched embryos
in a clutch ranged from 0 to 1. Mean hatching success for triplefin embryos was 0.75 (£ SE
0.022). Hatching success was not influenced by light treatment (Table 3.6, Appendix C, Fig.
Cl).

Clutch size interacted with water temperature significantly, so I therefore present the results in
the context of the interaction effects (Fig. 3.6A-E). The hatching success of smaller clutches
did not vary significantly across different water temperatures (Fig. 3.6 A, B). For larger
clutches, hatching success was low in cooler temperatures (Fig. 3.6 C-E), with only 0-25% of
embryos surviving to hatching. This increased to 75-100% in warmer temperatures. The
interaction between water temperature and clutch size appears to follow a linear pattern, except
in the case of very large clutches (Fig. 3.6E), which exhibited much greater disparity in
hatching success between the coldest temperatures (Mean = SE; 0 + 0.5658495) and the
warmest temperatures (Mean = SE; 1 = 0.1314105).

The fixed effects of the model explained only 9.11% of variation in hatching success (R’m =

0.09105315), and the random effect of tank explained 11.76% of variation (R ¢ = 0.208676).
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Table 3.6: Analysis of deviance table (Wald Chi-square, type III error) for the linear mixed effects model of hatching success (box-cox transformed,
A= 5) versus the fixed effects of light treatment, water temperature, clutch size, and the interaction term for water temperature and clutch size. The
table contains chi-square test statistics (X?), degrees of freedom (df), and p-values. Statistically significant relationships (p<0.05) are indicated in

bold text.

Parameter X2 df p value
Light treatment 2.1390 3 0.54406
Water temperature 1.5416 1 0.21438
Clutch size 4.8680 1 0.02736
Clutch size:water temperature 5.5628 1 0.01835
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Figure 3.6: Model effects of water temperature (°C) and clutch size derived from the effects package (Fox and Weisberg, 2018). Dots represent
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77



Lunar effects.

The proportion of hatching success for the lunar treatments ranged from 0 to 1 (Mean = SE:
0.663355+0.05972657). Hatching success was not significantly related to the time of the lunar
month at laying (Table 3.7, Fig. 3.7 A).

However, the regression estimates for the time of the lunar month at laying indicated significant
relation of hatching success to cosf. Clutches that hatched during the full moon tended to have
lower predicted hatching success (Estimate 0.3743107 £ SE 0.2498836), than those that
hatched during the new moon (Estimate 0.7517201 + SE 0.2428795) (Fig. 3.7 B).

The fixed effects explained 14.78% of variation in hatching success (R*m = 0.1478318), and
the random effect of tank explained 26.35% of variation (R?c = 0.4113675). This indicates that
random variation between tanks influenced hatching success to a greater extent than the fixed

effects of the model.
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Table 3.7: Parameter estimates from periodic mixed effects regressions assessing the relationships between hatching success (box-cox transformed,
A = 3.7) versus theta transformations for the date of laying and the date of hatching. The table contains parameter estimates, standard errors, t

values, degrees of freedom (df), and p-values. Statistically significant relationships (p<0.05) are indicated in bold text.

Model Parameter Estimate Standard error df t value p value
Intercept 0.04238 0.09659 7.30274 0.439 0.674
Does the time of the lunar
month of clutch laying Lunar phase (cos0) -0.11279 0.09609 2537993  -1.174 0.251
influence hatching success?
Lunar phase (sinf) -0.16255 0.09657 28.00631  -1.683 0.103
Intercept 0.24621 0.09755 2.89035 2.524 0.0891
Does the time of the lunar
month of clutch hatching Lunar phase (cos0) 0.19042 0.08004 22.32196 2.379 0.0263
influence hatching success?
Lunar phase (sinf) 0.09672 0.09789 18.65685  0.988 0.3357
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Figure 3.7: A) Scatterplot of the proportion of successfully hatched larvae versus the lunar day of laying. B) Scatterplot of the proportion of
successfully hatched larvae versus the lunar day of hatching. The plot includes a predictor line (generated by the /me4 package, Bates et al., 2015)
(red) and 95% confidence interval (grey shaded) (calculated by estimates of the SE generated by the glmmTMB package; Brooks et al., 2017).
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3.4 Discussion

How does nocturnal illumination influence embryonic development?

Light treatment did not impact the length or structure of embryonic development during the
experiment, but lunar patterns of light modified development length. This implies that patterns
of changing luminescence are more important influences on embryonic development for
common triplefin than consistent exposure to light. While lunar time of the month at laying did
not impact the length of eye development, eye development coinciding with the first and the
third quarter moons tended to be longer than development coinciding with the full moon. Some
studies have shown that exposing developing embryos to light causes accumulation of
glycolytic compounds used to fuel the synthesis of cells in the outer segment of the retina
(reviewed in Jaroszynska et al., 2021). It is possible that exposure to intermediate or bright
lunar light during critical stages of eye development increased the rate of retinal cell synthesis,
resulting in shorter developmental duration. This hypothesis is speculative as very few studies
concentrate on the influence of lunar patterns in embryonic development. Furthermore, the
random effect of tank explained approximately half of the model variation in the lunar effects
of eye development, indicating that within-tank variation caused significant change in eye
development in lunar treatments. For both models, between ~50-85% of variation in eye
development and hatching length were not explained by the model, suggesting the influence of
other factors I did not evaluate in the experiment. These results should accordingly be

interpreted with caution.

My results suggest that the increased metabolic efficiency of development in warm
temperatures existed in trade-off with modified development structure. Higher water
temperatures at clutch laying yielded faster eye development, faster overall development, and
smaller proportions of development needed to synthesise eyes. Warm temperatures accelerate
the rate of development for poikilotherms (including fish) (Herzig and Winkler, 1986, Das et
al., 2006, Lugowska and Kondera, 2018), but the specific mechanisms underpinning the
acceleration of embryonic development are not well-understood (Lugowska and Kondera,
2018). It is speculated that accelerated developmental rates arise from temperature-based
changes in the activity of enzymes such as chorionase (Reddy and Lam, 1991), and in gene

expression (Campos et al., 2012, Papakostas et al., 2014, Martinez et al., 2016). Several key
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metabolic enzymes tend to operate with greater efficiency at higher temperatures, resulting in
increased rates of swimming, feeding, muscular activity, and respiration (Sumner and
Doudoroff, 1938, Dabrowski, 1986). The retinal tissue of fish, like that of humans, is one of
the most metabolically active tissue types in the body (Ames et al., 1992), and requires great
energetic investment to develop and maintain (Jaroszynska et al., 2021). The development of
vital organs such as the heart may occur prior to eye development (e.g., Yu and Guo, 2018),
post-eye development (e.g., Jafari et al., 2010), or both may occur concurrently. Increased
metabolic efficiency in warmer laying temperatures may have increased the rate of eye
development, therefore shortening the proportion of development devoted to eye synthesis.
This may also explain the shorter duration of development overall at warmer temperatures.
However, a longer portion of development devoted to eye synthesis yielded shorter periods of
development. This implies that a key determinant of the length of embryonic development for
F. lapillum is the modification of development structure at different water temperatures.
Despite phenotypic benefits associated with late-season developmental environments, hatching
early in the season (i.e., during unfavourable conditions) confers increased survival in later life
phases (Pearson and Warner, 2018). In colder temperatures, the process of eye development
for embryos in the experiment may have been more metabolically expensive. Early hatching
after diversion of metabolic energy towards eye development may therefore confer advantages
in survival early in the hatching season. Each model evaluating non-lunar fixed effects on
fitness-related traits of offspring explained a weak-moderate amount of variance in each of the
response variables (~25% to 58%), while comparatively little variance was explained by tank
(approx. 1%< to 14%). The remaining unexplained variance may have been a function of
unassessed variables in the experiment, such as parental condition and egg quality. These
results highlight the many complex factors that influence embryonic development and
emphasise the need for further research to discern how these factors in turn affect fitness at

later stages of life.

It should be considered that there are potentially more appropriate measurements for
development milestones such as heart development, length at hatch, and yolk size. While these
metrics may have provided more robust estimates of embryonic development, due to the
interconnected nature of my adult and offspring studies, I was not able to collect images of
high enough resolution at a high enough rate to gather data of this nature. I avoided removing
eggs from nests to measure these facets of development so as not to disrupt adult reproductive

activities. Likewise, as males guard and care for their eggs, I did not remove eggs for
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measurement because I could not discount any possible impacts of parental absence on
development. Due to the limited flexibility of my experimental set-up, I also could not collect
larvae after that hatched from the tanks. My data using eye development primarily as a metric

for comparisons of embryonic development should be interpreted with caution.

Does exposure to nocturnal light impact hatching success of embryos?

The regime of nocturnal illumination did not influence triplefin hatching success, but clutches
that hatched during the new moon experienced greater hatching success than those that hatched
during the full moon. Lunar influences in embryonic development are seldom investigated, and
as such it is unclear why this pattern may have occurred during the experiment. For some
species hatching success is greater during the new moon. It is speculated that hatching during
the new moon could confer survival advantages to offspring due to predator avoidance (Klein
et al., 2018). It is therefore possible that hatching in conjunction with extended periods of
nocturnal darkness could confer an advantage to embryos at hatching. Hatching success did
not vary by water temperature for small clutches but increased at higher temperatures for large
clutches. Greater clutch size can reduce offspring fitness, as offspring may receive a smaller
relative portion of maternal resources as the number of eggs laid increases (Charnov and Krebs,
1974, Brockelman, 1975, Parker and Begon, 1986, Godfray et al., 1991). It is possible that
laying in warmer temperatures mitigated penalties to fitness from reduced maternal investment
for large clutches during the experiment. In both models for hatching success (light treatment
and lunar effects), fixed effects explained less than half of the model variation in hatching
success for triplefin embryos. Many factors influence embryonic development, so it is possible
that a complicated set of factors not captured by my data was responsible for the remaining 60-
80% variance in hatching success. A potentially important example of this that I was not able
to assess due to constraints in time and arising from experimental design and available
equipment was quality of eggs laid by females. Both clutches laid in one tank in the regular
lunar treatment did not survive to eye development and disappeared shortly after laying
occurred. As triplefin males prune (eat) non-viable or poor-quality eggs, this suggests that egg
quality may have influenced hatching success. Additionally, further investigation into whether
the structure and duration of embryonic development determined the degree of success for

clutches that hatched may yield greater insight into potential influences of nocturnal light on
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hatching success. Likewise, investigating interactive effects of nocturnal illumination is

required to define the determinants of hatching success for common triplefin.

Conclusion

My results highlight the complexity and sensitivity of embryonic development and demonstrate
the importance of cultivating a nuanced understanding of determinants of fitness-related traits
in early life history. Characteristics of the physical environment can significantly impact the
length and success of development. These impacts can have carry-over effects to later stages
of'life, accordingly modifying development and fitness in later life phases. My results indicated
that the degree of nocturnal illumination did not impact fitness-related traits for embryonic F.
lapillum, but that lunar effects influenced the length and success of development. However, 1
cannot confidently corroborate the source of these patterns as existing literature exploring lunar
effects on embryonic development is scant. Furthermore, I cannot account for possible
contributions of parental fitness, which may explain the significant within-tank variation in
lunar effects. Additional research is required to disentangle the influence of environmental cues
and parental fitness on embryonic development and hatching success. Environmental cues can
vary widely and may have additive interactions with other life history traits that radically alter
offspring fitness. Further study is necessary to increase our understanding of the impact of

nocturnal illumination on facets of offspring fitness.
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CHAPTER 4

General discussion

4.1 Overview

Evolutionary theory is founded upon the notion that the ability of individuals to survive and
contribute their genetic material to the next generation varies (Orr, 2009), and fitness is subject
to different selective pressures with ontogeny (Werner and Gilliam, 1984). The aims of this
thesis were to investigate the impact of nocturnal illumination on 1) fitness-related traits of
adults, and 2) fitness-related traits of offspring during early stages of development. I
concentrated on aspects of fitness involved in energetic trade-offs for adults (such as body
condition, growth, and reproduction), and the length, structure, and success of embryonic
development as indicators of offspring fitness. I sought to address these aims using a laboratory
experiment that manipulated nocturnal illumination and evaluated its impacts on fitness-related
traits of adults and offspring for a species of temperate reef fish that exhibits close association
with several environmental factors, the New Zealand common triplefin (Forsterygion lapillum).
My results have emphasised the necessity of evaluating the impact of nocturnal illumination
across ontogeny, and of considering possible interactive effects of environmental cues with
other aspects of life history (e.g., sex, age/size, seasonality in breeding and/or development) in
studies of determinants of fitness-related traits. My study highlights the differing impacts of
nocturnal illumination during early developmental and adult phases that can be used to predict
fitness in distinct stages of life. This research builds on an expanding body of literature
examining the consequences of variation in environmental cues and spurs further questions
about the specific developmental and metabolic mechanisms that drive organism responses to

these changes.

4.2 Effects of nocturnal illumination on fitness-related traits in adulthood

The results from this study highlight the complex and myriad factors that impact different

facets of fitness-related traits of adult triplefin. F. lapillum show strong ecological and
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phenotypic association with local environmental conditions (Syms, 1995, Hilton et al., 2008,
Caiger et al., 2021), such as water depth and exposure, and temperature (Wellenreuther and
Clements, 2007, Wellenreuther et al., 2009). It is therefore likely that fitness-related traits for
adults are determined by a complex network of interacting environmental factors, yielding
distinct patterns in growth, reproduction, and body condition corresponding to local
environmental changes. Nocturnal illumination did not influence body condition, but showed
differing impacts on growth and reproductive activity between light treatments, and in the case
of reproductive behaviour, according to lunar patterns. Body condition was primarily
determined by individual life history attributes. Females experienced a greater reduction in
body conditions than males, likely due to depletion from serial bouts of reproduction as eggs
are more costly to produce than sperm (Trivers, 1972, Roff and Fairbairn, 2007, Hayward and
Gillooly, 2011). Growth likewise varied between sexes. The condition of fish with better initial
body condition degraded over the experiment, while the condition of fish with worse initial
body condition improved. This suggests a shifting gradient in individual energy investment
from body condition maintenance to reproduction as initial body condition increased (Clark et

al., 1994, Johnston et al., 2007, Barneche et al., 2018).

Reproductive activity was not significantly influenced by water temperature, suggesting that
the seasonal variation of reproduction for triplefin in Wellington (Francis, 2001, Wellenreuther
and Clements, 2007, Moginie and Shima, 2018) may not be solely determined by the effects
of temperature on adult spawning behaviours. F. lapillum have been described as daily
continuous spawners throughout their breeding season (Warren, 1990), and lunar influences on
reproductive behaviours have not been previously assessed for this species. The timing of lunar
reproduction is synchronised by a series of hormonal changes regulated by consistent variation
in luminescence over time. The pineal gland is responsible for the regulation of seasonal
physiological, biochemical, and behavioural processes (Kah et al., 1993). Environmental
stimuli are received and processed in the hypothalamus, upregulating the expression of clock
genes such as Cryptochrome (Fukushiro et al., 2011), in turn triggering a release of
gonadotropin-releasing hormone (GnRH) to the pituitary gland (Bhattacharya, 1992). This
causes a release of gonadotropin (GtH), beginning the development of sexual organs to
reproductive maturity (Bhattacharya, 1992). During prolonged periods of darkness, the pineal
gland synthesizes melatonin — a hormone associated with the sleep/wake cycle - which is then
released into the blood, transferring photoperiodic information to the central nervous system

and peripheral tissues (Ikegami et al., 2014a). The reception of lunar light supresses melatonin
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production, so it is present in low concentrations during the full moon and accumulates at
greater concentrations around the new moon (Park et al., 2006, Ikegami et al., 2014b).
Melatonin is thought to be responsible in some species for triggering the process of gonadal
maturation and ovulation (Kah et al., 1993) and the triggering of increased ovarian investment
(Desjardins et al., 2011). Certain concentrations of neural melatonin correlate with the
synthesisation of reproductive hormones like luteinizing hormone and follicle-stimulating
hormone by the pituitary gland, shortly thereafter inducing reproductive activity (Falcon et al.,
2010). For many species with semi-lunar coordination of spawning, melatonin accumulation
on either end of the spectrum (very high or very low) triggers development to reproductive
maturity (Park et al., 2006, Andreatta et al., 2020). This results in coordinated spawning events

during periods of intermediate brightness (i.e., during the first or third quarter moons).

In the laboratory experiment, triplefin laid eggs in greater numbers during periods of
intermediate brightness immediately following simulated conditions of nocturnal darkness
(new moon) or brightness (full moon) for the regular lunar treatment. Furthermore, artificial
conditions of nocturnal brightness (24-hr light) or darkness (dark at night) resulted in increased
likelihood of reproduction. Given these results it is possible that, if melatonin plays a partial
role in regulating lunar patterns of reproduction for F. lapillum, melatonin accumulation in
differing conditions of nocturnal brightness may play a key role in determining temporal
variation in reproductive output. In unnatural conditions such as those in the 24-hr light
treatment, the dark at night treatment, and the dimmed lunar treatment, these abnormal
environmental cues may disrupt the entrainment of the reproductive clock for F. lapillum.
Artificial light at night (ALAN) has been found to disrupt reproductive behaviours and success
for a range of other marine species (Gaston et al., 2017). Exposure of European perch to ALAN
significantly disrupts neural release of gonadotropin (Briining et al., 2016). Red light in
particular can have more severe impacts on these processes than blue or green wavelengths of
light. Artificial light exposure likewise interrupts the accumulation of ocular and neural
melatonin (Bayarri et al., 2002). Some species such as clownfish appear to employ conditional
lunar spawning, causing variation in the timing and number of spawning events determined by
local food availability, individual fecundity, and nocturnal brightness (Seymour et al., 2018).
Recent reproductive studies of the clownfish have found that continued exposure to ALAN
increased the time between spawning events, decreased egg size during spawning, and
increased rates of offspring hatching failure (Forbert et al., 2019, Forbert et al., 2021). ALAN

can also interact with other environmental anthropogenic factors, exacerbating previously
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apparent impacts on organism wellbeing (Gaston et al., 2017). The past 150 years has seen
rapid increases in human utilisation of ALAN (Depledge et al., 2010). If left unmitigated,
increased exposure to ALAN could have serious deleterious impacts on the breeding
behaviours, timing, and success of intertidal fish species such as F. lapillum. These negative
impacts can be reduced by avoiding and minimising the use of ALAN or changing the
wavelength of light used to one that is less biologically disruptive (Gaston et al., 2022). Coastal
development should therefore carefully consider the utilisation of ALAN and manage this

resource to minimise possible impacts on the local ecological community as much as possible.

My results suggest that F. lapillum may operate on a similar conditional semi-lunar cycle,
influenced by several other previously studied components of reproductive success such as
body size, female choosiness, territory size, and local environmental conditions. While my
study did not assess hormonal changes in conjunction with nocturnal light conditions, it is
notable that somatic growth for large-bodied females in the 24hr light treatment was the lowest
of any sex-treatment group. This light treatment also showed the most vigorous reproductive
activity during the study. It is possible that exposure to ALAN over long periods of time forces
a shift in energy away from somatic growth towards increased reproductive output for female
triplefin, but until further studies assessing hormonal changes and offspring quality are
conducted, this theory will remain purely speculative. If common triplefin indeed operate on a
conditional semi-lunar cycle, increased light pollution (direct or indirect) may have serious
impacts on the reproductive behaviour, reproductive success, and individual body condition or
growth of this species. Likewise, increasingly erratic variation in weather conditions like cloud
cover due to climate change may further disrupt these processes, in turn impacting larval
survival, recruitment, and the overarching structure of the local biotic community. The results
of this study emphasise the importance of considering the impacts of environmental cues such
as nocturnal illumination from a holistic perspective and highlight the nuanced influences of
environmental cues on fitness-related traits. However, the influence of lunar cycles on triplefin
breeding behaviour requires further assessment through additional controlled laboratory
experiments with a greater number of replicates, and increased repetition of simulated lunar
cycles at varying intensities factoring in the influence of cloud cover. Further study to
disentangle the mechanisms by which these fitness-related traits are regulated is also required.
Are these patterns controlled hormonally? Does melatonin indeed play a role in entraining

endogenous rhythms for this species? Experiments that assess triplefin hormonal chemistry,
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growth, and body condition over longer periods are necessary to paint a more detailed picture

of the impact of nocturnal illumination on fitness-related traits of F. lapillum.

4.3 Impacts of nocturnal illumination on fitness-related traits in early

development

While fish are exposed to similar environmental conditions across ontogeny, the effects of
abiotic selective pressures are more pronounced in early stages of development (Septriani et
al., 2021). This study highlights the challenge of elucidating determinants of the trajectory and
outcome of embryonic development for fish such as F. lapillum. In laboratory experiments
assessing the impact of nocturnal illumination on embryonic development, I found that light
treatment did not significantly impact any fitness-related traits, but that water temperature,

lunar patterns, and other characteristics of development did.

Several studies have been conducted into the influence of illumination on embryonic
development, but few discuss this in the context of lunar illumination. It is therefore assumed
for F. lapillum embryos in this study that lunar influences in development are derived from
changing patterns in intensity and timing of nocturnal light in lunar treatments that was not
apparent in the 24hr light and dark at night treatments. Exposure to differing levels of nocturnal
illumination has variable impacts for different species and can significantly alter key
developmental processes such as lateralization (Dadda and Bisazza, 2012). In a study on
haddock larvae, embryonic exposure to very bright continuous light and complete darkness
produced large-bodied larvae with small yolk sacs that developed rapidly, and small-bodied
larvae that had long development times respectively (Downing and Litvak, 2002). De Borsetti
et al. (2011) linked long development times of zebrafish embryos kept in constant darkness to
a temporary accumulation of habenular precursor cells, causing late differentiation and long-
term decreases in neuronal processes. In contrast to adult fish, embryos in this study showed
delayed melatonin accumulation, which in turn inhibited habenular neurogenesis and slowed

development.

In my experiment, water temperature appeared to be the chief determinant of development
length, structure, and hatching success in analyses using light treatment, water temperature,

and various development metrics as fixed effects. However, analyses concerning only lunar

&9



patterns of light often explained a greater proportion of variation in development and hatching
success than in models grouping static light treatments (i.e., 24 hr light and dark at night
treatments) with dynamic light treatments (regular and dimmed lunar treatments). During the
experiment, development of embryo eyes was shorter when it coincided with the full moon,
and longer when it coincided with the new moon. Embryos laid during the new moon also
showed longer development than those laid during the full moon, suggesting that triplefin
embryos exhibit plasticity in development according to changing patterns of lunar light.
Furthermore, hatching success was greater for clutches that hatched during the new moon than
those that hatched during the full moon. It is possible here that longer development for clutches
laid in or around the new moon (and hatching in or around the full moon) may reduce hatching
success. I did not assess this possible link with development length as it was only measured for
clutches with hatching success greater than 0%, but future research that incorporates
development characteristics into models of this nature could help answer this question. While
results did not significantly differ between light treatments, it is possible that 24hr-light or total
darkness at night may have influenced embryonic development but that comparisons of
dynamic lunar light treatments with static light treatments decreased the resolution of these
patterns. Indeed, despite a lack of statistical support, all developmental criteria measured were
longer in duration for embryos in the dark at night treatment than for those in the 24-hr light
treatment. In addition, the previously discussed developmental milestones did not differ
between the dim and regular lunar treatments. This raises the possibility that the degree and
patterns of nocturnal illumination may impact upon embryonic development distinctly. A
thorough appraisal of the nature of these separate facets of nocturnal illumination is essential
to properly understand and mitigate the possible impacts of ALAN exposure on embryonic
development. For example, a recent study on surgeonfish larvae discovered that while ALAN
exposure caused larvae to grow faster and heavier, it also significantly increased mortality over
time (O’Connor et al., 2019). This study did not assess embryo quality prior to or post-hatching,
so it is unknown to what extent similar mechanisms may have been acting upon embryos within
the experiment. Most studies assessing the impact of nocturnal light on embryonic fish largely
centre on Zebrafish as a model organism (e.g., Andrew et al., 2009), or aquaculture species
(e.g., Novales Flamarique, 2018). Very little if any research into this topic has been conducted
into Tripterygiidae species, or on embryos of fish species endemic to New Zealand. This study
therefore highlights current gaps in the knowledge of these early and vulnerable stages of
development and emphasises the importance of seeking greater insight into the impact of

nocturnal illumination on fitness-related traits during the embryonic phase.
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4.4 Limitations

I acknowledge that the density of fish in each experimental tank (8 per tank with a base area of
0.266 m?, equivalent to approximately 30 per m?) was significantly greater than naturally
occurring densities (1-6 per m* Mensink and Shima, 2014). Based on the assumption that
greater densities of triplefin would result in greater reproductive success (Barnett and
Pankhurst, 1996), I assigned 8 fish to each tank, but my results should be interpreted with this

in mind.

I also acknowledge that the sections of my study regarding lunar patterns in reproduction in
Chapter 2 and in development and hatching success in Chapter 3 were limited by small sample
sizes. This reduced the power of my statistical analyses and reduced the prediction power of
the models. Repetition of the experiment in warmer conditions may have helped this.
Furthermore, the simulated lunar cycles as programmed by the APEX did not have the option
of ramping the lights up or down in a gradient at times of moonrise or moonset. This meant
that when the simulated moon “rose” the lights would abruptly turn on, and when the moon
“set” the lights would abruptly turn off. This is obviously not reflective of how the moon rises
and sets in nature, but I assume that this did not influence my data significantly as the timing
and intensity of light still followed a reasonable approximation of natural lunar cycles. The
dimmed lunar cycle was intended to approximate a Iunar cycle in cloudy conditions. Nocturnal
sky brightness in overcast conditions approximately is 10x dimmer than the night sky in clear
conditions (in Gaston et al., 2013), however, this magnitude difference in brightness would
only apply to pristine environments with no light pollution. Cloud cover can magnify ALAN,
resulting in increased sky glow in areas of dense human settlement (Kyba et al., 2011). While
the difference in magnitude might approximate pristine conditions, they were unlikely to
approximate conditions at the collection site located close to Wellington city, where skyglow

is likely to be brighter in conditions of heavy cloud in comparison to remote locations.

Due to time restrictions and experimental design constraints, data collection of egg counts and
embryonic development in Chapter 2 and Chapter 3 only occurred three times per week. |
elected not to sample at a higher frequency to minimise disturbance to the reproductive activity
of adults in the experiment, but this meant that [ was only able to photograph egg clutches once
every few days. This in turn meant that I was not able to accurately stage embryos as they

developed, which necessitated the use of estimates for the dates of laying, eye development,
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and hatching. While the time between recording observations (2/3 days) did not seem to impact
my results, the data [ recorded was of a lower resolution than it may have been if [ had collected
data daily. Future studies should aim to either conduct separate experiments on embryonic
development, or else conduct sampling at a higher frequency for this portion of the experiment.
Likewise, I was unable to ascertain which fish in each tank were participating in reproductive
activity, meaning that I could not conduct analyses specifically comparing parental and
offspring fitness over time. Future studies should work with single breeding pairs rather than
aggregated groups to further refine an understanding of nocturnal illumination on parental and

offspring fitness.

Lastly, the determinants of both adult and offspring fitness are diverse and varied. This thesis
only concerns the impact of nocturnal illumination on fitness-related traits and does not account
for other seasonal variation in environmental cues such as photoperiod length or tidal activity.
My results, therefore, should be interpreted with caution as fitness-related traits may be
influenced by a plethora of alternative factors not discussed in my research, and can have

additive impacts for individuals depending on other life history traits.

4.5 Conclusion

In summation, this thesis highlights the importance of evaluating the influence of
environmental cues such as nocturnal illumination across ontogeny, and how these effects may
have distinct or additive effects between adults and their offspring. Many similar studies often
focus only on a single phase of the complex life cycle, failing to account for changing impacts
of nocturnal illumination on different facets of fitness across ontogeny. This study aimed to
examine how nocturnal illumination influences fitness-related traits of adults and offspring for
the New Zealand common triplefin (Forsterygion lapillum). My results affirm the complex and
interconnected nature of fitness across ontogeny, emphasizing the need for future research to
consider the impact of nocturnal illumination and its interactions with other environmental cues
and life history traits when studying organisms with complex life histories. Overall, my results
have contributed towards achieving a greater insight of the factors that impact fitness-related

traits, and how these traits in turn influence individual fitness.
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Appendix A: Example Akaike information criterion (AIC) table used for model selection.

Table Al: Akaike information criterion output assessing the relative fit of several linear models for the influence of light treatment on relative

change (%) in Fulton’s body condition (AK) across the experiment. Possible fixed effects include light treatment (treatment), sex, pre-experimental

body condition (Pre-K), and combinations of interaction effects for these three main effects. The table includes the number of parameters included

in the model (k), the Akaike information criterion information score (AICc), the delta AICc score, the AIC score weight, the cumulative AIC

weight of the model, and the residual log likelihood of the model. Models are listed in order of goodness of fit from best to worst.

) Cumulative Residual log
Model parameters K AlCc Delta AICc AlCc weight . o
weight likelihood

Treatment:Sex:Pre-K 18 1001.40 0.00 1 1 -480.20
Treatment:Pre-K + Sex 11 1034.34 32.94 0 1 -505.25
Treatment:Sex + Pre-K 11 1039.22 37.82 0 1 -507.69
Treatment + Pre-K:Sex 9 1043.18 41.78 0 1 -511.97
Treatment + Sex + Pre-K 8 1047.36 45.96 0 1 -515.19

93



Appendix B: Supplementary tables and figures for Chapter 2
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Figure B1: Interaction plots of the model effects (generated by the effects package, Fox and Weisberg, 2018) for the mean relative change in body
condition for females (blue) and males (red) versus pre-experimental body condition (K) by light treatment (A: regular lunar treatment, B: dimmed

lunar treatment, C: 24-hr light treatment, D: dark at night treatment). Each mean is bounded by a 95% confidence interval.
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Table B1: Linear mixed effects regression output of log growth increment length (um) using lunar phase terms as fixed effects and tank as a

random effect. Cos6 represents a peak in activity at the new or full moon, while sinf indicates a peak at the first or third quarter. Significant results

are indicated in bold text.

Parameter Estimate Standard error Z value p value
Intercept 0.284478 0.04550 6.252 4.0510
CosH 0.001843 0.008821 0.209 0.835
Sinf -0.002725 0.008845 -0.308 0.758
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Figure B2: Scatterplot of growth increment length (um) across the lunar month. Growth increment widths did not show lunar patterns in variation,

so no regression line has been fitted.
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Appendix C: Supplementary tables and figures for Chapter 3
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Figure C1: Mean proportion of successfully hatched embryos (with 95% confidence interval) by light treatment.
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