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Abstract 

Natural light such as low light on the horizon is an important cue for the offshore 

dispersal of marine turtle hatchlings and therefore artificial light sources from 

expanding coastal development can potentially have major ecological impacts on these 

threatened species. Artificial light attracts dispersing hatchlings at sea, and causes them 

to linger around light sources, but the survival consequences and the influence of 

natural dispersal cues such as waves and currents on this process are largely unknown 

given the difficulty of remotely tracking these tiny animals in water. But now, recent 

advances in technologies have produced tags small enough to enable the remote 

tracking of animals as small as hatchlings. Here, I used field and laboratory experiments 

to address these questions for the endemic flatback turtle (Natator depressus), a species 

that nests in northern Australia in many areas exposed to artificial light pollution. 

Passive acoustic receiver arrays were used to track hatchlings equipped with acoustic 

tags as they swam away from their natal beaches through nearshore waters where a 

range of oceanographic variables were measured concurrently, and a wave flume was 

used to explore hatchling orientation into wave fronts in a controlled environment. The 

field experiments were conducted in nearshore waters surrounding Thevenard Island, 

with the first and second experiments testing the effect of different light types and 

intensities and the third using a jetty to test the impact of distance from light source on 

hatchling attraction and predation. Generalised additive mixed models were used to 

identify the most important variables influencing hatchling dispersal direction (bearing), 

rate of travel, time spent in the array and predation rates. I found that hatchlings at sea 

were attracted to and lingered in the presence of artificial light, with the level of 

disturbance varying with light type but not consistently with light intensity. Predation of 

hatchlings was highest for those tracked near a jetty, regardless of the presence or 

absence of light and many of the predators that consumed hatchlings used the jetty as a 

daytime refuge, expanding their range after dark to prey on hatchlings. Predation 

increased when hatchlings were tracked in the presence of a light emitting diode (LED) 

floodlight compared to those tracked under ambient conditions. In the absence of light, 

ocean currents affected the bearing of hatchlings as they left the shore, but when light 

was present, this effect was diminished, showing that turtles actively swam against 

currents in their attempts to swim towards the light. Light position and the direction of 

approaching waves was often from the same direction so it was not possible to 

disentangle the relative importance of these two cues on hatchling bearings. However 



 

vi 

this was not a problem for the other turtle movement variables tested; rate of travel and 

time spent, with hatchlings swimming slower and spending longer in the nearshore 

when lights were present. In addition, hatchlings were found to orientate strongly 

towards wave fronts of the steepest wave in the wave flume, which closely resembled 

the type of wave at flatback turtle nesting beaches.  

Combined, these findings provide important, new information on the early life history 

phase of this endemic species during a little studied life stage. In addition, my research 

provides data for the implementation of light mitigation to minimise impacts on flatback 

turtle hatchlings in nearshore waters. Specifically the management of lighting on vessels 

or fixed structures in coastal waters close to flatback turtle rookeries. The high predation 

of hatchlings I recorded near a jetty has implications for all artificial structures (e.g., 

ports, Fish Aggregating Devices, pipelines, break walls) located near rookeries of these 

threatened species. This warrants a broader investigation into the risk that such 

structures pose to turtle populations, as increases in hatchling mortality may affect the 

resilience of turtle populations at these locations. My work suggests that the increased 

predation I recorded was the result of the jetty providing shelter to predatory fish and 

potentially concentrating them in the nearshore zone. This study provides a scientific 

basis for assessing and managing coastal development (ports, marines) and maritime 

(ships, navigation lights) and coastal (urban) lighting. 
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Chapter 1 Introduction 

Globally, light pollution is considered a key threat to populations of marine turtles 

(Mast et al., 2005, Wallace et al., 2011). This is because the coastal areas they use for 

nesting are commonly developed by humans for urban or industrial purposes (Cinzano 

et al., 2001, Davies et al., 2014, Nicholls, 1995, Small and Nicholls, 2003).  

Newly hatched turtles are particularly vulnerable, as artificial light can interfere with 

their ability to locate the sea after they emerge from nests (known as sea-finding) 

(Verheijen, 1985). Hatchlings are very sensitive to light at this time because they use 

the difference in light levels between the sea and sky at the horizon to direct their 

movement towards the brighter water’s edge on the nesting beach (Verheijen and 

Wildschut, 1973). Artificial light can cause hatchlings to be misoriented (i.e., move 

towards light source instead of towards the sea) or disoriented (i.e., move in confused 

circles), which often has lethal consequences (e.g., increased risk of predation, 

exhaustion and dehydration) (Salmon, 2005). Although sea-finding is well studied, there 

is a paucity of empirical data on hatchling dispersal after this phase due to the 

difficulties of remotely tracking these tiny animals (typically 17-44 g; Miller, 1997) in 

water (Thums et al., 2013). As such, we know very little about the cues they use to 

navigate away from the beach and out to sea, and how artificial lighting influences this 

process. As light pollution now extends far beyond the shoreline due to industrial 

structures such as jetties, offshore structures (e.g., oil and gas platforms) and vessels 

(Cinzano et al., 2001), the threat that light pollution poses to the process of nearshore 

dispersal is a key knowledge gap for marine turtles (Department of Biodiversity 

Conservation and Attractions, 2017, Department Of Environment And Energy, 2017). 

Coastal habitats are known to contain large numbers of predators (Gyuris, 1994), and 

turtles have evolved rapid movement through predator rich nearshore zones to increase 

survival probability (Tomillo et al., 2010). Therefore, delays in dispersal due to light 

pollution in these areas are risky and are likely to have survival consequences similar to 

that reported for light pollution impacts on sea-finding (McFarlane, 1963, Mortimer, 

1979, Philibosian, 1976).  

In Australia, light pollution has been identified as a primary threat to marine turtle 

populations in the northwest region of Western Australia, largely due to the overlap 

between important nesting sites and large-scale, illuminated industrial developments 

(Department of Biodiversity Conservation and Attractions, 2017, Department of 
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Environment and Energy, 2017, Department of the Environment and Energy, 2020, 

Kamrowski et al., 2014a, Kamrowski et al., 2012, Pendoley, 2005). Emphasis has been 

placed on flatback turtles, Natator depressus, because of the high concentration of 

several high profile resource industry developments (BHPBilliton, 2012, Chevron 

Australia, 2008, Chevron Australia, 2010, Langdon and Moro, 2013, RioTinto, 2009) in 

their nesting locations. Unlike other marine turtle species such as green (Chelonia 

mydas) or hawksbill (Eretmochelys imbricata) turtles, flatback turtles have a 

distribution limited to northern Australia (Department of Environment and Energy, 

2017). The population status of this endemic species is unknown and it is listed as ‘Data 

Deficient’ by the International Union for the Conservation of Nature (IUCN, 2018). It is 

also listed as vulnerable under the Western Australian Biodiversity and Conservation 

Act 2016 and the Commonwealth Environment Protection and Biodiversity 

Conservation Act 1999. The lack of information on hatchling movements in nearshore 

waters, together with the increasing exposure of flatback hatchlings to industrial light 

pollution on water in northwest Australia, suggests that there is an urgent need to collect 

information on the processes and patterns of early dispersal of flatback turtles at sea. 

Because the threats faced by flatback turtles are shared by most other species and 

because light pollution is a global phenomenon, this information is critical both to the 

development of appropriate strategies for the conservation of flatback turtles in 

Australia and more broadly to marine turtle populations worldwide. 

1.1 Thesis aims 

The overarching aim of my thesis is to determine the influence of both natural (e.g., 

oceanography) and artificial (e.g., light pollution) cues on the movement patterns of 

flatback turtle hatchlings during the initial stages of their offshore dispersal and to 

quantify the impact of artificial light on predation rates in nearshore waters. To achieve 

this goal, I used a combination of laboratory and field-based studies (see Figure 1.1 for 

study locations) to: 

1. Determine the relative importance of natural (wave direction, current flow) and 

artificial cues (two types of lights that differed in wavelength emissions) on the 

in-water dispersal of flatback turtle hatchlings. 

2. Understand the importance of wave cues for swimming orientation of flatback 

hatchlings.   
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3. Determine predation rates of flatback hatchlings at sea at differing distances 

from a jetty, and in the presence and absence of artificial light. 

4. Determine the impact of different intensities of light emitting diodes on the in-

water movement behaviour and predation rates of flatback turtle hatchlings.  

In line with these aims, my thesis is organised into a background chapter, four data 

chapters and the findings are drawn together in a final discussion chapter with the 

conclusions. Each chapter is outlined below. 

1.2 Thesis structure 

In Chapter 2, I provide background information on the in-water dispersal of marine 

turtle hatchlings and discuss the challenges associated with tracking these small animals 

at sea. I also summarise what is known about the effect of oceanography and light on 

the early dispersal of marine turtles in general and on flatback turtle hatchlings in the 

northwest of Australia, an area impacted by increasing levels of urban and industrial 

light pollution (Kamrowski et al., 2014a).  

In Chapter 3, I use acoustic telemetry to track tagged flatback turtle hatchlings in the 

presence and absence of artificial light (high pressure sodium, metal halide) as they pass 

through a receiver array. A range of oceanographic variables were measured within the 

array during the passage of the hatchlings. I used generalised additive mixed models to 

understand the relationship between a range of measured behavioural variables 

(hatchling bearing, rate of travel and time spent in the nearshore) and light treatment 

(two different light types listed above and ambient) and key environmental variables 

such as waves and ocean currents. In this chapter, I show that artificial light attracted 

hatchlings during their dispersal from shore, causing hatchlings to become disoriented 

and thus spend more time in the near shore. I also show that ocean currents influence 

hatchling trajectories under ambient conditions but when light was present, their effect 

was diminished as attraction to lights caused hatchlings to swim against currents. Wave 

characteristics did not appear to be a strong driver of hatchling trajectories.   

One hypothesis commonly cited in the literature is that when hatchlings enter the water 

they direct their movement into oncoming waves as this leads them away from the shore 

(Lohmann et al., 1997). To test this hypothesis, I use a wave flume in Chapter 4 to 

assess hatchling orientation in relation to wave direction in a controlled environment to 
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explore if they can detect and respond to waves in the absence of any other cues. I 

examine how hatchlings respond to different wave periods and heights and show that 

the movement of hatchlings was highly concentrated towards the wave direction when 

waves typical of those arriving on nesting beaches were simulated (wave period 3 s and 

wave height >10 cm).    

An important motivation behind assessing the impacts of lights at sea on turtle hatchling 

dispersal is the assumption that attraction to, and lingering around, an artificial light will 

influence hatchling survival. As lights on water are usually associated with structures 

(e.g., jetties), in Chapter 5 I describe predation rates of flatback hatchlings in nearshore 

waters adjacent to a jetty, both when light was present and absent. This study is the first 

time that hatchling predation has been assessed passively (i.e., without the presence of 

an observer) and near an artificial structure. By assessing movement patterns from 

acoustic telemetry I show that a large number of hatchlings were ingested by fish 

predators. Although this precluded me from directly testing an effect of light (as 

hatchlings were predated before they had a chance to be attracted to the light source), 

the ingestion of the instrumented hatchlings allowed for the tracking of the predators. 

Animations of the movement behaviour and home range analyses on these tracks 

revealed that they occupied areas underneath the jetty during the daytime and foraged 

along the shoreline at night. I argue that the high predation rate I observed was caused 

by predators being sheltered and effectively concentrated by this artificial structure. 

This has implications for the management of turtle nesting beaches close to such 

structures. 

Reduction in the intensity of the light source is a management strategy used to minimise 

the impacts of artificial light on hatchling marine turtles. In Chapter 6 I test the efficacy 

of this approach in the field using acoustic telemetry and light emitting diodes (LEDs) 

with a range of intensities. This work showed that attraction of hatchlings to LEDs was 

not as strong when compared to the light sources tested in Chapter 3, and although there 

was some evidence that attraction to lights increased with light intensity, low sample 

sizes and high predation during the experiment made the results difficult to interpret. 

The results also suggested that predator encounter rates for hatchlings were higher with 

LEDs than other light sources.   

I integrate and synthesise the findings of my thesis in Chapter 7 to provide insight into 

the early dispersal and in-water movement patterns of flatback turtle hatchlings and the 
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impact of artificial light. Finally, I discuss how this information can be used to inform 

conservation of flatback turtles and marine turtles generally.  

 
 

 
 

Figure 1.1. The location of field and laboratory-based experiments (blue stars) contained within 

this thesis. Field studies were conducted in nearshore waters surrounding Thevenard Island in 

the Pilbara region of Western Australia. Hatchlings were obtained from Bell’s Beach and flown 

to Perth for the wave flume experiments, then they were returned to site for release. Flatback 

turtle photo credit: Suzanne Long.  
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Chapter 2 Background 

2.1 Dispersal of young 

Natal dispersal, the movement of individuals away from their place of birth (Greenwood 

and Harvey, 1982) is an essential part of life for many animals. It plays a key role in 

population dynamics, and influences gene flow and evolutionary change (Greenwood 

and Harvey, 1982, Ortego et al., 2008). This is particularly the case in the ocean, as 

most marine species undertake a period of dispersal at some point throughout their life-

cycle, usually as passive-drifting larvae or under their own locomotion for animals that 

can swim (Chapman et al., 2011, Cowen et al., 2000). This process is influenced by 

ocean currents which transport organisms and affects their distribution (Chapman et al. 

2011). The movement of an animal is also determined by its motion and its ability to 

orientate and navigate, which is often innate (Holyoak et al., 2009). Numerous internal 

and external stimuli can influence this process, such as environmental conditions, 

competition for resources (food, habitat or mates), and the need to avoid threats such as 

predators (Dingle and Drake, 2007, Holyoak et al., 2009).  

A number of sensory systems can be used to detect and utilise navigational cues, 

including sound, vision and olfaction (Able, 1991, Alves et al., 2008, Nishimoto and 

Herrnkind, 1978). For example, after a period of pelagic larval dispersal, marine reef 

fish and decapod crustaceans are able to detect underwater sound cues to guide them 

towards reefs where they settle (Montgomery et al., 2006). Reef fish can also sense 

olfactory cues and discriminate between the odours of waters to locate different reefs 

(Gerlach et al., 2007) and are capable of using the sun as a compass to orientate during 

the daytime (Leis and Carson-Ewart, 2003). Similarly, marine turtle hatchlings tested in 

a wave simulator were found to be able to monitor wave accelerations and align 

themselves into the waves suggesting this may be a strategy that they use to navigate in 

an offshore direction (Lohmann et al., 1995). Many animals can navigate using multiple 

sources of directional information (Able, 1991, Avens and Lohmann, 2003, Kingsford 

et al., 2002) and they are able to integrate these cues at different stages of their dispersal 

(Clobert et al., 2009). But, for many species, the mechanisms that drive these 

movements remain poorly understood (Alerstam, 2006, Clobert et al., 2009, Gillanders 

et al., 2016). This is because they are often hard to study due to their very small size 

(Hays et al., 2016, Shillinger et al., 2012) and researchers lack tags that are small 
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enough to attach to them (Hazen et al., 2012). Currently, the smallest satellite tracking 

devices available are limited to animals with body mass > 300 g as the tags weigh 9.5 g 

(Mansfield et al., 2014), and instruments that exceed 3% of the body mass of the animal 

can have a negative impact on their behaviour (Phillips et al., 2003, Vandenabeele et al., 

2012). As such, most of our knowledge on the movement behaviours in early life stages 

is inferred from modelling, genetic or microchemistry studies and laboratory 

experiments (Cowen and Sponaugle, 2009, Hale, 1999, Hellberg et al., 2002, Palumbi et 

al., 2003, Rubenstein and Hobson, 2004), augmented by a limited number of field-based 

observations (Stoneburner et al., 1982, Tittler et al., 2006).  

 

2.2 Dispersal of marine turtle hatchlings 

For marine turtles, most of what we know about the natal dispersal of hatchlings is 

provided by studies conducted on the nesting beach during the crawl from nest to sea 

(Limpus and Kamrowski, 2013, Witherington et al., 1990), or inferred from laboratory 

experiments assessing early swimming behaviour (Booth, 2009, Lohmann et al., 1990, 

Wyneken et al., 1990, Wyneken and Salmon, 1992), or from modelling dispersal 

trajectories in the ocean (Gaspar et al., 2012, Hays et al., 2010, Putman et al., 2012a, 

Scott et al., 2012,). Studies on hatchling sea-finding on nesting beaches have shown that 

hatchlings usually emerge from nests at night (Bustard, 1967), when sand temperatures 

drop (Hendrickson, 1958) and move quickly towards the sea (Hooker, 1911). This fast 

paced movement (known as the ‘frenzy’; Carr, 1962) is believed to be a response to 

predation risk (Dial, 1987, Salmon et al., 2009). Hatchlings are guided to the sea by 

natural light cues (Carr and Ogren, 1960, Mrosovsky and Kingsmill, 1985), moving 

towards the lowest brightest horizon and away from elevated silhouettes which are 

typical of landward directions (Limpus and Kamrowski, 2013, Mrosovsky and Salmon 

et al., 1992, Shettleworth, 1968), although when light is absent they are able to use other 

cues like beach slope to find the sea (Salmon et al., 1992, Van Rhijn, 1979). Empirical 

studies have shown that they respond to stimuli at or near eye level in a horizontally 

broad (180°) but vertically narrow (10 to 30°) band (Lohmann et al., 1997, Salmon et 

al., 1992, Verheijen and Wildschut, 1973).   

Once they reach the sea, laboratory studies suggest that turtle hatchlings swim 

continuously for at least 24 hrs (Wyneken and Salmon, 1992), but this can vary between 

species (Salmon et al., 2009) and within populations (Chung et al., 2009). This 
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behaviour (also part of the ‘frenzy’) is believed to facilitate rapid transport to deeper 

waters where predation risk is lower (Pilcher et al., 2000). Following this, they typically 

slow down and only swim actively for part of the 24 hr period, with the remaining time 

spent drifting (Salmon and Wyneken, 1987, Wyneken and Salmon, 1992, Wyneken et 

al., 2008). Wave tank experiments and some field-based studies have shown they can 

use wave cues to navigate their way through the nearshore zone (Okuyama et al., 2009, 

Wyneken et al., 1990), however in the field they do not always go in the direction of 

oncoming waves, suggesting that other cues are also utilised (Pilcher et al., 2000, 

Salmon and Wyneken, 1987). Hatchlings can also orientate offshore under calm (no 

wave) conditions, likely from navigational cues they receive during the crawl from nest 

to sea (Lorne and Salmon, 2007). Once they have spent sufficient time swimming 

beyond the wave zone they use the earth’s magnetic field to navigate (Goff et al., 1998, 

Lohmann, 1991) and migrate towards geographic locations (Lohmann et al., 2004), 

although their precise paths and oceanic endpoints are largely unknown.  

Our knowledge of movement patterns during the oceanic phase relies largely on the 

outputs of particle tracking models (Hays et al., 2010, Putman et al., 2012b, Robson et 

al., 2017). With the exception of the flatback turtle, which remains in neritic zones 

throughout its life-cycle (Limpus et al., 1983, Walker and Parmenter, 1990, Walker, 

1991), all species of marine turtles are believed to have a pelagic, open ocean stage of 

dispersal (Bolten 2003b). Given the difficulties of studying this part of the life history, it 

is referred to as the ‘lost years’ as individuals are not seen again until they return to 

coastal regions as juveniles, often many years later (Carr, 1987, Witham, 1980). This 

can be anywhere between 6.5–11.5 years for loggerhead turtles (Caretta caretta) 

(Bjorndal et al., 2000) and 3–5 years for green turtles (Chelonia mydas) (Reich et al., 

2007). Flatback hatchlings have been found within inshore waters (Wildermann et al., 

2017) and are believed to inhabit similar areas as adults and juveniles (between 5–45 m 

deep; Walker, 1991) but our knowledge of this part of their life history is limited.  

2.3 Light pollution and hatchling dispersal 

Increasingly, anthropogenic pressures alter the marine environment (Davies et al., 2014, 

Halpern et al., 2008, Pauly et al., 2005), changing or eliminating the cues used by 

animals, and introducing new anthropogenic cues that can have unintended and often 

unknown consequences (Ayalon et al., 2019, Munday et al., 2009, Nagelkerken et al., 

2019, Rodriguez et al., 2017). One of the most well-known examples of this is the 
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introduction of artificial light at night needed for human safety and amenity and its 

impact on the sea-finding ability of marine turtle hatchlings (see Salmon, 2003). As sea-

finding is guided by visual cues that rely on brightness (Salmon et al., 1992), artificial 

light on or close to turtle nesting beaches interferes with their ability to locate the sea as 

it alters their response to natural cues and creates new artificial light cues (Salmon et al., 

1995b). Hatchlings move towards sources of artificial light, or light can cause 

disorientation (Daniel and Smith, 1947b, Hendrickson, 1958, Kamrowski et al., 2014b, 

McFarlane, 1963, Witherington and Martin, 2003), usually leading to death from 

exhaustion or predation (Erb and Wyneken, 2019, McFarlane, 1963, Philibosian, 1976). 

As human populations grow, the prevalence of artificial light at night is increasing by 

about 2% each year in terms of both radiance and extent (Kyba et al., 2017). This issue 

of light pollution has received a great deal of attention from researchers and 

management agencies and guidelines have been developed that aim to protect marine 

turtles from the impacts associated with light pollution (Department of the Environment 

and Energy, 2020, Witherington and Martin, 2003). Studies have shown that hatchling 

attraction varies with light wavelength and intensity (Fritsches, 2012, Pendoley, 2005, 

Witherington and Bjorndal, 1991b). Brighter lights and those that emit short 

wavelengths of light are particularly disruptive to hatchlings (see Lohmann et al. (1997) 

for a review), so low intensity lights that emit mostly long wavelengths are 

recommended when lighting cannot be completely avoided (Department of the 

Environment and Energy, 2020). The elevation of the light source in relation to the 

turtles viewpoint is also important; lights at low elevation (2°) can impact sea-finding 

more than lights at high (16°) elevation as hatchlings respond to cues that are low and 

bright (Pendoley and Kamrowski, 2015). It is therefore recommended that lights are 

shielded or embedded into the ground to minimise their spread above the horizontal 

plane (Bertolotti and Salmon, 2005, Pendoley and Kamrowski, 2016). Additional 

management measures include using filters to eliminate disruptive wavelengths (Sella et 

al., 2006) or using light barriers such as vegetation screens to prevent light from being 

visible along the beach, especially when gaps occur (e.g., between buildings) (Salmon 

et al., 1995a). In addition, an exclusion zone of 1.5 km has been suggested as a 

minimum distance between nesting sites and artificial lights to reduce impacts to 

hatchlings (Pendoley and Kamrowski, 2016) but there is evidence that lights can 

influence their movement over much larger distances (15 to 18 km; Hodge et al., 2007, 

Kamrowski et al. 2014b).  
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Studies on the impacts of artificial light on in-water dispersal are limited, however 

research has shown that onshore lights can slow down the dispersal of hatchlings at sea 

(Harewood and Horrocks, 2008, Whelan and Wyneken, 2007). It can also cause them to 

disperse over a broader area rather than taking a path directly offshore (Witherington, 

1991) or it can even cause hatchlings at sea to return to shore (Daniel and Smith, 1947a, 

Truscott et al., 2017). But we know little about how lights on near and offshore 

structures such as jetties/oil rigs or on vessels influence their in-water movement, an 

issue given that these light sources have the potential to impact turtle hatchlings far 

beyond the shoreline and over a significant part of their dispersal. This issue has 

recently been highlighted as a priority area for further investigation by the Western 

Australian Government (Department of Biodiversity Conservation and Attractions, 

2017).  

2.4 Difficulty of tracking hatchlings in the nearshore 

Most of what we know about the early dispersal of hatchlings at sea has been 

determined in the laboratory or in the nearshore in close proximity to land using active 

tracking methods. Active tracking has typically involved researchers following 

hatchlings in a vessel (Okuyama et al., 2009, Witherington and Salmon, 1992, 

Witherington, 1995) or in water by snorkelling (Abe et al., 2000, Frick, 1976, Okuyama 

et al., 2009). Other studies have used fixed experimental designs where hatchlings were 

attached to floating cages to assess orientation at sea (Lohmann et al., 1990). Miniature 

radio tags attached to floats and tethered to hatchlings have also been used to track 

individuals but this method proved difficult (Gearheart et al., 2011) and was more 

useful as a secondary tracking method to locate animals when visual methods failed 

(Liew and Chan, 1992, Okuyama et al., 2009). Most of these methods are challenging or 

impossible to undertake at night, so experiments have often been conducted during the 

day (Frick, 1976, Okuyama et al., 2009). Although movement patterns of hatchlings in 

nearshore waters during the day and night may be similar (Salmon and Lohmann, 

1989), the timing of such experiments does not coincide with natural emergence times 

(see Bustard, 1967). Where active night tracking has been attempted, light sources have 

been required on the vessel and hatchling to allow visual tracking. Hatchling lights were 

attached either directly to tethers (Gyuris, 1994) or to floats that were towed behind 

hatchlings (Harewood and Horrocks, 2008, Stewart and Wyneken, 2004, Witherington 

and Salmon, 1992), or attached directly to the hatchling’s carapace (K. Pendoley pers. 
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comm). These approaches introduce additional, artificial light cues that may alter 

hatchling behaviours and natural predation rates, as might the tether and presence of a 

vessel.  

Hatchlings are thought to be highly susceptible to predation as they pass through the 

nearshore (Stancyk, 1982), due to the fact that predators are concentrated in this zone, 

and due to the small size of hatchlings and their lack of defensive behaviours. Strategies 

turtle hatchlings have evolved to reduce predation risk are believed to include rapid 

movement through the nearshore, night emergence which reduces detection by visual 

predators, and mass emergence as it dilutes individual risk (Tomillo et al., 2010). The 

latter can, however, also increase the probability of detection by predators, making 

group size of vital importance (Dehn, 1990). However, predation among any species is 

very difficult to document and study, especially without the potentially confounding 

effects mentioned above. For turtle hatchlings, night-vision scopes (Tomillo et al., 

2010) or remote infra-red cameras (Erb and Wyneken, 2019) have been used to record 

predation events during sea-finding, in addition to the visual assessment of hatchling 

tracks in the sand to determine if they made it to the sea (Erb and Wyneken, 2019). 

Predation rates from the nest to the sea from these types of experiments have been 

reported at levels ranging between 7% and 24% (Erb and Wyneken, 2019, Peterson et 

al., 2013, Tomillo et al., 2010), but with one as high as 45 - 99% (Simms et al., 2002). 

For the in-water part of their dispersal, although some studies have shown relatively low 

rates of predation (<7%; Glenn, 1996a, Harewood and Horrocks, 2008, Stewart and 

Wyneken, 2004, Whelan and Wyneken, 2007, Witherington and Salmon, 1992), higher 

rates can occur in waters adjacent to high density nesting areas (up to 88%; Reising et 

al., 2015) or adjacent to turtle hatcheries where hatchlings are released on mass (17%: 

Glenn, 1996a; 61.9%: Pilcher et al., 2000; 26.3%: Wyneken et al., 2000). In-water 

predation rates also appear to be influenced by habitat, with predation being higher 

when hatchlings transit over reefs (mean predation rate of 31%, but it was sometimes as 

high as 85%; Gyuris, 1994), which are likely to shelter larger numbers of fish predators 

(Frick, 1976, Gyuris, 1994, Pilcher et al., 2000), but lower over areas of bare sand 

(Glenn, 1996b, Stewart and Wyneken, 2004). Predation also declines with increasing 

water depth (Pilcher et al., 2000), likely because reef and other habitat used by fish is 

usually more abundant in shallow water. Hatchlings of larger size appear to have higher 

chances of survival (Gyuris, 2000), presumably because fewer gape-limited predators 

can eat them.  
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At present it is unknown the extent to which factors including artificial light (on boats 

and/or attached to the hatchling) and the presence of an observer either on a boat or in-

water confound these measurement of predation rates in the nearshore. 

2.5 Utility of passive acoustic telemetry to remotely 

track hatchling dispersal 

Recent advances in the miniaturization of acoustic tagging technologies have now 

enabled the remote tracking of marine turtle hatchlings via tiny acoustic tags (Vemco 

V5 tags, weight in air 0.65g) affixed directly to the underside of hatchlings and a fixed 

grid of acoustic receivers (Thums et al., 2013, Thums et al., 2016). This provides an 

experimental means to test the response of hatchlings to light sources at night without 

any need for the potentially confounding presence of an observer and lights to aid visual 

tracking (Thums et al., 2016). It also provides an opportunity to assess hatchling 

predation passively based on assessing the movement patterns of tags to infer mortality 

events (see Hays, 2014). This method was used by Thums et al. (2016) to quantitatively 

confirm that green turtle hatchlings were attracted to a light located on a boat, which 

caused them to linger in the nearshore zone and change their dispersal direction, with 

one predation event recorded (from 20 turtles tracked) in the 2.25 ha tracking array. 

This study represents the only experiment that has remotely tracked hatchlings (i.e., 

without the presence of an observer) at sea and monitored their response to nearshore 

lighting (lights located on-water, not on land) and physical oceanography. However, 

there is no information on how light over water influences the in-water dispersal of 

hatchlings of any other species of marine turtle, or how wavelength or light intensity 

influences attraction to these lights at sea. Given that turtle species differ in their 

attraction to lights on land during sea finding (e.g., long versus short wavelength, high 

versus low intensity) (Mrosovsky and Carr, 1967, Mrosovsky and Shettleworth, 1968, 

Pendoley and Kamrowski, 2015, Witherington, 1992, Witherington and Bjorndal, 

1991a, Witherington and Bjorndal, 1991b) it is likely there will also be differences in 

their responses at sea. The attraction of hatchlings to light at sea  may also have survival 

consequences (Thums et al., 2016), as is the case on land (Erb and Wyneken, 2019, 

McFarlane, 1963, Philibosian, 1976) and a passive acoustic tracking array allows for an 

experimental means to address this and many other questions on the in-water phase of 

hatchling dispersal.  
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2.6 The flatback turtle (Natator depressus) 

In addition to being currently listed as ‘Data Deficient’ Internationally (IUCN, 2018), 

flatback turtles are listed as ‘Vulnerable’ under the Commonwealth Environment 

Protection and Biodiversity Conservation Act 1999 and under the Western Australian 

Biodiversity Conservation Act 2016. It is also listed as a species of conservation concern 

in other States and Territories (see Department of Environment and Energy, 2017). The 

decline of all species of marine turtles has been attributed to the impacts of human 

activities such as habitat loss/alteration during coastal development, pollution, bycatch 

in fisheries or intentional harvest and climate change (Department of Environment and 

Energy, 2017, IUCN, 1995, Lutcavage et al., 1996, Pendoley, 2005, Wallace et al., 

2011, Wallace et al., 2013a). As such, evaluating the effects of anthropogenic activities 

on marine turtles has been identified as a global research priority for their conservation 

(Hamann et al., 2010). In particular, light pollution has been identified as a primary 

threat to populations of flatback turtles, particularly on the east coast and west coast of 

Australia (along the Northwest (NW) Shelf) as their critical nesting habitats commonly 

overlap with areas of large-scale coastal and island development (Department of 

Environment and Energy, 2017, Department of Biodiversity Conservation and 

Attractions, 2017, Kamrowski et al., 2012). More than half of the NW Shelf flatback 

turtle population is at risk of light pollution (Kamrowski et al., 2012) and between 1993 

and 2010, light levels increased in this area more than anywhere else in Australia due to 

expansion of the resources industry (e.g., mineral and petroleum) (Kamrowski et al., 

2014a).  

Female flatback turtles nest either in summer or in winter on beaches in northern 

Australia (Pendoley et al., 2014, Whiting et al., 2008), with a preference for locations 

that are relatively sheltered (Santana Garcon et al., 2010, Thums et al., 2019). They lay 

~3 clutches per season (Limpus et al., 1984) of around 47 eggs/clutch (Pendoley et al., 

2014), roughly every 13 days (Whittock et al., 2014) and they nest approximately every 

second year (Pendoley et al., 2014). After an average of 46 days (Pendoley et al., 2014), 

hatchlings emerge from nests, usually at night and immediately move towards the sea 

(Kamrowski et al., 2014b, Limpus, 1971). Similar to other marine turtles, very little is 

known about their early life-history once they enter the water and there is only one 

published study on in-water predation rates (18–43%; Bell and Pendoley, 2014). With 

the exception of leatherbacks, flatback hatchlings are larger than all the other species of 
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marine turtle hatchlings (~39 g; Miller, 1997), and their larger size is thought to make 

them not only less susceptible to predators compared to other turtle species (Limpus et 

al., 1984), but also to be stronger swimmers and have large energy reserves (Walker and 

Parmenter, 1990). Experiments have shown that other species can use wave cues to 

navigate away from the shoreline (Lohmann et al., 1990, Wyneken et al., 1990), so it is 

expected that flatback hatchlings may have similar abilities, however there may be some 

variation in their dispersal behaviour due to their different life-history strategy of 

remaining in the neritic zone rather than dispersing to oceanic habitats (Bolten, 2003b). 

However, there is still the need to rapidly disperse through and away from predator rich 

nearshore zones. It has already been demonstrated that their swimming thrust and 

metabolic rate decreases faster after hatching in comparison to green and loggerhead 

turtles, which is consistent with different dispersal strategies, whereby flatbacks display 

a shorter period of vigorous swimming to avoid entry into offshore currents (Pereira et 

al., 2012). But despite this, they have a longer frenzy period than other species; they 

swim continuously (no interspersed periods of drifting) for up to 4 days (Salmon et al., 

2009). This is likely because they do not rely on a component of passive dispersal to 

direct them into the major offshore currents (Bolten, 2003a, Chung et al., 2009, 

Wyneken and Salmon, 1992). It may also be a strategy they use to avoid predators in 

coastal areas (Salmon et al., 2009). Modelling of predicted dispersal routes suggests that 

their distributions are influenced by patterns of local water circulation, swimming 

behaviour, and nesting locations (Hamann et al., 2011, Wildermann et al., 2017). In 

eastern Australia, these factors aid in retaining hatchlings in the neritic zone, whereas 

island nesting locations, which are often where green and loggerhead turtles nest, 

support rapid advection into boundary currents (such as the Eastern Australian Current) 

in oceanic waters (Wildermann et al., 2017).  

Our knowledge on how light impacts the dispersal of flatback hatchlings is limited to 

studies on the short (minutes) transit from the nest to the sea. Studies conducted in-situ 

on newly emerged flatback turtle hatchlings found they are particularly sensitive to blue 

wavelengths between 365 to 550 nm (Fritsches, 2012, Pendoley, 2005). When given a 

choice, hatchlings were more attracted to a light source emitting wavelengths of 500 nm 

(green) over wavelengths of 550–700 nm (orange) (Pendoley, 2005). They are less 

attracted to lights of wavelengths 600 nm and above (orange/red) compared to 

wavelengths ≤ 550 nm (green/blue/violet) (Fritsches, 2012, Pendoley, 2005), however 

when crawling hatchlings were given a choice between long wavelength red light (700 
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nm) and dark (no light) in a y-shaped maze, they still choose the long wavelength red 

light (Pendoley, 2005). There are currently no data on how light influences the 

nearshore dispersal of this species, although one study has attempted to address this 

question but unfavourable (cyclonic) weather conditions hampered their ability to detect 

an effect (Thums et al. 2013). This is a critical knowledge gap for this life-stage in 

particular, as they already experience high levels of mortality through predation 

(Heithaus, 2013) and light pollution may pose a further risk to their survival.  

2.7 Study area and current management concerns 

The northwest region of Western Australia contains large and globally important marine 

turtle rookeries that occur on the mainland and on many of the islands (Limpus, 2007, 

Pendoley et al., 2016). Delambre and Legendre islands in the Dampier Archipelago, 

Mundabullangana Station (mainland) and Barrow Island off the southern Pilbara coast 

are significant flatback turtle nesting sites (Bell and Oates, 2010, Limpus, 2007, 

Pendoley et al., 2014, Thums et al., 2019) (Figure 2.1). They also nest in moderate to 

high numbers on Eighty Mile Beach and Cemetery Beach in Port Hedland (Department 

of Parks and Wildlife, 2014, Pendoley et al., 2014) (Figure 2.1). This region also has 

large mining industries targeting iron ore, petroleum and natural gas and the 

infrastructure and activity (ports, shipping etc.) needed to support the export of these 

products (Argent, 2013, Department of Mines Industry Regulation and Safety, 2018, 

Drenth, 2007). Many of these industrial operations require worksites to be lit throughout 

the night (e.g., ship loaders, drill rigs, jetties, mine sites, production facilities) (Figure 

2.1) (Pendoley, 2005). As a result, there has been a significant increase in the amount of 

light pollution in this region since 1993 (Kamrowski et al., 2014a). Much of this occurs 

in coastal areas where several of the key turtle nesting areas such as Barrow Island, 

Cemetery Beach and island beaches within the Dampier Archipelago also exist, and are 

in close proximity to these operations (Figure 2.1). For this reason, artificial light has 

been identified as a major pressure on marine turtles in this region (Pendoley, 2005). 
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Figure 2.1. Map showing the location of important flatback turtle rookeries located in the northwest region of Western Australia. The main town, Karratha, is shown 

for reference. Coastal and offshore areas containing artificial light pollution are shaded in red (Data source: Visible Infrared Imaging Radiometer Suite (VIIRS) 

Day/Night Band (DNB) monthly satellite data from October 2017 to April 2018 obtained from the Earth Observation Group, National Oceanic and Atmospheric 

Administration/National Centres for Environmental Information (NOAA/NCEI) and processed by the Department of Biodiversity, Conservation and Attractions 

using ER Mapper). Photos: a flatback turtle at hatchling (credit Kellie Pendoley) and adult stage.
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In Australia, there are various legislative frameworks for the protection of threatened 

fauna and their habitats, such as the Environment Protection and Biodiversity 

Conservation Act 1999 (EPBC Act). In Western Australia, the Biodiversity 

Conservation Act 2016 also applies to protect biodiversity across the State. National 

Light Pollution Guidelines for Wildlife including marine turtles, seabirds and migratory 

shorebirds were developed in September 2019 and provide guidance on best practise 

light management principles for a range of stakeholders and a framework for assessing 

and managing the impacts of artificial light on wildlife (Department of the Environment 

and Energy, 2020). These guidelines will provide information for new projects to follow 

if they have the potential to impact EPBC Act listed species. Smaller projects and the 

management of light are usually regulated by local governments through local planning 

schemes. A challenge is to change light regimes for existing infrastructure that do not 

have regulatory requirements to do so. In these situations, education and information 

exchange will play a major role. 

A balance is required for project lighting between environmental needs and 

requirements for human safety, workplaces and for the provision of amenity (Australian 

Standards) and also for safety requirements at sea (Australia Maritime Saftey Authority, 

2009). Current guidelines recommend reducing unnecessary lighting at sea and keeping 

light off sea surfaces to minimise impacts to hatchlings, as long as it is safe to do so 

(Department of the Environment and Energy, 2020). Designing fixtures that comply 

with government recommendations are typically adopted for structures or vessels with a 

permanent presence. However vessels can arrive from all over the world, often with 

different types of lighting, and when at anchor (at port or at anchorage) they can emit a 

lot of light, particularly when deck lighting (i.e., bright white light) is utilised for 

specific tasks or to prevent collisions (International Maritime Organisation, 2005). Their 

temporary presence makes them harder to manage, however, on Barrow Island, which is 

not only a significant flatback turtle nesting site, but also an operational LNG facility 

(Whittock et al., 2014), vessels are requested to reduce lighting to the minimum 

required for safe operations when they are moored at the jetty to minimise impacts to 

turtles in the area (Chevron Australia, 2018b). Although, despite this being a priority, it 

is not always feasible or safe to implement, so other management solutions to reduce 

light spill during the turtle hatching season may be required to meet needs of wildlife.  

Given the competing needs of human safety and the conservation and recovery of 

threatened turtles, there is an urgent need to collect empirical data on the impact of light 
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pollution on hatchling dispersal at sea, particularly during the nearshore transit as light 

sources are typically concentrated in coastal zones. Not only will this provide important 

information to inform future management decisions, but it will provide a more complete 

understanding of the important and poorly studied dispersal phase of the turtle life 

history. If hatchling survival is impacted by light pollution, then nesting locations 

affected by nearshore lighting may have lower rates of recruitment. Without such 

empirical data and given the approximate 20 year time lag for female hatchings to return 

to their natal beaches to nest (Limpus, 2007), documentation of declines in populations 

due to an adverse impact from light may come too late to implement effective solutions. 
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Chapter 3 Artificial light disrupts the 

nearshore dispersal of neonate 

flatback turtles (Natator 

depressus) 

 

 

Photo credit: Suzanne Long 

 

 

  



 

22 

3.1 Summary 

After emerging from nests, neonate sea turtles entering the water are thought to 

orientate away from shore using wave cues to guide them out to sea. Artificial light may 

interfere with this process, but the relative importance of natural and anthropogenic cues 

to the dispersal of hatchlings is unknown. Here, we used acoustic telemetry to track the 

movement of flatback turtle Natator depressus hatchlings dispersing through nearshore 

waters. Turtles dispersed in the presence and absence of artificial light through a 

receiver array where a range of oceanographic variables were measured. Turtle tracks 

were analysed using a full subsets generalised additive mixed model approach to 

identify the most important cues influencing the bearing, variance in bearing (a measure 

of  the ability to orientate directly), rate of travel and time spent in the array. Artificial 

light reduced their swim speed by up to 30%, increased the amount of time spent in 

nearshore waters (by 50 to 150%) and increased the variance in bearing (100 to 180% 

more variable), regardless of oceanographic conditions. Under ambient conditions, 

ocean currents affected the bearing of hatchlings as they left the shore, but when light 

was present, this effect was diminished, showing turtles actively swam against currents 

in their attempts to move towards light. After accounting for the effects of currents on 

hatchlings dispersing under ambient conditions, turtles swam offshore by moving 

perpendicular to the coastline and did not appear to orient into incident wave direction. 

Overall, light disrupted the dispersal of hatchlings causing them to linger, become 

disoriented in the near shore and expend energy swimming against ocean currents.     

3.2 Introduction 

Migration from natal habitats is a critical aspect of the early life history of many 

organisms (Dingle, 1996). Understanding these movements and the consequences on 

population dynamics, genetics and distribution requires knowledge of the mechanisms 

involved (Clobert et al., 2012). However, collecting empirical data for very small 

organisms is challenging, so fundamental questions often remain for these early life-

stages (Hays et al., 2016, Wikelski et al., 2007). Sea turtles are one such species, where 

the difficulties of directly tracking small turtle hatchlings in the wild (Thums et al., 

2013) means that, at present, little is known about how local oceanographic conditions 

influence their dispersal as they navigate away from the beach, with mostly laboratory 

experiments showing that they use wave cues to direct them offshore (Lohmann et al., 
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1990, Lohmann et al., 1995, Wyneken et al., 1990). Upon entering the ocean, they swim 

rapidly offshore in a behavioural phase termed the ‘frenzy’, which consists of 

continuous swimming for at least 24 hours (Wyneken and Salmon, 1992) but can last 

for days (Salmon et al., 2009). This behaviour is thought to ensure the rapid transit of 

hatchlings from the edge of the beach to deeper waters, reducing their exposure to high 

densities of predators in nearshore environments (Wyneken and Salmon, 1992, Salmon 

et al., 2009). Given the difficulties of directly tracking hatchlings, the influence of cues 

such as coastal currents on nearshore trajectories of hatchlings has usually been assessed 

using modelling (Hamann et al., 2011, Hays et al., 2010, Robson et al., 2017, Scott et 

al., 2012). However, the advent of miniature acoustic tracking devices has offered the 

possibility of remote tracking of this early part of dispersal, allowing the influence of 

both natural (currents, wave action) and artificial (light) cues on this process to be 

assessed (Thums et al., 2016).  

Thums et al. (2016) used small acoustic tags and a receiver array deployed along a 

shoreline to document the dispersal of hatchling green turtles in a coral reef 

environment in north-western Australia. They found that current speeds greater than 

0.30 ms
-1

 influenced the bearing of hatchlings dispersing under natural conditions at 

scales in the order of 10 to 150 metres. Similarly, other tracking studies using the same 

technology has also shown that the trajectories, speed and orientation of hatchlings can 

be strongly influenced by ocean currents (Scott et al., 2014). Both of these studies 

focused on a single factor (current flow) when, in reality, hatchlings are likely to 

respond to a much wider range of cues during their dispersal offshore. For example, it is 

well known that visual cues aid hatchlings emerging from the nest to find the sea 

(Ehrenfeld and Carr, 1967, Hendrickson, 1958). Hatchings move away from elevated 

dark horizons (such as dunes) and towards the lowest, brightest horizon (Limpus and 

Kamrowski, 2013, Pendoley and Kamrowski, 2015, Salmon et al., 1992), and the 

importance of visual cues does not appear to cease once they enter the water (Avens and 

Lohmann, 2003, Thums et al., 2016). Once swimming, hatchlings are thought to switch 

to using waves (oceanic swell or wind-driven systems) to guide them further out to sea 

(Lohmann and Lohmann, 1992, Okuyama et al., 2009, Salmon and Lohmann, 1989, 

Wyneken et al., 1990), although hatchlings can still move offshore regardless of the 

direction of waves (Thums et al., 2016) and are also capable of navigating offshore 

under calm conditions (Abe et al., 2000, Pilcher et al., 2000), suggesting that multiple 

cues are likely to be employed to aid dispersal from the nearshore.  
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Importantly, artificial cues may over-ride or disrupt this process of dispersal. For 

example, light pollution from anthropogenic sources is a pervasive threat, both on land 

and at sea, as it not only interferes with hatchlings finding the sea (Daniel and Smith, 

1947a, Verheijen, 1985) but also with their in-water dispersal. Offshore lights can 

attract in-water dispersing hatchlings, causing them to linger around the light source at 

sea (Limpus et al., 2003, Thums et al., 2016), and onshore lights can slow down their 

in-water dispersal (Harewood and Horrocks, 2008, Whelan and Wyneken, 2007), 

increase their dispersion path (Witherington, 1991) or even attract hatchings back to 

shore (Truscott et al., 2017). This occurs because light pollution disrupts their response 

to natural visual cues (Verheijen and Wildschut, 1973) resulting in confusion and 

misorientation (Kamrowski et al., 2014b, Pendoley, 2005, Verheijen, 1985). On land, 

movement of hatchlings in a direction other than the sea often leads to death from 

predation, exhaustion, dehydration or being crushed by vehicles in urban areas 

(McFarlane, 1963, Philibosian, 1976) and it is likely that increasing their time spent in 

nearshore waters will also have consequences on hatchling fitness and survival.  

The level of impact of artificial light is usually governed by its wavelength (Mrosovsky 

and Carr, 1967, Mrosovsky and Shettleworth, 1968). Light enriched in short 

wavelengths (<600 nm) is known to be highly attractive to hatchlings (Lohmann et al., 

1997, Witherington, 1992), including flatback turtle Natator depressus hatchlings 

(Pendoley, 2005), thus longer wavelengths (>600 nm) are recommended for use in areas 

close to turtle nesting beaches when complete darkness is not an option (Witherington 

and Martin, 2003). Intensity and horizon elevation also significantly moderate the 

impact of artificial light on hatchling dispersal from nest to sea (Pendoley and 

Kamrowski, 2015). 

Although Thums et al. (2016) demonstrated that artificial light interferes with the 

dispersal of green turtle hatchlings in nearshore waters, the influence of different 

wavelengths of light and the relative importance of natural (wave direction, current 

flow) and artificial cues on this process has not yet been assessed. Here, we address this 

question for hatchlings of the flatback turtle. This species may be particularly 

susceptible to light pollution because many of their nesting sites occur in areas of high 

light pollution and it spends its entire life cycle over the continental shelf often in waters 

close to mainland Australia (Walker, 1991, Walker and Parmenter, 1990) where light 

impacts are likely to be concentrated. Flatback turtle nesting occurs at sites with 

relatively low wave energy compared to other species (Pendoley et al., 2014, Santana 
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Garcon et al., 2010), some of which are among the most light-exposed nesting areas in 

Australia (Kamrowski et al., 2012, Kamrowski et al., 2014a). Consequently, the 

possibility that light attracts dispersing hatchlings in the water, and potentially impacts 

their survival, remains a key and currently unresolved issue for managing flatback turtle 

populations. This is particularly relevant in north-western Australia, where altered light 

horizons are common due to oil and gas platforms, port development and shipping 

related to mining operations located throughout the region (Limpus, 2007).   

3.3 Material and methods 

3.3.1 Study site 

This study was conducted between 8 and 10 February 2016 during the new moon phase, 

after moon set (obtained from Geoscience Australia 

(www.ga.gov.au/geodesy/astro/moonrise.jsp) during the peak flatback turtle hatchling 

season (January–February), in the nearshore zone (up to 300 m from shore) on 

Thevenard Island, approximately 30 km offshore from the mainland of Western 

Australia (Figure 3.1). Nesting occurs around the entire island but is concentrated on the 

south-eastern beaches. The north-western side of the island was selected for the study 

because this site was least affected by existing sources of artificial light on and around 

the island. These sources included those from nearby oil and gas developments near 

Onslow (25 km to the southeast) and Barrow Island (80 km to the northeast). The 

intensity of these light sources was measured with a digital All-sky (Sky42) camera (see 

Supporting Information - Section 3.7.1 for details).  

3.3.2 Tracking array 

Turtle hatchlings were tracked following the approach of Thums et al. 2016. An array of 

36 (6 x 6) omnidirectional acoustic receivers (Vemco VR2W) was deployed 30 m apart, 

with the first line of receivers starting approximately 50 m from shore (Figure 3.1) to 

calculate positions of hatchlings instrumented with V5 acoustic transmitters (Vemco) as 

they moved through the nearshore zone (see Supporting Information – Section 3.7.2 for 

details).  

A Teledyne RDI acoustic Doppler current profiler (ADCP) was deployed in the middle 

of the array to measure current speed and direction, wave period, height and direction, 

and water temperature and depth. The current speed and direction and water depth and 

http://www.ga.gov.au/geodesy/astro/moonrise
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temperature was measured every 2 mins (1 min mean sampling at 1Hz). Directional 

waves were measured every hour based on 20 min burst sampling at 2Hz. Data on wind 

speed and direction (recorded every minute at Onslow airport) were obtained from The 

Bureau of Meteorology (www.bom.gov.au). 

 

 

Figure 3.1. The acoustic tracking array, with open circles representing receivers (30 m apart), 

each with a co-located synctag. The position of the 3 reference tags (to measure system 

performance) are shown in green circles and the ADCP (to measure current and water 

parameters) as a black cross. Experimental lights were located on a boat (yellow circle) moored 

mid-way along the western edge of the array. The beach is shown in grey in the bottom of the 

plot and the hatchling release point is marked. Peak wave direction over the three nights (306º) 

is shown as a black arrow. 

 

3.3.3 Hatchling capture 

A total of 91 flatback turtle hatchlings were obtained from the south-eastern side of 

Thevenard Island for use in the tracking study. The beach was monitored at night and in 

the early hours of the morning for evidence of newly emerged, or the imminent 

emergence of hatchlings. Hatchlings were collected from within or near the nests and 

were kept in an insulated box with a sand floor in a dark, quiet room until later that 
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night or the following nights and then tagged and released as part of the experiment. 

Where hatchlings were collected from multiple nests or at different times, they were 

distributed evenly among experimental treatments. Straight carapace length (SCL) and 

width (SCW) (±0.1 cm) and body mass (±0.1 g) were measured using digital callipers 

and a digital scale.  

3.3.4 Acoustic tags and tag attachment 

Uniquely coded, V5 acoustic transmitters (180 kHz, 0.65 g in air, 0.38 g in water, 12.7 

mm long, 4.3 mm diameter with a 5–10 second transmission rate) were attached 

vertically to the underside of hatchlings with the transducer pointing down (Thums et 

al., 2016) using a small drop of fast-acting epoxy (Selleys Araldite 5 Minute Adhesive). 

The transmitters weighed 1.95% (weight in air) of the mean weight (33.3 ± 2.2 g) of 

hatchlings. Tag diameter was 8.8% of the average SCW (49.1 ± 2.0 mm) and 7.1% of 

the average SCL (60.2 ± 1.5 mm) and tag length was approximately 30–60% of the 

depth of a hatchling (depth estimated at 20 to 40 mm).  

3.3.5 Light experiment 

Experiments were conducted over 3 consecutive nights during the new moon phase, 

following moon set on 8 February after 21:00 h, beginning on the rising tide and ending 

on an outgoing tide each night (Table 3.1). High tide occurred at 23:06 h (2.49 m), 

23:51 h (2.57 m), and 00:31 h (2.60 m), respectively, over the 3 nights. On each night, 

we examined hatchling dispersal through the array under ambient conditions and in 

relation to two different types of 400 watt lights; high pressure sodium (HPS) vapour 

(amber in colour with peak wavelengths at 560 to 600 nm and wavelength range 500 to 

630 nm) and metal halide (MH: white in colour and enriched in short wavelengths [400 

to 500 nm] relative to HPS, and emitting light between 500 and 600 nm) (Pendoley and 

Kamrowski, 2015). These light types are commonly used in industrial settings in the 

region (Pendoley, 2005) and represent one of the least and one of the most attractive to 

flatback hatchlings on land, respectively (Pendoley and Kamrowski, 2015). The lights 

were positioned on a boat moored at the edge of the western side (selected at random) of 

the array (Figure 3.1), with the light angled slightly downward and facing the beach, 

creating a light spill near the boat. We attempted to determine whether there was a bias 

in hatchling bearing during dispersal prior to the experiments by following dispersing 

hatchlings (n=12) during the day with a kayak but no side bias was detected (5 oriented 

westward, 6 oriented eastward and 1 oriented directly offshore).   
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Transmitters were glued to the underside of turtles (Table 3.1) and allowed to cure (10 

min) before they were released into the array (Figure 3.1) either under dark ambient 

conditions or with artificial lights present. Hatchlings were not given the opportunity to 

crawl to the water as they could not do so once the transmitter was attached. They were 

carried to the water and held at the water surface for approximately 5 to 10 s to invoke 

the swimming response prior to release.  

For each light treatment (ambient, HPS and MH), 5 pairs of tagged hatchlings were 

released every 10 min into the array and tracked for up to 90 min, giving those 

hatchlings released at 40 min a maximum time of 50 min to swim through the array. 

Green turtle hatchlings have been found to spend approximately 20 min in the array 

(Thums et al., 2016), so this was considered sufficient time for all hatchlings to have 

left the tracking area. The order of the treatments was randomised across the 3 nights to 

ensure that each treatment occurred during both ebb and flood tide conditions (Table 

3.1). We quantified light in each treatment using a digital all-sky camera (see Figure 

App 3.1 and further information in Supporting Information – Section 3.7.1).
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Table 3.1. Timing of the experiments over the 3 consecutive nights, tidal state, mean ± SD straight carapace length (SCL), straight carapace width (SCW) and 

weight of hatchlings tracked in each light treatment (ambient, metal halide [MH], high pressure sodium [HPS]), as well as hatchling collection times and 

dates. The number of hatchlings tracked per treatment was usually 10 except in the ambient treatment on Night 1 (10 turtles were released but one tag had no 

detections).   

Night of 

experiment 

Treatment Start End Tide No. 

tracked 

SCL (mm) SCW (mm) Weight (g) Collected 

08-Feb-2016 

 

HPS 21:15 22:50 Flood 10 61.5 ± 1.4 51.2 ± 2.2 33.0 ± 2.7 06-Feb-2016 23:00 

Ambient 23:00 00:15 Ebb 9 60.1 ± 0.9 49.7 ± 1.0 32.7 ± 2.0 06-Feb-2016 23:00 

MH  00:17 01:30 Ebb 10 61.0 ± 1.5 50.1 ± 1.2 31.0 ± 2.4 06-Feb-2016 23:00 

09-Feb-2016 

 

Ambient 21:13 22:26 Flood 10 60.6 ± 1.5 49.2 ± 1.5 34.1 ± 1.7 08-Feb-2016 07:00 & 06-Feb-2016 23:00 

MH 22:56 00:06 Ebb 10 60.1 ± 0.9 48.7 ± 1.8 33.1 ± 1.0 08-Feb-2016 07:00 & 06-Feb-2016 23:00 

HPS 00:25 01:35 Ebb 10 59.5 ± 2.0 48.0 ± 1.8 32.9 ± 1.6 08-Feb-2016 07:00 & 06-Feb-2016 23:00 

10-Feb-2016 

 

MH 22:30 23:40 Flood 10 59.0 ± 1.5 47.8 ± 2.0 33.0 ± 1.2 09-Feb-2016 22:30 & 10-Feb-2016 18:00 

HPS 23:50 01:15 Ebb 10 59.7 ± 1.3 48.6 ± 1.7 34.2 ± 1.7 09-Feb-2016 22:30 & 10-Feb-2016 18:00 

Ambient 01:35 03:00 Ebb 10 60.2 ± 1.1 48.4 ± 2.0 36.1 ± 1.6 09-Feb-2016 22:30 & 10-Feb-2016 18:00 
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3.3.6 Data analysis 

Data from acoustic receivers were downloaded the day after the last experiment and data 

were sent to Vemco for calculation of turtle xy positions as they moved through the array. To 

determine if lights influenced how long hatchlings spent in the nearshore, we calculated the 

time spent by each turtle in the array, defined as the time from when each turtle was detected 

by the receivers in the array until the time it left the array. The xy positions were used to 

calculate how many hatchlings were attracted to the light, and a number of parameters which 

were used as response variables (described below) to test for an effect of light treatment. 

These were mean speed (distance between each calculated position divided by the time 

difference between the positions), mean bearing (relative to 0° such that westerly bearings 

were negative) and variance in bearing (a measure of confusion) for each hatchling from the 

release point to the point where it left the tracking area. Tracks were also divided into inshore 

of the light (south of latitude -21.4516˚) and at the light location (< latitude -21.45125˚ but > 

-21.4516˚) for the testing of the response variable mean speed to provide more information 

with which to understand turtle energetic expenditure in relation to light attraction. For the 

response variable mean bearing only tracks inshore of the light were used (south of latitude -

21.4516˚) because the test was designed to test hatchling attraction from shore to the light. 

Their tracks beyond the light were not needed and, if included, might have confounded the 

test as, once at the light, hatchlings became confused and moved in tortuous ways. The R (R 

Core Team, 2015) package ‘circular’ (Lund et al., 2017) was used to calculate mean bearing 

and circular variance of bearing for each turtle. We also implemented kernel density 

estimation on all the tracks combined using the bkde2D function in the R package 

‘KernSmooth’ (Wand, 2015) to determine the areas that had the highest density of locations 

and depict the spatial distribution of the locations. We made a subjective visual choice of the 

smoothing parameter ‘bandwidth’ based on successive trials (Silverman, 1986, Wand and 

Jones, 1995).  

To determine if the length of holding time prior to releasing hatchlings influenced our results, 

we tested each response variable with the number of days held (Categorical: 0 [< 1 d], 1 [1 d], 

2 [1.5 to 2 d], 3 [3 d]) using a linear model and compared the Akaike’s information criterion, 

corrected for small sample size (AICc) and model weights of the slope model (response ~ 

days held) to the intercept-only model (response ~ 1). 
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Wave height, period and direction were measured by the ADCP every 20 minutes over the 

study period. For the period of each turtle’s transit through the array, we calculated mean 

wave steepness (wave height/wave length) and peak wave direction. There were typically 1 

or more measurements of wave steepness and direction for each turtle (64%), and the transit 

of 36% of turtles did not correspond to a specific measurement, so the closest measurement in 

time was used. Mean current speed and direction, calculated at 2 min intervals using the 

ADCP, and average wind speed and direction (obtained every min) was also determined for 

each turtle’s transit.  

3.3.7 Impact of light treatment on hatchling dispersal 

Time spent in the array, mean bearing inshore of the light, variance in bearing, and mean 

speed were then used as response variables in a suite of generalised additive models (GAMs) 

to examine the relationship with light treatment (categorical: ambient, HPS, MH), current 

direction (categorical: flood and ebb tide) and the continuous variables; current speed, wind 

speed and wave steepness. Predictors with insufficient variation were excluded from 

modelling and these included water temperature, depth, wind direction and peak wave 

direction. The gamm4 function in the mgcv library (Wood, 2017) in R was used to fit models. 

We used a function developed by Fisher et al. (2018) to fit all possible combinations of the 

predictor variables and the interactions between the categorical variables and each of the 

continuous variables, as well as the interaction between the 2 categorical variables. A 

Pearson’s correlation cut-off value of 0.28 (between predictors) was used for excluding 

models with correlated predictors (Graham, 2003). All continuous predictors were modelled 

as smooths, using a cubic regression spline, with k restricted to 5 following the default 

settings of the full subsets GAM function used. Model selection was then achieved by 

ranking each model using the AICc, and their relative model weight, the AICc weight 

(wAICc). We also calculated overall variable importance (summed model weights for each 

predictor).  

Time spent in the array was rounded to the nearest minute and then modelled as a binomial 

distribution with 50 trials, representing the maximum of 50 min in the array. Each individual 

turtle (turtle ID) was included as a random effect. Mean bearing inshore of light and mean 

speed were modelled with a Gaussian distribution as these variables adequately fit a normal 

distribution. Variance in bearing was modelled using a Gamma distribution.  
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For all models, night was included as random effect to account for non-independence of 

observations across the sampling nights. 

The mean centroid track (x0(t), y0(t)) for a group of hatchlings for each treatment on both the 

flood and ebb tides was calculated (Johnson and Pattiaratchi, 2004):  

𝑥0(t) = 
1

𝑛 
 ∑ 𝑥i

𝑛

𝑖=1

(𝑡)         𝑦0(𝑡) =
1

𝑛 
 ∑ 𝑦i

𝑛

𝑖=1

(𝑡),  

where 𝑥i, 𝑦i was the position of one of 𝑛 positions of a group of hatchlings in a treatment. A 

mean latitude and longitude position for each turtle was calculated at 1 min intervals for the 

length of its track. Each position was allocated a time bin, and for time bins 1 to 10 a mean 

latitude and longitude of hatchlings was calculated from all turtles in that treatment, on the 

flood or ebb tide. This allowed us to determine the centroids for groups of hatchlings in 

different treatments and under different tidal conditions. This was calculated for the first 10 

min, as after this time, there were not always 3 or more turtles available in each group to 

calculate a mean. 

3.3.8 Natural predictors of hatchling dispersal 

To determine how oceanographic conditions influence hatchling trajectories under natural 

conditions, the mean bearings of entire tracks from the ambient treatment (modelled with a 

Gaussian distribution) were used to test for an effect of environmental predictors using a 

similar statistical procedure (full subsets modelling [Fisher et al., 2018] ranked according to 

AICc). Predictors included the factors current direction and wave steepness, and the 

continuous variables current speed and wind speed, again with night as a random effect in all 

models. Wave steepness was converted to a factor in this analysis as only small and larger 

values were present in this treatment, and were thus unable to be fit well using cubic splines. 

All other predictors were excluded as they did not change over the study period.   

Positions were corrected for current displacement (Gaspar et al., 2006) to qualitatively 

examine the dispersal of hatchlings in relation to wave direction. For each animal position, 

current speed and direction was determined using the closest value to the time and date of 

that position (<2 minutes). The speed and direction of the turtle was calculated by 

determining the distance and bearing between 2 spatial points, and then calculating the rate of 

travel based on the distance and the time taken between them using R packages ‘sp’ 
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(Pebesma et al., 2017) and ‘geosphere’ (Hijmans et al., 2016). For each position the speed 

and direction of the turtle and of the currents was used to calculate U (east/west) and V 

(north/south) components for the turtle (Ut, Vt) and for the current (Uc, Vc) which were 

subsequently used to calculate the current corrected speed and direction (Table App 3.1). A 

mean centroid track (current corrected track) on both the flood and ebb tides was determined 

using the methods described above and the mean current corrected speed was calculated.  

3.4 Results 

3.4.1 Acoustic array performance 

Hatchlings measured on average (mean ± SD) 60.2 ± 1.5 mm SCL and 49.1 ± 2.0 mm SCW, 

and weighed 33.3 ± 2.2 g (Table 3.1). Hatchlings collected on the 6 and 8 February were all 

collected from 1 nest each night, whereas hatchlings collected on the 9 and 10 February were 

from multiple nests and were divided evenly among treatments. Total detections ranged from 

10 to 2705 per individual. From these detections, 2268 positions were calculated for 89 

individual animals, ranging from 1 to 127 positions. A large number of detections were 

excluded as tag transmissions need to be detected on three or more receivers at the same time 

in order to calculate a position. One animal was released but no detections were recorded and 

another animal was detected 15 times but no positions were calculated (i.e., detections were 

not recorded on 3 or more receivers at the same time). Three animals were excluded from the 

analysis of time spent in the array as they were detected over multiple days (2646, 2705 and 

2335 detections for each tag respectively). On closer inspection, these detections were 

predominantly recorded by 1 receiver, suggesting that the tag had detached, perhaps during a 

predation event. Positions prior to tag detachment were included in all other analyses. 

Another 4 animals had less than 3 calculated positions or high error around their positions 

and were excluded from the analysis of bearing and speed. This resulted in data from 87 

animals (26 ambient, 31 HPS, 30 MH) analysed for time spent in the array, and data from 85 

animals (29 ambient, 27 HPS, 29 MH) used in the analyses of turtle bearing, speed and mean 

tracks. The 29 turtles dispersing under ambient conditions were used in the analysis of the 

mean bearing and of these, 26 had sufficient position estimates (>3 points) for current 

correction of tracks.  

There was no evidence for a difference in hatchling speed, variance in bearing or time spent 

in the array with number of days held prior to release, with the null model having the highest 
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support (wAICc = 0.89, 0.76, 0.76, respectively). For bearing inshore of light, the slope 

model and the null model were both within 2 AICc points, thus the null model was the most 

parsimonious. 

3.4.2 Environmental conditions 

Median current velocity was 0.14 m s
-1

, ranging from 0.01 to 0.30 m s
-1

. Currents were driven 

by tidal movement and ran in an ENE direction on the flood tide (median speed 0.07 m s
-1

) 

and a WSW direction on the ebb tide (median speed 0.17 m s
-1

) (Figure App 3.2). Median 

significant wave height was 0.21 m, ranging between 0.04 and 0.26 m. Sea waves approached 

from a WNW direction and swell waves from a NNW direction, with peak wave direction 

coming from the NW (mean bearing -54°) each night (Figure App 3.2). This was similar to 

the direction of the experimental light (mean bearing of -36.5° from the hatchling release 

point (see Figure 3.1). Wind speed ranged from 0 to 5 m s
-1

, mean of 3.06 m s
-1

 and 

consistently approached from a westerly direction (Figure App 3.2). Water depth varied from 

1.3 to 2.4 m, with a median depth of 2.2 m during the experiment (Figure App 3.3). Wave 

period was largely dominated by shorter periods (wave period < 6 s), with the exception of 

Night 3 during the ambient treatment, when winds dropped off and longer swell-generated 

periods dominated (wave period > 8 s). Water temperature ranged from 28.7 to 30.8°C, but 

was mainly around 30˚C with the exception of a 1.3˚C drop (cold front) which coincided with 

the tidal movement (Figure App 3.3). 

3.4.3 Impact of light on hatchling dispersal 

3.4.3.1 Hatchling attraction to lights and time spent in array 

More hatchlings were attracted to the MH light (80%) than the HPS light (63%) (Figure 3.2b 

and c; see Video App 3.1 & 3.2 in Section 3.7.3). Under ambient conditions, 72% of 

hatchling tracks fanned out in a westerly direction, while 28% aligned more in a northerly 

direction through the middle of the array (Figure 3.2a and d, Video App 3.3 in Section 3.7.3), 

whereas in the light treatments, hatchling tracks were more directed to and concentrated 

around the light source located northwest of the release location. In the MH treatment, 80 to 

90% of hatchlings went to or towards the light, whereas 3% oriented to the north through the 

array and 7% went to the west of the light (Figure 3.2c & f). In the HPS treatment, 63% of 

hatchling tracks went to the light, 27% went towards the west, left of the light, 7% went in a 

northerly direction through the middle of the array and the remaining 3% did not have 
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enough positions to confirm direction (Figure 3.2b & e). All of the hatchlings that oriented 

northwards through the middle of the array were tracked on the flood tide when currents ran 

towards the east. When considering the analysis done on data from the entire tracking area, 

and the response variables time spent in the tracking area, rate of travel, and variance in 

bearing, the top ranked model included light treatment only (wAICc = 0.49, 0.88 and 0.55, 

respectively), with light treatment explaining 17, 29, and 23% of the deviance (Table App 

3.2). In ambient conditions, turtles spent 9.6 min (95% CI: 6.1–14.5) in the tracking area, 

remaining in the area 50% longer when HPS light was present (14.4 min; 95% CI: 9.8–20.1) 

and 150% longer when MH light was present (24.0 min; 95% CI: 17.7–30.3) (Figure 3.3a). 

Two individual hatchlings became noticeably trapped in the light spill of the MH light for 

approximately 1 h and did not move on until the light was switched off. This trapping effect 

did not occur with the HPS light. There was weak (24%) support for a model that included an 

additive effect of wave steepness, suggesting that hatchlings spent less time in the array when 

waves were steeper (higher wave height and shorter wave period). Turtles moved offshore 

faster when light was absent (0.50 ms
-1

; 95% CI: 0.46–0.54) than when light was present with 

the MH light producing the slowest rate of travel (0.44 ms
-1

 HPS; 95% CI: 0.40–0.48 and 

0.35 ms
-1

 MH; 95% CI: 0.31–0.39) (Figure 3.3b). Variance in turtle bearing (a measure of 

disorientation) increased from 0.12 (95% CI: 0.08–0.17) under ambient conditions to 0.24 

(95% CI: 0.15–0.32) for the HPS light treatment, with a further increase to 0.34 (95% CI: 

0.24–0.49) for the MH light treatment (Figure 3.3c).  

When modelling mean speed using the data inshore of the light and near the light, light 

treatment was the top ranked model near the light and current speed was the top model 

inshore of the light having wAICc values of 0.99 and 0.87, respectively, and explained 28 

and 59% of the deviance (Figure App 3.4, Table App 3.2). Inshore of the light, hatchling 

swim speed increased with current speed (Figure App 3.4a), but not in relation to light 

treatment. However, near the light turtles moved faster under ambient conditions (0.50 m s
-1

; 

95% CI: 0.44–0.56) than when light was present (0.25 m s
-1

 in HPS treatment; 95% CI: 0.19–

0.3 and 0.23 m s
-1

 in MH treatment; 95% CI: 0.17–0.28) (Figure App 3.4b). These tests 

suggest that the reduction in swim speed with light treatment that we observed using the full 

tracks is not a result of the turtles swimming faster to get to the light, but is from lingering 

around the light source.
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Figure 3.2. (a–c) Tracks of individual hatchlings represented by different colours and (d–f) kernel density plots of hatchling positions from 89 individuals in (a, d) 

ambient, (b, e) high pressure sodium (HPS, and (c, f) metal halide (MH) treatments. The light was located on a boat (larger black circle) moored midway along the 

western edge of the array (21.4514° S, 114.98159° E). Open circles: acoustic receivers; black star: hatchling release point (21.4526° S, 114.9824° E). The beach is in 

beige at the bottom of each plot. Warmer colours in (d–f) correspond to higher density of turtle locations.  
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3.4.3.2 Hatchling bearing 

There was strong evidence (wAICc = 1) for a 2-way interaction effect between current 

direction and treatment on the mean bearing that hatchlings took relative to the release point 

(0° directly north such that westerly bearings were negative), with this model explaining 38% 

of the deviance (Table App 3.2). The experimental light was located at a mean bearing of -

36.5° from the hatchling release point over the three nights (black dashed line, Figure 3.3d). 

Ocean currents flowed parallel to shore and to the east during the flood tide and more strongly 

to the west during the ebb tide. Tidal flow had the greatest influence on hatchling bearing in 

the ambient treatment, with a 30° difference in turtle bearing depending on current direction 

(flood tide -21.3°; 95% CI: -33.2° to -9.4°, ebb tide -51.4°; 95% CI: -60.9° to -41.9°) (Figure 

3.3d). Currents had a smaller effect on mean bearing when light was present, 21° in HPS 

(flood tide -25.3°; 95% CI: -37.4° to -13.1°, ebb tide -46.2°; 95% CI: -55.8° to -36.6°) and 9° 

in MH treatments (flood tide -30.8°; 95% CI: -42.6° to -18.9°, ebb tide -40.2°; 95% CI: -49.7° 

to -30.7°) (Figure 3.3d). This suggests that turtles in the light treatments actively swam 

against currents and towards the light, whereas in the ambient treatment their movements 

were more influenced by currents.  

3.4.3.3 Mean centroid track 

The mean track analysis showed that the effect of tides on the movement of hatchlings was 

reduced when light was added, particularly in the vicinity of the light position (Figure 3.4). 

Hatchlings moved towards the north on the flood tide and towards the northwest on the ebb 

tide in ambient treatments (Figure 3.4a). However, when artificial light was present, it 

appeared to largely override this effect (Figure 3.4b & c), with hatchlings moving in a similar 

direction towards the light and the difference between mean tracks on the different tides was 

reduced, notably in the MH treatment (Figure 3.4c). Some of the hatchlings managed to stay 

at the light for up to 1 h, showing an ability to swim against currents of up to 0.3 m s
-1

 

(maximum current speed recorded during the study). 
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Figure 3.3. Estimated values (mean ± 95% CI) from the top-ranked model (light treatment effect or 

interaction between light treatment and tidal state) for (a) the time that turtle hatchlings spent in the 

tracking array, (b) hatchling rate of travel, (c) variance in bearing and (d) mean turtle bearing inshore 

of light. The experimental light (metal halide [MH] and high pressure sodium [HPS]) was located at a 

mean bearing of -36.5° (black dashed line) from the hatchling release point.  

 

 

Figure 3.4. Mean track taken by hatchlings in (a) ambient, (b) high pressure sodium and (c) metal 

halide treatments on flood (red) and ebb (blue) tides. Orange circle: location of the light spill; grey 

circles: acoustic receivers. Note that an outline of the light spill is present in the ambient treatment for 

reference only. The beach is in beige at the bottom of each plot. 
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3.4.4 Natural predictors of hatchling dispersal 

Mean hatchling bearing under ambient conditions of tracks through the entire array was best 

explained by current direction, with 62% support for this model (wAICc 0.62%), which 

explained 48% of the deviance (Table App 3.2). There was a 40° difference in turtle bearing 

depending on the current direction (mean bearing on flood tide [eastward flow] was -12.1°; 

95% CI: -35.4° to 11.2°, and mean bearing on ebb tide [westward flow] was -51.7°; 95% CI: -

68.4° to -35.1°). The influence of tides on hatchling bearing, relative to their release point, 

increased with distance from shore. When hatchlings were inshore of the light there was a 30° 

difference in bearing, and this increased to 40° by the time they reached the furthest edge of 

the array. Wave steepness was the next most important variable influencing hatchling bearing. 

Hatchling tracks for the entire array were current corrected (Figure App 3.5a & b). The mean 

track analysis of current-corrected tracks showed that turtles moved perpendicular to the 

shoreline when the current drift was subtracted from their positions (Figure App 3.5c). They 

did not appear to orient into the peak wave direction that approached from the northwest 

(black arrow, Figure App 3.5c). These waves were mostly short period (<6 s) waves 

generated from local winds. There was a small change in mean trajectory on the flood tide 

after correcting for currents, as current speeds were weak (Figure 3.4a & Figure App 3.5c). 

However, there was a large change on the ebb tide, driven by the stronger currents on the 

outgoing tide (Figure 3.4a & Figure App 3.5c). Mean current-corrected speed was 0.47 m s
-1

, 

ranging from 0.35 to 0.62 m s
-1

. Although current corrections were not applied to hatchlings 

in light treatments, Figure App 3.5d illustrates the ability of hatchlings to stay at the light spill 

despite increasing current speeds.   

3.5 Discussion 

Our acoustic tracking, combined with fine-scale measurements of oceanography and 

experimental manipulations of light, allowed us to identify the relative importance of both 

natural and artificial cues to the nearshore dispersal of hatchling flatback turtles. Artificial 

light was a strong predictor of the in-water movement behaviour of flatback turtle hatchlings, 

largely overriding the influence of oceanographic cues and likely incurring energetic costs 

and increasing predation risk. Similar to studies of the effect of light pollution on the dispersal 

of turtles from beach nests to the seashore (Fritsches, 2012, Pendoley, 2005, Pendoley and 

Kamrowski, 2015, Witherington and Bjorndal, 1991a), artificial light enriched in short 

wavelengths such as the MH light had a more disruptive effect on in-water movement of 
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hatchlings than light enriched in longer wavelengths (e.g., HPS light), but both types elicited 

behavioural responses above that of ambient light. In the absence of artificial light, ocean 

currents had a strong influence on the path taken by hatchlings moving offshore, and once 

their tracks had been corrected for current drift they did not appear to respond to wave 

direction as a navigational cue, moving mostly perpendicular to the coastline after release.     

The MH light was more attractive to hatchlings than the HPS light (80% attracted) and had 

the largest impact on the time they spent crossing the nearshore zone (150% greater than 

ambient). However, HPS lighting still had a substantial effect on hatchling behaviour (63% 

attracted, and 50% more time spent crossing the nearshore zone than ambient), despite it 

being recommended as the best available light option for use in turtle rookery areas (Pendoley 

and Kamrowski, 2015). Although HPS lighting is enriched in long wavelength light (>550 

nm) it still emits a small amount of short wavelength light, especially at 500 nm, which 

renders it attractive to turtle hatchlings (Pendoley, 2005, Witherington and Bjorndal, 1991a). 

While it is clearly a better option than MH, the effect size we recorded indicates that lighting 

recommendations at turtle rookeries may need to be more extensive, perhaps including the use 

of light shields (Pendoley and Kamrowski, 2016), embedding lighting into jetties or structures 

(Bertolotti and Salmon, 2005), or reducing the number of lights or light intensity (Gaston et 

al., 2012). Red light or task lighting might be further options to be considered.  

Importantly, we found that the MH light could have a ‘trapping effect’ (Verheijen, 1958) on 

hatchlings, with some only dispersing once the light was extinguished. In places where lights 

are illuminated for long periods of the night, entrapment in light spills might result in 

exhaustion and ultimately, elevated mortality of hatchlings. Furthermore, hatchlings lingering 

around lights are likely to become easy prey for sharks and large fish in the nearshore 

(Limpus et al., 2003), so entrapment is also likely to increase the chances of predation. An 

earlier study found that green turtles Chelonia mydas were also attracted to artificial light at 

sea, but, unlike flatbacks, they moved through the light spill reasonably quickly, spending 

about 20% longer in the tracking area when light was present than during conditions of 

natural light (Thums et al., 2016). This suggests that some species may be more susceptible to 

entrapment within artificial light spills than others. 

Flatback hatchlings travelled at a mean speed of 0.50 m s
-1

 (95% CI: 0.46–0.54 ms
-1

) under 

conditions of natural light. This is similar to speeds of 0.49 ± 0.08 m s
-1

 reported for green 

turtle hatchlings (Thums et al., 2016) but higher than speeds reported for this species by an 

earlier study (0.34 ± 0.13 m s
-1

 and 0.25 ± 0.14 m s
-1

) (Thums et al., 2013), although these 
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latter results were obtained from a small sample size of 2 individuals that were actively 

tracked. In our study, hatchlings travelled 12–30% slower in the artificial light treatments than 

under ambient conditions, but this was largely due to very slow movement (50 to 55% slower) 

through the light spill. Swim speed prior to, and after, passage through the light spill was 

similar to that of hatchlings released under ambient conditions (0.50 m s
-1

). In contrast, green 

turtle hatchlings did not alter speed in response to artificial light from a MH source, largely 

because they spent less time lingering around the light spill (Thums et al., 2016).  

We found that artificial light was not a strong predictor of the bearing of hatchling tracks. 

This outcome was likely biased by the fact that the light source was positioned on the side of 

the array that generally corresponded to the direction that the hatchlings took under ambient 

conditions, which was largely a result of releasing the majority (two-thirds) of the hatchlings 

on the ebb tide (westward flowing) which carried hatchlings to the west. Although the 

experimental plan was to release equal numbers of hatchlings on both flood and ebb tide, the 

study timing was dictated by moon phase and logistics (i.e. moon set occurring at ~20:20 h 

each night and the time needed to deploy and moor the boat on site each night). While 

recognising these limitations, the study did still find clear differences in time spent, rate of 

travel and variability in bearing when light was present.  

The study confirmed that tidal movement had a substantial influence on the bearing of 

hatchling movements released under natural conditions (i.e., no artificial light) and that this 

effect increased as hatchlings moved further offshore. Close to shore (up to 100 m) there was 

a 30° difference in the direction hatchlings dispersed depending on the tide state. As they 

moved further away from shore (100 to 250 m), this difference increased to 40°. The ratio of 

mean hatchling speed (0.50 m s
-1

) to maximum current speed (0.3 m s
-1

) was 1.6, meaning 

that at this flow and swimming speed, hatchlings could move in any direction as their speed 

was greater than the speed of the currents (Chapman et al., 2011). Despite this ability to 

actively select a direction, the increasing displacement of the tracks with increasing distance 

from shore suggests the hatchlings did not completely compensate for the current advection. 

This indicates that hatchlings were actively swimming in a constant heading offshore using a 

strategy known as ‘full drift’, where the animal maintains its constant heading regardless of 

the direction of flow (Chapman et al., 2011). Directional swimming such as we observed in 

the nearshore has been suggested to be a strategy that helps flatback hatchlings remain in 

coastal waters, as it prevents them from being carried out to sea (Wildermann et al., 2017). 

The nearshore dispersal pathways of turtle hatchlings are largely unknown and are therefore 
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predicted using models (Hamann et al., 2011, Wildermann et al., 2017). Our data on the effect 

of currents on the displacement of hatchlings, and on the ability of hatchlings to swim against 

low velocity (up to 0.3 m s
-1

) currents to stay at, or move towards artificial lights, will 

therefore be important in improving these model outcomes through nearshore waters.  

Wave direction was not included in the modelling as it consistently came from the northwest, 

which was a similar bearing to the light source, and both the light position and wave direction 

remained consistent over the 3 nights. Consequently, we were unable to disentangle the 

relative importance of these 2 cues to hatchling movement. It may be that the tendency to 

move towards the northwest was also related to waves, and once hatchlings got closer to the 

light source, they became disoriented and crowded around it. However, given that hatchlings 

spent more time in the nearshore zone when light was present despite the presence of waves, 

it suggests that artificial light is the stronger of the 2 cues. This idea is supported by the work 

of Thums et al. (2016), who found that green turtle hatchlings responded to light cues 

irrespective of wave direction, but this was based only on observational data of waves as 

opposed to quantitative measurements. We did find weak support for wave steepness in our 

models suggesting that the presence of steeper waves which had shorter wave periods and 

higher heights helped reduce the time spent in the nearshore zone. 

Initially, wave direction appeared important for hatchlings moving offshore on the ebb tide in 

ambient treatments; however, when tracks were plotted on the different tides, it became 

evident that this was largely due to the effect of currents on hatchling bearings. When drift 

due to currents was excluded from tracks, hatchling trajectories moved perpendicular to the 

shoreline, taking a direct route offshore and not moving to the northwest into approaching 

waves. Flatback turtles nest on sheltered, low energy beaches (Pendoley et al., 2014) where 

surface waves are largely generated by local winds. It may be that this species does not 

respond to wind-generated waves (i.e., wave period < 6 s) or that they may be less sensitive to 

wave cues than other species. This is consistent with findings from other studies, where green 

turtle hatchlings moved mostly directly offshore (Frick, 1976, Ireland et al., 1978). This 

highlights the importance of taking into account the effects of ocean currents when trying to 

interpret marine animal dispersal behaviour (Gaspar et al., 2006).   
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3.6 Concluding remarks 

We have shown that ocean currents affect the dispersal pathways of turtle hatchlings, but at 

least for flatback turtles, orientation appears unlikely to be governed by wave direction. 

Comparative studies on multiple species moving under natural conditions in relation to wave 

direction will be valuable in a search for a general consensus on the use of waves as an early 

offshore navigational cue for this species.    

Our study confirmed that artificial light was a cue used by hatchlings orienting in nearshore 

waters and that it can override other dispersal cues, causing misorientation and increasing the 

time spent in the nearshore area. Given that predation rates on hatchlings are high in this 

nearshore zone (Gyuris, 1994, Pilcher et al., 2000), light pollution is a key threat to hatchlings 

dispersing from urbanised and industrial coasts. While longer wavelengths (orange) lessened 

the influence of artificial light in comparison to short wavelength blue light, behavioural 

changes were still evident that could delay hatchling transit through the inshore zone. 

Although light mitigation is commonly used to address impacts to hatchlings on land, our 

results show that similar light mitigation strategies are needed to minimise impacts to 

hatchlings in water in the vicinity of structures such as jetties, wharfs, anchored vessels, oil 

rigs, dredge equipment and land based infrastructure.  

3.7 Supporting Information 

3.7.1  Light camera  

We quantified light in the environment using a digital all-Sky camera (Sky42) that consisted 

of a Canon PowerShot G12 camera with an unfiltered Raynox DCR-CF187PRO HD fish eye 

lens. The fish eye lens enables the entire night sky and horizon to be captured in a single 

circular image. The camera was deployed on the beach near the turtle release point and photos 

of the night sky were made in all treatments during the experiment. Images were processed 

using Sky Quality Software to isolate and quantify the brightness (magnitude per arc.second2) 

and colour of light in each treatment. Light signals from stars and the Milky Way were 

removed and data smoothing applied and the brightness at target bearings relative to the 

camera location was calculated.  

The Sky Quality Camera measured low light levels under ambient conditions (20.34 

magnitude per arc second (mag arc sec2)) but a visible glow was seen behind the dunes 
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associated with mainland lights from the Onslow township and industry nearby (Figure App 

3.1). When artificial lights were switched on the camera measured high uni-directional light in 

the direction of the boat and the light intensity was of similar brightness for MH and HPS 

(15.98 and 16.6 mag arc sec2 respectively). There was an increase in horizon brightness 

between angles 90–210° when the artificial lights were on due to the light from the vessel 

reflecting off the dunes.      

3.7.2 Details on receiver spacing and range testing  

The spacing of receivers was selected to ensure transmitters maintained communication with 

multiple receivers at the same time as they moved through the array, which was determined in 

the days prior to the study by conducting a range test and a Vemco Positioning System (VPS) 

test. The range test consisted of a straight line of 8 receivers running parallel to shore (50 m 

from the shoreline) every 15 m up to 120 m from a submerged, fixed-delay interval V5 range 

test tag (transmission interval of 7 seconds). The tag was left to run for 17 hours and 

detections on the receivers showed that the effective detection range to ensure 75% detection 

probability of the tag was 35 m. A conservative spacing of 30 m was used to conduct a VPS 

test that consisted of a miniature array (3 x 3 receivers). Two V5 reference tags (transmission 

rate 400-500 seconds) were deployed at fixed locations for the VPS test and a model turtle 

equipped with a V5 transmitter and a GPS tracker was towed through the array to ensure the 

positioning system was working correctly. This test resulted in 95% of tag transmissions 

being detected on three or more receivers so this spacing was used for the full, 36 receiver 

array. Each receiver was attached to a mooring line using cable ties, held in position with a 

150 mm subsurface float and a 3 kg weight. Each receiver had a co-located synchronising 

transmitter (Vemco V9, 180 kHz) with a nominal code transmission delay of 400–500 

seconds attached approximately 0.5 m above and below the surface to synchronize the 

internal clocks of the receivers. Three V5 reference tags (transmission rate 400-500 seconds) 

were deployed in the array at fixed locations to measure system performance (Figure 3.1). 
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3.7.3 Animations of turtle tracks 

The following animations are accessible online at  

https://www.int-res.com/articles/suppl/m600p179_supp/ 

 

Video App 3.1. Hatchling tracks during exposure to metal halide light. 

 

Video App 3.2. Hatchling tracks during exposure to high pressure sodium light  

https://www.int-res.com/articles/suppl/m600p179_supp/
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Video App 3.3. Hatchling tracks under ambient conditions.  
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Table App 3.1. Details for calculating the current corrected speeds and direction for each animal 

position.  

Making the components Calculating corrected speed and direction  

Turtle component: 

𝑈𝑡 =  𝑉𝑡𝑠𝑖𝑛𝜃 

𝑉𝑡 =  𝑉𝑡𝑐𝑜𝑠𝜃 

Current component: 

𝑈𝑐 =  𝑉𝑐𝑠𝑖𝑛𝜃 

𝑉𝑐 =  𝑉𝑐𝑐𝑜𝑠𝜃 

 

where V is the speed, θ is the direction for turtle (t) and 

current (c) 

 

 

𝑈 = 𝑈𝑡 −  𝑈𝑐  

𝑉 = 𝑉𝑡 −  𝑉𝑐 

𝑆𝑝𝑒𝑒𝑑 =  √𝑈2 + 𝑉2 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =  tan−1 𝑈/𝑉 

 

  



 

48 

Table App 3.2. Model output table ranked by AICc for additive models fitted to explain response 

variables time spent, rate travel, variance in bearing turtle and mean bearing (ambient tracks only) 

through the tracking area, rate of travel and mean bearing inshore of the light, and rate of travel at the 

light.  

Response Model AICc BIC ΔAICc ΔBIC ωAICc ωBIC Dev. 

Exp. 

Analyses using all data – all detections or entire tracks 

Time 

spent 
 treatment 657.9 669.5 0 0 0.49 0.82 0.17 

 wave steepness + treatment  659.3 675.2 1.4 5.7 0.24 0.05 0.20 

 treatment + current direction  660.1 673.9 2.2 4.4 0.16 0.09 0.17 

 treatment + wave steepness x    

treatment  

661.9 685.5 3.9 16.0 0.07 0.00 0.19 

 treatment × current direction 663.6 681.4 5.7 12.0 0.03 0.00 0.17 

 wave steepness 666.8 678.4 8.9 8.9 0.01 0.01 0.05 

Rate of 

travel 
 treatment -116.6 -105.2 0 0 0.88 0.92 0.29 

 treatment + current direction -112.0 -98.4 4.6 6.8 0.09 0.03 0.31 

 current speed -110.0 -98.5 6.7 6.7 0.03 0.03 0.16 

 null -103.6 -96.6 13.0 8.6 0.00 0.01 0.00 

 treatment × current direction -101.4 -83.8 15.2 21.4 0.00 0.00 0.34 

 wind speed -98.9 -87.4 17.7 17.7 0.00 0.00 0.05 

Variance 

in  

turtle 

bearing 

 treatment  -87.8 -76.4 0 0 0.55 0.83 0.23 

 treatment + current direction -86.5 -72.9 1.4 3.5 0.28 0.14 0.26 

 treatment × current direction -85.4 -67.7 2.5 8.7 0.16 0.01 0.30 

 wave steepness -80.0 -68.5 7.9 7.9 0.01 0.02 0.07 

 null -71.5 -64.5 16.3 11.9 0.00 0.00 0.00 

 current direction -70.9 -61.6 17.0 14.8 0.00 0.00 0.03 

Analyses using ambient data only – entire tracks 

Mean 

bearing  
 current direction  253.0 256.8 0 0 0.62 0.63 0.48 

 wave steepness 255.1 258.9 2.1 2.1 0.22 0.22 0.02 

 wind speed 256.1 260.3 3.1 3.5 0.13 0.11 0.56 

 current speed 259.2 263.4 6.2 6.7 0.03 0.02 0.12 

 null 261.3 264.5 8.4 7.7 0.01 0.01 0.00 

Analyses using tracks inshore of light 

Rate of 

travel 

inshore of 

light 

current speed -126.2 -114.6 0 0 0.99 0.98 0.28  

current direction -116.4 -107.1 9.7 7.5 0.01 0.02 0.18  

treatment + current direction -113.1 -99.6 12.9 15.0 0.00 0.00 0.30  

wind speed -112.1 -100.6 13.9 13.9 0.00 0.00 0.15  

null -107.3 -100.3 18.7 14.3 0.00 0.00 0.00  

wave steepness -105.8 -94.3 20.2 20.2 0.00 0.00 0.08  

Turtle 

bearing 

inshore of 

light 

treatment × current direction 670.5 688.1 0 0 1.00 0.97 0.38  

treatment + current direction 682.5 696.1 12.0 7.9 0.00 0.02 0.31 

current direction 687.8 697.0 17.3 8.9 0.00 0.01 0.30 

current speed  711.2 722.7 40.7 34.5 0.00 0.00 0.12 

wind speed  712.2 723.7 41.7 35.5 0.00 0.00 0.11 

wave steepness 714.6 726.0 44.1 37.9 0.00 0.00 0.08 

Analyses using tracks near the light 

Rate of 

travel at 

the light 

treatment -99.6 -89.5 0 0 0.87 0.94 0.59 

treatment + current direction -95.9 -83.9 3.8 5.6 0.13 0.06 0.62 

treatment  × current direction -87.1 -71.8 12.5 17.7 0.00 0.00 0.66 

wave steepness -84.6 -74.5 15.0 15.0 0.00 0.00 0.10 

null -51.5 -45.2 48.1 44.3 0.00 0.00 0.00 

current direction -49.4 -41.1 50.3 48.4 0.00 0.00 0.07 
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Figure App 3.1 Isophote images in (a) ambient, (b) high pressure sodium and (c) metal halide treatments. Photos are images assessed for sky brightness 

measured in magnitude per arc second
2
, the larger the value, the darker the night sky. Sky brightness at angles from the camera (d) in ambient (black solid line), 

high pressure sodium (orange solid line) and metal halide (light blue solid line) treatments. The boat was located at an angle of 323° (blue dashed line), Onslow 

Township at 145° (red dashed line) and oil and gas development at 175° (grey dashed line). Note there was an increase in horizon brightness between angles 90–

210˚ when the artificial lights were on due to the light from the vessel reflecting off the dunes.  
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Figure App 3.2. Current speed (m s
-1

) and direction on the flood (red) and ebb (blue) tides, wind 

speed (km h
-1

) and direction (black) and wave height (m) and direction (grey) during the study period. 
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Figure App 3.3. Water level (m), wave height (m), current speed (m s
-1

), current direction (°), water 

temperature (°C) and wave period (s) from the 8-11 February 2016. Grey boxes indicate the timing of 

tracking experiments each night.  
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Figure App 3.4. The relationship between current speed and hatchling speed inshore of the light (a) 

and estimated values (mean ± 95% CI) from the top ranked model (light treatment effect only) for 

hatchling rate of travel near the light (b). 
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Figure App 3.5. A current corrected track (a) and progressive vector diagram (b) with the 

current track and direction (green), recorded positions (black) and current corrected positions 

and direction (orange). Mean track after current correcting in ambient treatment (c) on flood 

(red) and ebb (blue) tides, with peak wave direction (rose diagram (grey) with mean direction 

(black arrow)). Progressive vector diagram of hatchling in light treatment (d) showing direction 

and strength of current (green), recorded positions (black) and light spill (large orange circle). 

Acoustic receivers are shown in grey and beach in beige.  

 

Wave direction 
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Chapter 4 Nearshore wave characteristics as 

cues for swimming orientation in 

flatback turtle hatchlings 
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4.1 Summary 

Waves are thought to provide an important directional cue for hatchlings of marine turtles to 

navigate through the nearshore zone and to facilitate dispersal to oceanic waters. As the 

flatback turtle (Natator depressus) is the only species of marine turtle that lacks an oceanic 

juvenile stage and remains on the continental shelf throughout the entire life cycle, it is 

possible that hatchlings of this species may not use wave cues for early dispersal.  Here, we 

used a wave flume to examine the response of hatchlings of flatback turtles to waves as a cue 

for nearshore dispersal. We exposed hatchlings to two types of waves (sea and swell waves) 

differing in height and period commonly experienced at nesting locations and monitored 

swimming direction (orientation). Hatchlings oriented towards shorter period (3 s) sea waves 

with both small (6 cm peak to trough) and large (12 cm peak to trough) wave heights. 

Orientation of hatchlings to longer period (8 s) swell waves only occurred with large (16 cm 

peak to trough) and not with small (7 cm peak to trough) wave heights. Wave steepness (the 

ratio of wave height and wavelength) was the strongest predictor of directional preference in 

hatchling bearings and there was a positive relationship between wave steepness and 

directional preference, with hatchling bearings more concentrated (r-value 0.98) towards the 

direction of oncoming waves when the steepest waves were present (sea waves with largest 

wave heights). These waves were similar to sea waves generated from onshore winds, which 

was the most common type of wave we measured at a flatback turtle nesting beach. Our study 

has confirmed that despite lacking an oceanic development stage, flatback hatchlings, like 

other species of sea turtles, can detect and respond to wave cues, and that steepness may be a 

key characteristic of waves that drives orientation. 

4.2 Introduction 

Young marine animals use a variety of physical cues such as currents, wind and waves to 

assist dispersal from natal habitats (Able, 1991, Chapman et al., 2011, Huijbers et al., 2012, 

Jeffs et al., 2005). Determining the relative importance of individual cues for movement 

patterns can be challenging, and usually requires an experimental approach. This information 

is critical to management since it can aid identification and mitigation of anthropogenic 

threats that can disrupt movements of these vulnerable life history stages (Kokko and Lopez-

Sepulcre, 2006). These threats may include coastal structures like seawalls or groynes that 

may alter wave patterns or ocean current movement when located adjacent to beaches.  
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Marine turtle hatchlings emerge from nests on beaches and make their way to the ocean using 

visual cues, moving towards the brighter, lower horizon and away from elevated dark 

silhouettes (Limpus and Kamrowski, 2013, Mrosovsky and Shettleworth, 1968, Salmon et al., 

1992). Once they reach the sea, many species swim continuously for at least 24 h resulting in 

rapid movement away from shallow habitats where predators are abundant, to the relative 

safety of deeper waters (Bustard, 1972, Wyneken and Salmon, 1992). They are thought to use 

wave direction as an orientation cue to move offshore (Lohmann and Lohmann, 1992, 

Lohmann et al., 1990, Lohmann et al., 1995, Okuyama et al., 2009, Wyneken et al., 1990) by 

detecting the orbital motion of waves to orientate to the wave direction (Lohmann et al., 

1995). This behaviour is non-visual as laboratory studies in wave tanks have shown that 

hatchlings can detect waves in the absence of light (Lohmann et al., 1990, Wyneken et al., 

1990), although vision can improve their ability to respond (Goff et al., 1998). After using 

wave orientation to guide themselves offshore, laboratory experiments have indicated that 

hatchlings use the magnetic field of the earth for navigation (Goff et al., 1998, Lohmann and 

Lohmann, 1996, Lohmann et al., 1997). Such studies have largely focused on waves with a 

short period < 2 s (Lohmann et al., 1995, Wyneken et al., 1990), but have not determined the 

precise characteristics such as period, height and steepness on which orientation may be 

dependent. Use of a wave simulator, which uses a mechanical arm to simulate in air the 

orbital motion of the waves that a hatchling would experience in water (Lohmann et al., 

1995), has demonstrated that loggerhead hatchlings (Caretta caretta) can detect waves of 

different periods and heights and that they appear to respond to the type of wave experienced 

at their natal beach (Manning et al., 1997). 

The flatback turtle is the only marine turtle species that does not have a pelagic phase; but 

remains on the continental shelf in the neritic zone (Bolten, 2003, Walker, 1991, Walker and 

Parmenter, 1990). Given its different life history pattern, and the fact that they have been 

found to sometimes nest on more sheltered beaches than green turtles (Chelonia mydas) 

where surface waves are largely generated by local winds rather than oceanic swell (Pendoley 

2005), it is unclear whether they will behave in a similar manner to other turtle species and 

show orientation towards wave fronts. Here, we used a wave flume to test whether flatback 

turtle hatchlings could orient into waves and if so, to identify the characteristics of the waves 

that elicited the strongest response. We used wave characteristics (height, period and 

steepness) measured at a flatback turtle nesting beach to set up a range of realistic 

experimental wave treatments in the wave flume (see Supplementary Data for details). We 
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hypothesised that in the absence of any other cues, hatchlings would orient into a wave front 

when waves were present. Furthermore, because this species nests on wind exposed beaches 

where sea waves (generated from local winds) would likely dominate (wave period < 6 s) 

(Chapter 3, Santana Garcon et al. 2010), the response of hatchlings to short period waves 

typically generated by wind is expected to be more pronounced than the response to longer 

period swell waves (wave period ≥ 8s). 

4.3 Material and methods 

 

4.3.1 Hatchling capture and handling 

Hatchlings (n = 55) were obtained from Bell’s Beach, a mainland nesting site for flatback 

turtles in the Pilbara region of Western Australia, approximately 550 m long and located 

between 20˚36’49”S, 117˚09’03”E and 20˚36’32”S, 117˚09’28”E (Figure App 4.1). The 

beach was monitored at night for tracks of newly emerged hatchlings. When tracks were 

found, they were followed back to the nest and hatchlings were collected either as they 

emerged or from within the top of the nest. They were placed in a cloth bag and then 

transferred to an insulated box with a sand floor and kept in a dark, quiet room at ambient 

temperature until they were flown to Perth for use in the experiment the next night. Digital 

callipers were used to measure the straight carapace length to the longest projection (SCL) 

and width (SCW) (± 0.1 cm) of each hatchling and a digital scale was used to measure body 

mass (± 0.1 g) prior to transferring them to the insulated box. All hatchlings were flown back 

to their capture location the morning after the experiment and released after sunset, within 48 

hrs of capture. Hatchlings were not fed as previous experiments have shown that they do not 

accept food during this time (Salmon et al., 2009). 

4.3.2 The wave flume and experimental set-up 

The experiment was conducted in a wave flume that was 50 m long, 1.2 m wide and 1.2 m 

deep located at The University of Western Australia (Figure 4.1). Waves were generated by a 

piston located in the middle of the flume that directed waves towards each end of the tank. 

Two 12 m-long ‘beach’ slopes were present at both ends of the tank to absorb and dissipate 

wave energy, minimising wave reflection. The actuator stroke could be adjusted to create 

waves of different period and height (Hughes, 1993). A frame was erected above and around 

the tank and enclosed by layers of black plastic to ensure no light could penetrate that might 
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influence the swimming orientation of hatchlings. The tank was filled to a depth of 

approximately 70 cm (turtle hatchlings commonly remain within 1 m of the water surface; 

Lohmann and Lohmann, 1992) and the water was heated to 30˚C using a pool heater (Zodiac 

Z300 heat pump) to replicate field conditions. Salt was also added to the water to make the 

salinity in the flume (27ppt) close to that of seawater (34 to 36ppt).  

Trials were conducted on 2 nights (26 January and 29 January 2017) between 20:00 and 

03:00 hrs as most hatchling emerge from nests at night (Limpus, 1971, Mrosovsky, 1968). 

For each trial we examined the swimming direction of hatchlings in the flume in total 

darkness with no waves and two different wave types (sea and swell waves) with high (> 0.10 

m) and low (< 0.08 m) wave height (Hs) (see Table 4.1). Swell and sea waves were defined as 

waves with a period (T) ≥ 8 s and < 8 s, respectively. This range of wave height and period 

was selected to provide a spread of wave steepness, s (defined as the ratio wave 

height/wavelength), and to replicate wave conditions experienced at flatback turtle nesting 

locations (see Supplemetary Data and Figure App 4.2, and Chapter 3). Five (26 January) or 

six (29 January) hatchlings were included in each of the five treatments. Hatchlings (n = 25, 

mean ± SD SCL 58.2 ± 1.5 mm, SCW 47.0 ± 1.7 mm, weight 32.0 ± 2.6 g) used in the trial 

on the 26 January were collected the previous night from 3 different nests. Hatchlings used in 

the trial on the night of the 29 January (n = 30, mean SCL 60.8 ± 1.2 mm, SCW 51.2 ± 1.1 

mm, weight 34.3 ± 1.3 g) were all obtained on the night of the 28 January from one nest. The 

order of the treatments was randomised across each trial and each hatchling was exposed to 

only one treatment. Where hatchlings were collected from multiple nests, they were 

distributed evenly among experimental treatments.  

A pressure sensor (RBRsolo) was placed at the bottom of the wave flume to record changes 

in water level for each treatment to check the wave height and period (Figure 4.1). The 

pressure sensor recorded the water level continuously at 2 Hz and wave parameters (Hs, T, s, 

wavelength and maximum surface water velocity) were determined for each treatment using 

linear wave theory (see Supplementary Data).
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Figure 4.1. A schematic representation of the experimental set-up in the wave flume showing a tethered hatchling in a harness, the circular frame and 

camera set-up used to record the hatchlings bearing, the wave maker which moved back and forth creating waves (either sea waves with a 3 s period or 

swell waves with an 8 s period), a pressure sensor (yellow) located on the bottom of the flume to record changes in water level and the sloped beach at 

either end of the tank to absorb wave energy.
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4.3.3 Assessing hatchling orientation to waves 

Each hatchling was removed from the insulated box under red light, approximately 10 

min prior to being placed in the wave flume. They were placed in an open container in a 

dimly lit room with a sand bottom that had an infrared lamp in one corner to provide a 

warm environment and to promote activity of the hatchlings. Once the hatchling became 

active it was placed in a 50 L container that was filled with warm seawater (30˚C) to 

confirm it was swimming normally. The hatchling was then removed from the water 

and placed in a harness (Salmon and Wyneken, 1987) with a 50 cm monofilament tether 

and carried to the darkened area where it was handed to another person inside the wave 

flume wearing infra-red (IR) goggles so as not to expose them to light in this area. The 

tether was attached to the centre of a bar placed horizontally across the flume ~20 cm 

above the water (Figure 4.1). The tether was long enough for hatchlings to swim in any 

direction without touching the side of the wave flume. Waves approached from 0˚ and 

hatchlings were oriented randomly at one of four bearings (0, 90, 180 and 270˚) to start 

the trial. The trials were recorded using a downward facing IR video camera mounted 

directly above the bar (Figure 4.1). Hatchling orientation was assessed following the 

approach of Wyneken et al. (1990). A compass with 10˚ sections was placed across the 

top of the flume walls directly above the tethering point to show orientation of 

hatchlings on the video. The footage was viewed via a live video link to a computer 

located outside of the darkened area and the orientation of the hatchling to the nearest 

10˚ was recorded every 30 s for a period of 5 min after a 2 min period of acclimation 

(Wyneken et al., 1990). Reflective tape was placed on the harness and on the tether to 

aid detection by the IR camera. At the end of each trial, the hatchling was placed back 

into the insulated box and left in a dark quiet room until transfer back to the natal beach. 

The observer wearing IR googles remained in the wave flume for the duration of the 

trial to monitor the hatchling and to remove it at the end of the trial.  

4.3.4 Data analysis 

A total of 10 bearings at 30 s intervals were recorded per hatchling during each 5 min 

treatment. To determine whether each hatchling showed consistency in the direction of 

these 10 bearings, we calculated the circular mean bearing and the mean resultant vector 

length (r-value) for each individual hatchling using the R (R Core Team, 2015) package 

‘circular’ (Lund et al., 2017).  The r-value is a measure of directional variance ranging 
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from 0 to 1, i.e. the higher the r-value, the lower the variance and the greater directional 

preference (Batschelet, 1981, Jammalamadaka and SenGupta, 2001). We then 

calculated the circular mean bearing (across the means calculated from each hatchling’s 

10 bearings) and r-value for each treatment. The mean bearing of each individual 

hatchling were used to determine if hatchling bearings within a treatment were 

significantly (p ≤ 0.05) oriented as a group by conducting a Rayleigh test of uniformity 

(Batschelet, 1981) from the R package ‘CircStats’ (Agostinelli, 2018). The null 

hypothesis was that there was no consistency in the direction of hatchling bearings in 

each treatment. For treatments where we found significant orientation (p ≤ 0.05 from 

the Rayleigh test) we determined whether the mean hatchling direction was aligned with 

the direction of the wave front (0˚) by plotting the circular mean bearing for each 

treatment and the 95% confidence intervals (CI) of the mean calculated using the 

‘circ_confmean’ function in the CircStat2012 toolbox in Matlab (Berens 2009) and then 

determined whether the CI encompassed the wave direction (0˚).  

A multi-treatment Wheeler and Watson test (Zar, 1999) was used to determine if there 

was a difference in hatchling orientation among treatments (nights combined in order to 

meet minimum sample size of 10) using the R package ‘circular’ (Lund et al., 2017). If 

a significant difference existed, pairwise Wheeler and Watson tests were then used to 

determine which treatment pair differed.  

To determine which of the wave characteristics was most important to the orientation of 

hatchlings, we used the r-value from each individual turtle as the response variable (it 

was not possible to model hatchling bearings as the response variable as the data are 

circular) in a suite of generalised additive models (GAMs) with a Gaussian distribution 

to examine the relationship between hatchling mean resultant vector length (r-value) 

and Hs (continuous variable), T (categorical: 0, 3, 8 s), surface water velocity 

(continuous variable) and wave steepness (continuous variable). All of these predictors 

were highly correlated (≥ 0.69) so were not combined in any one model but modelled 

separately. The gam function in the mgcv library (Wood, 2017) in R was used to fit 

models using a function developed by Fisher et al. (2018). Continuous variables were 

all modelled as a smooth using a cubic regression spline, with k restricted to 5 to reduce 

overfitting. Model selection was then achieved by ranking each model and the null 

model by the Akaike’s information criterion corrected for small sample size (AICc), and 

their relative model weight, the AICc weight (wAICc).  
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To determine whether it was appropriate to pool the data across nights for the above 

analyses, we used the same modelling framework to test if there was a difference in r-

values between the two nights by comparing the wAICc values of the model that 

included the variable night (response ~ night), to the intercept-only model, the null 

model (response ~ 1). 

4.4 Results 

4.4.1 Wave flume 

The combination of the black plastic frame and the experiments being conducted at 

night resulted in complete darkness experienced by the hatchlings during 

experimentation in the flume. Water temperature in the flume was 30˚C on the 26 

January and 28˚C on the 29 January. Mean water depth (± SD) was 0.62 ± 0.03 m. 

Maximum Hs (Figure App 4.3), T and wavelength (L) measured by the pressure sensor, 

wave steepness (s) and maximum surface water velocity in each treatment are presented 

in Table 4.1.  

Table 4.1. Wave conditions in the flume for each treatment including wave height (Hs), 

wave period (T), the number of waves per minute, wavelength (L), wave steepness 

(Hs/L) and maximum surface water velocity. Maximum surface water velocity was 

calculated at a water depth of 0.62 m, the mean depth recorded by the pressure sensor.  

  

Wave treatment  Hs 

(m) 

T 

(sec) 

Waves. 

min 

L 

(m) 

Wave 

steepness 

(Hs/L) 

Maximum 

surface water 

velocity (m s-1) 

Small swell waves  0.07 8 7–8 9.8 0.007 0.07 

Large swell waves  0.16 8 7–8 9.8 0.016 0.17  

Small sea waves  0.06 3 20 3.5 0.017 0.08  

Large sea waves  0.12 3 20 3.5 0.034 0.16 

 

 

4.4.2 Orientation of hatchlings in each treatment 

Individual turtle bearings, their mean bearing and r-value (directional preference) are 

shown in Figure App 4.4. The r-value by treatment was highest when large sea waves 

were present (0.98) and lowest under conditions of no waves (0.15) and small swell 

(0.37) (Figure 4.2). Hatchlings oriented significantly as a group (Rayleigh test, p ≤ 0.05) 

under conditions of large swell (p = 0.0002), small sea (p = 0.0002) and large sea waves 

(p = 9.7e-08), but did not do so during small swell waves or no waves (p ≥ 0.05) (Figure 

4.2). The mean bearing was aligned with the wave direction (0˚) in all three of these 
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treatments with the mean bearing most closely aligned with 0˚ and with the smallest 

range in CI in the large sea treatment (mean: 359.1˚; 95% CI: 6.7–351.5˚); there was a 

larger range in CI in the remaining two treatments (95% CI large swell: 42.1 – 349.3˚, 

95% CI small sea: 27.1–333.6˚) (Figure 4.2). There was a difference in bearings of 

hatchlings among the different treatments (Watson-Wheeler test between treatment 

groups: W = 21.49, df = 8, p = 0.006). The Watson-Wheeler pairwise tests revealed that 

the bearings of hatchlings in the no wave treatment were significantly different to the 

bearings of hatchlings in all of the wave treatments except the small swell treatment 

(Table 4.2). Bearings of hatchlings in the large sea treatment also differed with 

hatchling bearings in the small sea wave treatment (p = 0.004) and the large swell wave 

treatment (p = 0.052). No significant difference existed among all remaining pairwise 

comparisons (p > 0.05) (Table 4.2). 

When considering the results of the GAM using r-values as the response variable, the 

null model was ranked higher than the model with night (wAICc = 0.74), suggesting 

little evidence for an effect of night and consequently data from both nights were pooled 

for fitting GAMs for each of the predictors (Hs, T, s, surface water velocity). The top 

ranked (by wAICc) model was the one with wave steepness (s) and had majority support 

(wAICc = 0.65) and explained 43% of the deviance (Table App 4.1). There was an 

increase in directional preference (r-values) towards the direction of waves with 

increasing wave steepness (Figure 4.3, Table App 4.1).  
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Figure 4.2. Second order mean circular bearing (both nights combined) of hatchlings 

(n=11 per treatment) responding to waves approaching from 0˚ in each of the treatments 

each night in filled circles in a) no waves, b) small swell, c) large swell, d) small sea and 

e) large sea waves. Filled circles are coloured by Night: black: Night 1; red: Night 2. 

Black arrow points to the mean circular bearing in each treatment, with arrow length 

relative to value of mean resultant vector length (r) (the higher the r-value, the greater 

the directional preference). Rayleigh test p value or n.s (not significant) is shown for 

each treatment, and the 95% confidence interval of the mean bearing is shown for those 

with a significant Rayleigh test (grey dashed lines).  
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Table 4.2. Matrix showing the results of the Watson-Wheeler pairwise comparisons 

between the mean bearings of individual hatchlings in each treatment. Grey shaded 

boxes represent pairwise comparisons between treatments that were significantly 

different (p ≤ 0.05).   

Treatment No waves Small swell Large swell Small sea Large 

sea 

No waves 
- 

 
    

Small 

swell 

W=2.151, 

p=0.341 
-    

Large 

swell 

W=7.955, 

p=0.019 

W=1.476, 

p=0.478 
-   

Small sea 
W=8.133, 

p=0.017 

W=0.347, 

p=0.841 

W=0.853, 

p=0.653 
-  

Large sea 
W=12.359, 

p=0.002 

W=4.424, 

p=0.110 

W=5.896, 

p=0.052 

W=11.174, 

p=0.004 
- 

 

 

 

Figure 4.3. The predicted relationship between mean resultant vector length (r-value) 

and wave steepness (s) coloured by treatment.   
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4.5 Discussion 

Our experiment in a large wave flume capable of producing waves of different heights 

and periods showed that flatback turtle hatchlings oriented towards a variety of waves 

representative of those occurring at their nesting sites, and that directional preference 

into the waves was predominantly influenced by wave steepness, a function of wave 

height and wave length. These results suggest that, similar to other species, flatback 

turtle hatchlings use wave cues to orient during their early dispersal. This occurs despite 

the lack of an oceanic phase (Bolten, 2003) and a preference for nesting beaches less 

exposed to sea conditions than other species in Australia (Pendoley 2005, Santana 

Garcon et al., 2010).  

Our model fitting and ranking process to determine which of the wave characteristics 

tested had the most influence on hatchling directional preference found that wave 

steepness was the most important variable, with majority support by AIC (65%) and 

BIC (91%). We found a positive relationship between wave steepness and directional 

preference of hatchlings, with directional preference most concentrated into the wave 

direction when the steepest waves were present (r-value 0.98 in large sea treatment). 

Previous studies in wave tanks have also shown that hatchlings orientate into steep 

waves (wave steepness ranging between 0.007 and 0.152; Goff et al., 1998, Lohmann et 

al., 1990, Wyneken et al., 1990). The high weight of evidence for the model with 

steepness over the other models was despite the fact that all the wave variables were 

highly correlated (Figure App 4.5). For example, wave steepness is related to wave 

period (correlation coefficient of ≥ 0.72), so that short period waves are generally 

steeper (see Figure App 4.5) and we also found that hatchling orientation was generally 

more consistent and towards waves with shorter (3 s) rather than longer (8 s) periods.  

Other wave tank studies have also shown that hatchlings orient into short period waves 

(< 2 s: Goff et al., 1998, Lohmann et al., 1990, Wyneken et al., 1990). This may occur 

because, given the relatively small size of hatchlings, the orbital motion or changes in 

free surface elevation of short period waves is likely to be more detectable than waves 

with longer periods. Although previous experiments in wave tanks did not assess the 

response of hatchlings to longer waves (periods > 2 s), experiments using a wave 

simulator have found that loggerhead hatchlings often failed to orientate towards waves 

that had periods >10 s (Manning et al., 1997). This study is consistent with our finding 

that hatchlings did not always orientate towards longer period waves. In summarising 
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all studies to date (including our trials), experiments in both wave tanks and simulators 

have found that hatchlings orientate towards waves with a period ≤ 3 s and ≤ 6.2 s, 

respectively (Goff et al., 1998, Lohmann et al., 1990, Lohmann et al., 1995, Manning et 

al., 1997, Wyneken et al., 1990), but our study and a simulator study by Manning et al. 

(1997) showed a less consistent response towards waves with longer periods. It is likely 

that orientation to longer period waves is dependent on other wave characteristics such 

as wave steepness or water velocity, as hatchlings usually responded to waves when 

these parameters increased (Manning et al. 1997). 

Manning et al. (1997) showed that loggerhead hatchlings responded reliably to waves 

with period ≤ 7.5 s, which were similar to wave periods typically experienced at nesting 

sites along the South Florida coast during the hatching season (wave period ≤ 9 s). At 

our field site on Thevenard Island (where flatback turtles nest), onshore winds 

associated with the diurnal sea breeze (created by temperature difference between the 

ocean and the land; Pattiaratchi et al., 1997) generated steep sea waves (mean steepness 

0.01 ± 0.005 and median period 3.3 s). The onshore winds usually persisted late into the 

evening, so that waves generated by the sea breeze are at a maximum when flatback 

turtle hatchlings usually emerge from their nests (2030 to 2400 h; Limpus, 1971). We 

found that flatback hatchlings orientated strongly towards such waves in the wave flume 

(T = 3 s, steepness = 0.017 and 0.034), a behaviour that may assist with fast and 

directed orientation of hatchlings once they enter the water (Santana Garcon et al., 

2010). So, as suggested by Manning et al. (1997), hatchlings appear to respond strongly 

to the type of wave that they are most likely to encounter at their natal beach. Although 

we measured the wave characteristics at a site different (Thevenard Island) to where 

hatchlings were sourced (Bell’s Beach), we assume the wave conditions were similar 

given that hatchlings did respond most strongly to the dominant wave type experienced 

during peak hatching season on Thevenard Island. It is likely that other species in 

Australia will also respond to this type of wave, considering they also nest in wind 

exposed areas (Santana Garcon et al., 2010), but some (e.g., green turtles) may respond 

more strongly to a wider range of wave periods given their tendency to nest in areas 

more exposed to high energy swell-dominated waves (Pendoley 2005). This hypothesis 

could be tested using a similar approach in a wave flume.   

Maximum surface water velocity was also highly correlated with wave steepness 

(correlation coefficient of ≥ 0.88), with the former shown by some to be a variable that 

hatchlings can perceive physically and respond to in the dark (Lohmann et al., 1995, 
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Manning et al., 1997). Although it is unclear what mechanism hatchlings would be 

using to distinguish wave steepness in complete darkness (i.e. they can’t use visual 

cues), the model with steepness was ranked higher than the model with velocity. It may 

be that they perceive wave steepness in the dark by experiencing the movement of the 

free surface, which is directly related to wave steepness (πs) and is where hatchlings 

remained throughout the flume experiments. It is possible however there may have been 

other variables not tested here which may have been more influential or that they acted 

in synergy given the strong correlation between the wave parameters (Figure App 4.5). 

Our findings in the laboratory are supported by a number of field studies that provide 

evidence that other species of turtle hatchlings orient into waves (Lohmann and 

Lohmann, 1992, Lohmann et al., 1990, Okuyama et al., 2009, Salmon and Lohmann, 

1989). However, some field studies suggest that hatchlings do not always respond to 

directional waves (Chapter 3; Salmon and Wyneken, 1987), particularly if a stronger 

cue (i.e. artificial light) is present (Harwood and Horrocks, 2008, Thums et al., 2016). 

Hatchlings that do not initially move towards wave fronts can detect and orient towards 

them after an initial period of swimming (Pilcher et al., 2000). Also, if waves are 

absent, hatchlings can still navigate offshore using directional cues acquired during the 

crawl from the nest to sea (Lorne and Salmon, 2007). Ultimately, it is likely that turtle 

hatchlings use a range of different cues during nearshore orientation, as is the case on 

land (see Salmon and Wyneken, 1994 for a review). For example, given the importance 

of photic stimuli, the presence of the horizon may allow hatchlings to maintain direction 

while swimming (Salmon and Wyneken 1990). As there is always some minimal 

amount of ambient light during dispersal from the beach (starlight, moonlight), the 

direction chosen by the hatchling is likely to result from a combination of cues as light 

would allow individuals to recognise and utilise multiple elements in their environment, 

a phenomenon that would be very advantageous under circumstances where hatching 

coincided with very calm conditions or waves with long periods and low steepness. The 

relative importance of cues to hatchling orientation could be investigated by future 

studies using a wave tank approach where light direction, elevation and intensity was 

varied simultaneously with wave steepness and period.  

Although hatchlings use more than this single (wave) cue for orientation (Lohmann et 

al. 1997, Salmon and Wyneken, 1990), the results of our study have implications for 

any development that may modify or alter the characteristics of waves in the nearshore 

environments of nesting beaches. Structures that can alter wave period, height or 
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direction such as seawalls and groynes (Bakker et al., 1970, Nordstrom, 2014, Plant and 

Griggs, 1992) may affect the ability of  hatchlings to direct their movements across the 

nearshore environment. This is important because it may slow the progress of 

individuals through an environment where there is a high density of predators capable 

of consuming hatchlings (Gyuris, 1994, Pilcher et al., 2000). Furthermore, with altered 

natural movement offshore, they are also likely to be more prone to the detrimental 

impacts of artificial lights at sea (Chapter 3; Thums et al., 2016). 

4.6 Supporting Information 

4.6.1 Field measurement of wave characteristics on a 

flatback turtle nesting beach 

4.6.1.1 Methods 

To determine the characteristics of waves at a flatback turtle nesting beach, an Acoustic 

Doppler Current Profiler (ADCP, Teledyne RDI) was deployed in the water 

approximately 120 m from the shoreline on the north western side of Thevenard Island 

in the Pilbara region of Western Australia (Figure App 4.1). Flatback turtles from this 

location are likely from the same genetic stock as Bell’s Beach – the North West Shelf 

Stock (FitzSimmons et al., 2020). We deployed the instrument for one week (6–12
th

 

February 2016) during peak hatching time in this region (Pendoley 2005, Pendoley et 

al., 2014). Zero-crossing wave period (T: the time between two successive upwards or 

downwards crossings of the surface elevation; Holthuijsen, 2007) and significant wave 

height (Hs: defined as the mean of the highest one-third of the waves as used in coastal 

engineering studies; Holthuijsen, 2007) was calculated from the ADCP (measured every 

hour based on 20 min burst sampling at 2 Hz). Note that in the wave flume experiments, 

wave height was constant in each wave treatment thus the wave height and significant 

wave height were identical. For consistency we use significant wave height as the 

representative wave height throughout the manuscript. A pressure sensor (RBR solo) 

was also deployed ~ 50 m from the shoreline that continuously recorded the water level 

at a sampling rate of 2 Hz (Figure App 4.1). Fourier transforms (using the Welch’s 

method; Bendat and Piersol, 2010) were used to construct time–frequency plots from 

the auto-spectra (using segments of 2048 points) and to identify the temporal changes 

in the spectral energy distribution (see also Pattiaratchi and Wijeratne, 2009). A 50% 

overlap (i.e. 1024 points) was used to calculate subsequent auto-spectra. In addition, as 
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sea waves are generated from local winds, we obtained data on wind speed and 

direction from the Bureau of Meteorology (www.bom.gov.au) at Onslow airport, which 

was the closest weather station to our field site (approximately 27 km away). We used 

these data to determine wind and wave characteristics during the time that flatback 

hatchlings usually emerge from their nests (20:30 to 24:00 h: Limpus, 1971).   

4.6.1.2 Results 

From 20:30 h to 24:00 h each night at the field site, zero-crossing wave period ranged 

from 2.6 to 14.2 s (median 3.3 s) (Figure App 4.2a) and wave steepness (mean ± SD) 

was 0.01 ± 0.005, ranging from 0.0002 to 0.022 across the six nights (Figure App 4.2b). 

Waves were shorter (median period 3.1 s, ranging from 2.6–4.9 s) and steeper (0.013 ± 

0.004) on the first 4 nights. On the remaining nights, wave period increased (median 4.6 

s, ranging from 3.2 to 14.2 s) and waves became less steep (0.008 ± 0.005) (Figure App 

4.2a-b). Median significant wave height was 0.22 m, ranging from 0.06 to 0.34 m over 

the six nights (Figure App 4.2a). During this time, winds approached regularly from the 

west at a median speed of 3.6 m s
-1 

(Figure App 4.2c).  

The time-spectra plot shows the consistent presence of increased spectral energy 

reflecting higher short period waves (< 8 s) from 2030 to 2400 h each night (lighter 

colours, representing higher energy, above the 8s horizontal line in Figure App 4.2d). 

These shorter period waves were generated from the higher wind speeds each afternoon 

due to the diurnal sea breeze (Figure App 4.2c-d; see also Pattiaratchi et al., 1997). The 

wave heights decrease linearly throughout this period as seen by the decrease in wave 

steepness (Figure App 4.2b).  
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Figure App 4.1. Map showing the flatback turtle nesting beach on Thevenard Island 

where field measurements of wave characteristics were obtained using an Acoustic 

Doppler Current Profiler (ADCP) and a pressure sensor (PS). Also shown is the location 

of Bell’s Beach where flatback hatchlings were obtained for the wave flume 

experiments. The main, nearby towns are shown for reference. The wave flume was 

located at The University of Western Australia in Perth. 
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Figure App 4.2. Physical parameters a) wave height (left y-axis) and wave period (right 

y-axis), b) wave steepness, c) wind speed (left y-axis) and wind direction (right y-axis) 

and d) time-frequency plot measured by the pressure sensor showing the consistent 

presence of shorter period waves (< 8 s) produced by onshore winds that occur each 

afternoon at a flatback turtle nesting site on Thevenard Island in peak hatchling season. 

Dashed lines are the times that hatchlings are frequently observed emerging from nests 

(between 2030 and 2400 hrs) and swimming offshore (Limpus, 1971). Note that winds 

approached predominately from the west throughout the week. 
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4.6.2 Methodologies for the calculation of wave parameters 

in the flume 

A pressure sensor (RBRsolo), placed at the bottom of the wave flume, recorded the 

water level in the wave flume continuously at 2 Hz. Time series for each treatment are 

shown on Figure App 4.3. The pressure time series were converted to surface elevation 

(water depth) time series using a constant value of the atmospheric pressure and were 

divided into 1 minute ‘bursts’ (120 samples).  The wave heights and periods were 

calculated for each burst through time domain analysis (Tucker, 1993).  The wave 

period (T) was obtained through wave-by-wave analysis of the surface elevation and the 

zero-up-crossing concept. There was negligible difference between the wave period that 

was set for the wave paddle and calculated using the surface elevation time series. 

Similarly, wave height was calculated as the vertical height between the wave trough 

and crest through wave-by-wave. The significant wave height is defined as the mean of 

highest 1/3
rd

 of the waves and for uniformity; we used this parameter in the calculations. 

The wave steepness, s, is defined as the ratio of wave height and wavelength (L). 

𝑠 =
𝐻𝑠

𝐿
 (1) 

Where, L is the local wavelength. In linear theory, the relationship between wave period 

and wave length is given by the dispersion relationship (van Rijn, 1990): 

𝜔2 = 𝑔𝑘 𝑡𝑎𝑛ℎ(𝑘ℎ) (2) 

With h the mean water depth; 𝜔 = 2𝜋/T and 𝑘 = 2𝜋/L. Equation (2) may be simplified 

to: 

𝐿 =
𝑔𝑇2

2𝜋
 𝑡𝑎𝑛ℎ(𝑘ℎ) (3) 

The use of equation 3 is not straightforward as the wavelength, L appears on both sides 

of the equation. Here, we used an iterative method to calculate L, for different wave 

periods.  The maximum horizontal velocity at the sea surface is given by (van Rijn, 

1990):  

𝑢𝑚𝑎𝑥 =
𝜋𝐻𝑠

𝑇

1

𝑡𝑎𝑛ℎ(𝑘ℎ)
  (4) 

It should be noted that the maximum speed of the free surface elevation is given by 

𝜋𝐻/T or 𝜋𝑠.  
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Figure App 4.3. Time series of water depth measured over a one-minute period by the 

pressure sensor during the four wave treatments: a) small swell waves; b) large swell 

waves; c) small sea waves; and, d) large sea waves. Wave period for sea waves: 3 s (20 

waves min
-1

); wave period for swell waves: 8 s (7–8 waves min
-1

).
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Figure App 4.4. Bearing every 30 s (filled coloured circles), circular mean bearing (black arrow, length relative to r-value) and mean resultant vector 

length (r-value) for each hatchling released in each treatment; no waves (black), small swell (green), large swell (brown), small sea (purple) and large 

sea (blue) for trials conducted on the 26 and 29 January 2017.  
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Figure App 4.5. The relationship between a) wave steepness and wave period and b) 

wave steepness and wave height measured by the Acoustic Doppler Current Profiler 

(ADCP) during the peak flatback turtle hatching time in nearshore waters off Thevenard 

Island and c) the correlation coefficient (linear and non-linear) between continuous 

(wave height, steepness and water velocity) and factor (wave period) variables used in 

the generalised additive models (GAMs). The data presented above was measured 

between 12:00 on the 6
th

 February and 06:40 on the 12
th

 February 2016 Australian 

Western Standard Time (AWST, GMT +8). 
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Table App 4.1. Model output table ranked by Akaike’s Information Criteria for small sample 

sizes (AICc) and Bayesian Information Criteria (BIC) for additive models fitted to test the 

relationship between the mean resultant vector length statistic (r-value) and wave steepness, 

surface water velocity, wave period and height. Also shown are the change in AICc and BIC 

from the top ranked model (ΔAICc and ΔBIC), the weight of evidence for the top ranked model 

(ωAICc and ωBIC) and the proportion of deviance explained (rsq). The top ranked model (wave 

steepness) is in bold. Of those tested, this parameter had the greatest influence on directional 

preference (r-values).  

 

Model AICc BIC ΔAICc ΔBIC ωAICc ωBIC rsq 

Wave 

steepness 

4.10 9.65 0 0 0.647 0.911 0.427 

Surface 

velocity 

7.14 17.16 3.036 7.527 0.142 0.021 0.435 

Wave height 7.32 17.52 3.220 7.875 0.129 0.018 0.435 

Wave period 8.22 15.45 4.116 5.831 0.083 0.050 0.397 

Null 33.51 37.29 29.408 27.711 0 0 0 
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Chapter 5 High predation of marine turtle 

hatchlings near a coastal jetty 
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5.1 Graphical summary 
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5.2 Summary 

Growing human populations are driving the development of coastal infrastructure such 

as port facilities. Here, we used passive acoustic telemetry to examine the effects of a 

jetty and artificial light on the rates of predation of flatback turtle (Natator depressus) 

hatchlings as they disperse through nearshore waters. When released near a jetty, around 

70% of the tagged hatchlings were predated before they could transit the nearshore, 

irrespective of the presence or absence of artificial light. Only 3 to 23% of hatchlings 

encountered predators at a second study site nearby where there was no jetty and a 

similar amount of nesting activity. Evidence for predation was provided by rapid tag 

detachment due to prey handling by a predator or the extensive movement of the tags 

within the receiver array suggesting that the tag (and hatchling) was inside the stomach 

of a predator. We found that 70% of the fish predators that consumed tags used the jetty 

as a refuge during the day and expanded their range along nearshore waters at night, 

predating on hatchlings in areas adjacent to the jetty with the highest nesting density. 

Sampling of potential predators including lutjanid reef fishes under the jetty revealed 

the presence of turtle hatchlings in their gut contents. By providing daytime refuges for 

predators, nearshore structures such as jetties have the potential to concentrate predators 

and they may pose a significant threat to populations of vulnerable species. Such effects 

must be taken into consideration when assessing the environmental impacts associated 

with these structures.  

5.3 Introduction 

In all ecosystems, predation is a key process that drives the dynamics of populations and 

structures communities (Estes, 1996, Preisser et al., 2005). Similar to many marine 

organisms, the life history stage in marine turtles immediately following hatching is 

likely to be the most vulnerable to predators (Heithaus, 2013). After successfully 

traversing the nesting beach, hatchling turtles enter nearshore waters where rates of 

predation within the first hour are thought to be high (Stancyk, 1982). However, 

relatively few studies have measured predation during this time and those that have 

done so have typically been confounded by the presence of an observer. In the past, the 

size of available tags relative to the small size of hatchlings has prevented passive 

tracking, so that most studies have used active tracking techniques where hatchlings 

have been followed by a snorkeler or observer on a small vessel (dinghy or kayak) 
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(Frick, 1976, Gyuris, 1994, Pilcher et al., 2000, Stewart and Wyneken, 2004, Whelan 

and Wyneken, 2007, Witherington and Salmon, 1992). Most of these studies have 

reported levels of mortality below 10%, with some exceptions (e.g., Gyuris, 1994, 

Pilcher et al., 2000, Reising et al., 2015). However, the presence of an observer (and a 

vessel) is likely to influence both the process of predation (Frick, 1976, Nowak et al., 

2014) and also the behaviour of the turtle (Hendrickson, 1958). Given their relative 

sizes, predators such as reef fishes are likely to be very wary of the boat or snorkeler 

following the hatchling (Milinski, 1986). Indeed, some species have been reported to 

retreat or drop hatchlings when approached by a snorkeler (Frick, 1976). For these 

reasons, it is possible that active tracking may underestimate levels of hatchling 

predation in the nearshore.  

The recent development of small acoustic tags combined with passive acoustic receiver 

arrays has now enabled the remote study of the movement patterns of turtle hatchlings 

as they disperse through the nearshore (Chapter 3, Thums et al., 2013, Thums et al., 

2016). Research using this technology has shown that within 300 m of the shoreline, 

turtle hatchlings take a fast, directed path offshore, transiting these waters in about 10 to 

15 min. Importantly, tracks that do not follow these characteristic offshore routes, but in 

contrast linger and frequently change in direction, speed and tortuosity of movement, 

can provide evidence of consumption of tagged hatchlings by predators (Thums et al., 

2016). Additionally, tags that cease movement can also represent predation where the 

tag is removed during prey handling by a predator (Khan et al., 2016). Thus, tracking 

hatchlings in a receiver array can monitor the movement of both hatchlings and their 

predators and allow for the calculation of predation rates, which are key questions in the 

movement ecology of marine megafauna (Hays et al., 2016).  

Earlier studies have shown that hatchlings are predated more frequently in the nearshore 

when close to, or crossing, reef habitat (Frick, 1976, Gyuris, 1994, Pilcher et al., 2000, 

Witherington and Salmon, 1992), whereas predation tends to be lower when hatchlings 

cross areas of sand (Stewart and Wyneken, 2004, Whelan and Wyneken, 2007). This 

implies that rates of predation may be highest where benthic habitats provide refuges for 

fish. Given that man-made structures such as jetties, wharves, offshore platforms and 

pipelines are also known to support and attract large numbers of fish (Bohnsack, 1989, 

Claisse et al., 2014, McLean et al., 2017, Rilov and Benayahu, 2000), it seems possible 

that these could also increase predation rates on turtle hatchlings. Additionally, for 

navigation and/or operations during the night, these structures are often required to be 
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lit, which can also attract large-bodied predatory fish (Becker et al., 2013). This could 

further increase predation rates on hatchlings as they are also attracted towards light 

sources at night (Chapter 3, Thums et al., 2016).  

Here, we investigate the impacts of a jetty with artificial lights on the predation and 

nearshore movements of hatchlings of the endemic flatback turtle, Natator depressus, in 

northern Australia. Light pollution and the development of coastal infrastructure such as 

jetties and port facilities are recognised as primary threats to marine turtles around the 

world (Wallace et al., 2011). Several large rookeries of the flatback turtle are located 

close to industrial developments (Kamrowski et al., 2014a) where large jetties have 

been built for the shipping of mineral and petroleum resources (Department of 

Environment and Energy, 2017, Drenth, 2007). Consequently, the possibility that these 

structures are attracting hatchlings (due to lighting) and fish (due to cover) and 

increasing hatchling predation rates, remains an unresolved and concerning question for 

the global management of turtle populations. We used acoustic tags and passive receiver 

arrays to document in-water predation on turtle hatchlings at differing distances from a 

jetty and in the presence and absence of artificial light. We hypothesised that predation 

rates would be higher closer to the jetty as it would provide cover for fish predators and 

that the attraction of hatchlings to lights on the jetty might increase this phenomenon. 

We also hypothesised that the attraction of hatchlings to light might decline with 

distance from the light source. 

5.4 Material and methods 

5.4.1 Study site 

The study was conducted on the south-eastern side of Thevenard Island (21.456°S, 

115.002°E), approximately 30 km offshore from the town of Onslow, Western Australia 

(Figure 5.1) where a flatback turtle nesting beach is located. Limestone reefs surround 

the island and beaches provide nesting habitat for green (Chelonia mydas), flatback (N. 

depressus) and hawksbill (Eretmochelys imbricata) turtles. We made use of a 90 m-long 

open pile jetty (constructed in 1991), that forms part of a recently decommissioned oil 

production facility. We deployed amber filtered light-emitting diode (LED) light 

fixtures as a proxy for the decommissioned high pressure sodium lights. The original 

lights varied in intensity (70-watt and 250-watt) (K. Pendoley pers. comm) so we 
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replicated this where possible by adding 6 × 50 watt, 1 × 70 watt, 2 × 100 watt and 1 × 

120 watt amber filtered white LEDs to the structure.  

 

Figure 5.1 The acoustic tracking array design used to track hatchlings in nearshore waters off 

Thevenard Island in Western Australia, with the open circles representing receivers (30 m 

apart), each with a co-located synctag to synchronize the internal clocks of the receivers. 

Position of the Acoustic Doppler Current Profiler (to measure current and wave parameters) is 

shown as a black cross. Experimental lights were located on the jetty (outlined in black) facing 

northeast. The beach is shown in grey and the hatchling release points at the 3 locations as black 

circles. Image: a flatback turtle hatchling with a Vemco V5 acoustic tag attached (credit 

Suzanne Long). 

 

 

5.4.2 Hatchling capture 

Flatback hatchlings were obtained from the nesting beach east of the jetty for use in the 

tracking study (Figure 5.1). The beach was monitored at night for evidence of newly 

emerged hatchlings or a cone-shaped depression in the sand, which indicates that 

hatchlings are about to emerge (Witherington and Salmon, 1992). When tracks were 

found, they were followed back to their nest and hatchlings were collected either as they 

emerged or from near the surface of the nest and placed in a cloth bag. They were 

transferred to an insulated box and kept in a dark, quiet room at ambient temperature 
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until later that night or the following night before being tagged and released as part of 

the experiment. Hatchlings detained overnight were left undisturbed to avoid 

stimulating group activity. Straight carapace length (SCL), width (SCW) (± 0.1 cm) and 

body mass (± 0.1 g) of each hatchling were measured using digital calipers and a digital 

scale.  

5.4.3 Acoustic tracking 

Hatchlings were tracked using uniquely coded acoustic tags (Vemco V5: 180 kHz, 0.65 

g in air, 0.38 g in water, 12.7 mm long, 4.3 mm diameter with a 5–10 s transmission 

rate). Tags were positioned vertically with the transducer pointing down (Thums et al., 

2016) and attached to the underside of hatchlings using a small drop of fast-acting 

epoxy (Selleys Araldite 5 Minute or 90 Seconds Adhesive) (Figure 5.1) and allowed to 

cure until it was firm (~10 mins). The transmitters weighed 2% (weight in air) of the 

mean (± SD) weight (32.9 ± 4.1 g) of hatchlings.  

Three arrays of 12 (4 × 3) omnidirectional acoustic receivers (Vemco VR2W) were 

deployed on the sea floor to calculate geographic positions of hatchlings instrumented 

with tags as they moved through the nearshore zone; one over bare sand centred 400 m 

from the jetty, one over reef habitat centred 200 m from the jetty and one over sand 

containing numerous concrete piles centred at the jetty (0 m) (Figure 5.1). Acoustic 

receivers were spaced 30 m apart, with the first line beginning approximately 20 m from 

the shore (Figure 5.1). The spacing of receivers was determined so they had overlapping 

detection ranges which allowed the calculation of each hatchling’s geographic positions 

as they swam through the array (Supporting Information - Section 5.8.1). To determine 

the influence of potentially variable oceanography on hatchling movement, an Acoustic 

Doppler Current Profiler (ADCP, Teledyne RD Instrument) was deployed in the 

nearshore to measure current speed and direction, wave period, height and direction, 

water temperature and depth (black cross, Figure 5.1). The current speed and direction, 

water depth and temperature was measured every 2 min (1 min mean sampling at 1 Hz). 

The directional waves were measured every hour based on 20 min burst sampling at 2 

Hz. We obtained data on wind speed and direction at Onslow airport (recorded every 

minute) from The Bureau of Meteorology (www.bom.gov.au).  

Hatchlings were tracked over 3 consecutive nights around the new moon, following 

moon set on the 26
th

 February 2017 after 23:00 Australian Western Standard Time 

(AWST = GMT +8), on the ebb tide each night (Table App 5.1). The timing of 

http://www.bom.gov.au/
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experiments was dictated by having complete darkness, adequate water depth, and 

consistent tide conditions, and also being within the timeframe when flatback hatchlings 

usually emerge from their nests (Limpus, 1971) and within the peak hatching season for 

this site (S. Whiting pers. comm). High water occurred at 23:22 (2.48 m), 00:01 (2.56 

m), and 00:37 (2.58 m) AWST respectively, over the 3 nights. Hatchlings were released 

with the jetty lights turned on and under ambient conditions (lights off) each night, at 

each of the 3 distances (0, 200, 400 m) from the jetty (Figure 5.1). A total of 10 

hatchlings (n = 3–4 per night) were released at each of the distances in each light 

treatment across the 3 nights (with the exception of the 0 m release point where 11 were 

released) (Table App 5.1). All hatchlings were released in the water at ~0.5 m depth on 

the ebb tide and they were held just below the water surface for a few seconds to invoke 

the swimming response prior to release. They were not given the opportunity to crawl to 

the water as the position of the tag prevented terrestrial locomotion. In any event, a 

beach crawl is not a prerequisite for orientation at sea in other species of turtle 

(Lohmann et al., 1990). 

For each treatment (lights on or off) and at each distance (0, 200 and 400 m), 2 pairs (or 

1 pair and 1 individual when only 3 were released) of tagged hatchlings were released 

every 10 min into the array and tracked for up to 80 min, giving those hatchlings 

released at 50 min a maximum of 30 min to swim through the array before switching 

treatments (Chapter 3) (Figure 5.1, Table App 5.1). The order of the treatments (lights 

on/off) was randomised each night, however if we started with lights on we waited an 

hour after the last pair was released, giving those hatchlings released at 50 min a 

maximum of 60 min to swim through the array before switching the lights off.  

Prior to the passive acoustic tracking, hatchlings instrumented and un-instrumented with 

dummy acoustic tags (identical size and shape to the V5 tags) were followed by kayak 

during the day to test if carrying the tag affected swimming ability (in 2016) and to test 

for any difference in the adherence of the tag to the hatchlings between the two glue 

types (in 2017) (Supporting Information - Section 5.8.2). 

5.4.4 Data analysis 

Acoustic receivers were recovered and downloaded the day after the last experiment and 

data was sent to Vemco for calculation of geographic positions of hatchlings as they 

swam through the array. The movement patterns of tags over time were assessed to 

allocate each tag to one of 3 categories (attached, detached, ingested). Hatchling tracks 
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were assigned to the category ‘attached’ (tag still attached) if the movement patterns 

were as expected for a hatchling swimming away from a beach, i.e., turtles moved 

offshore or towards the jetty lights in a relatively fast and directed manner and after 

approximately 10 to 15 min their tags were never heard from again as they left the array 

on their way to deeper waters (Chapter 3, Thums et al., 2016). Unexpected movement 

patterns (categories ‘detached’ or ingested’) were considered to be the result of 

predation and were firstly characterised by the tags remaining within the array for much 

longer than the expected 10 to 15 mins of a turtle hatchling. Movement patterns from 

tags ‘ingested’ by predators were unlike those expected of hatchlings swimming away 

from a beach. These tracks showed extensive longshore movements over multiple 

hours, indicating that the tag was no longer attached to a turtle, but the tag and turtle 

were now inside the stomach of a predator. Tags that ‘detached’ from a turtle inside the 

array were indicated by 100s or 1000s of clustered detections that were mostly heard on 

a small (1–4) number of receivers, or multiple positions in the same location or 

detections over an extended period of time.  

5.4.5 Attraction to jetty lights 

Tracks of tags assigned to the category ‘attached’ were used to calculate how many 

hatchlings were attracted to the jetty lights from each of the three locations (0, 200, 400 

m from the jetty) by counting the number of individuals that moved towards the jetty. 

5.4.6 Predation rates and predator identification 

The proportion of hatchlings consumed by predators in each light (on and off) and 

distance (0, 200 and 400 m) treatment was calculated by dividing the number of tags 

assigned to ‘detached’ and ‘ingested’ categories by the total number of turtles released 

in each treatment. Whether or not the hatchling was predated (0=survived, 1=predated) 

was then used as a response variable in a suite of generalised additive mixed models 

(GAMMs) with a binomial error distribution to examine the relationship with light 

treatment (categorical: on, off), distance from the jetty (categorical: 0, 200, 400 m), 

length of holding time (categorical: 0 or 1 day), nest (categorical: 1 to 5) and the 

continuous variables SCW, SCL and body mass (Table App 5.1). The gamm function in 

the mgcv library (Wood, 2017) in R (R Core Team, 2015) was used to fit models using a 

function developed by Fisher et al. (2018). The maximum number of predictors to 

include in any one model was restricted to 1 due to the low sample sizes across all the 

predictor variables. All continuous predictors were modelled as smooths, using a cubic 
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regression spline, with k restricted to 5 to reduce overfitting. Model selection was then 

achieved by ranking each model using the AICc, and their relative model weight, the 

AICc weight (wAICc). For all models, night was included as a random effect to account 

for non-independence of observations across the three experimental nights. 

Unbaited remote underwater videos (RUVs) were deployed under the jetty during the 

day to compile a species list and to calculate the relative abundance of the potential 

predators in the study area (Cappo et al., 2003). They were constructed of a metal frame 

equipped with GoPro Hero cameras within waterproof housings. Each RUV was 

equipped with a white light dive torch (Tovatec Fusion 530) in an attempt to aid 

visibility under the jetty. The light was attached at the top and in the middle of the RUV 

frame. Six, one-hour video samples were collected during the day, over 2 days, with 

deployment locations randomised under the jetty. Videos were analysed using 

EventMeasure software (www.seagis.com.au). For each video, fish were identified to 

species where possible using field identification guides (Allen, 2009, Allen et al., 2015) 

and online sources, the Atlas of Living Australia (www.ala.org.au) and Fishes of 

Australia (www.fishesofaustralia.net.au). The maximum number of fish for each species 

observed at the same time (MaxN) was recorded as a measure of relative abundance 

(Cappo et al., 2003). On one occasion after the experiment, fish remains (two 

individuals; mangrove jack Lutjanus argentimaculatus) caught by recreational fishers at 

the jetty were inspected for evidence of turtle hatchlings in their stomach contents.  

5.4.7 Movement patterns of predators 

Movement patterns of predators (category ‘ingested’) were assessed visually to 

determine if tags were expelled from the predator during the study period by plotting all 

tag positions over time. A tag was assumed expelled when it transitioned from being 

mobile to permanently stationary. Positions after the tag was expelled were not included 

in subsequent analyses.  

To assess the patterns of space use of predators that ingested a turtle (and a tag), we 

calculated the 50% and 95% utilisation distributions (UD) of each individual during the 

day and at night separately over the entire study period, using the Biased Random 

Bridge Kernel method with a 5 m square grid implemented in the function BRB of the R 

package adehabitatHR (Calenge, 2015). Two smoothing parameters needed to be set: 

Tmax, which assigns an upper limit for the time spent between consecutive positions so 

that steps longer than this are not included in the analysis to avoid unrealistic 

http://www.ala.org.au/
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estimations of UDs (Benhamou, 2011); and hmin, which was calculated as the median 

value of the positional error associated with all positions from each predator. Tmax was 

set to 100 min to account for when animals left the array for long periods and the time 

gap between consecutive days/nights for animals tracked over multiple calendar days. 

Sunrise and sunset times (obtained from Geosciences Australia) were used to assign 

positions to either day or night. In order to identify potential predator hotspots, the UDs 

for each tag were overlaid and the number of animals with overlapping UDs in each 5 m 

grid cell was counted (Thums et al., 2018). Principal component analysis (PCA) was 

also used to group these predators based on variables calculated from their position 

estimates including mean travel speed (distance divided by the time difference between 

successive positions), residency index (number of hours the predator was present 

divided by the number of hours the area was monitored), home range (50% UD) and 

distance travelled (standardised by the number of hours present) (see Supporting 

Information - Section 5.8.3 for details). 

5.4.8 Turtle nesting activity 

Flatback turtle nesting on beaches adjacent to the study site and whole-of-island track 

counts (including false crawls, which are unsuccessful nesting attempts) of all three 

species were used to determine areas where nesting was concentrated, and thus the areas 

where hatchlings were likely to be most abundant. We calculated the 25% and 50% UD 

of nesting activity in a 5 m square grid using both the locations of successful flatback 

turtle nests adjacent to our study site and the locations of turtle tracks from all three 

species around the island perimeter. Kernel density was implemented using R packages 

ks (Duong, 2018) and adehabitatHR (Calenge, 2015). The kde function was used with 

an unconstrained plug-in selector for bandwidth that controls the smoothness of the 

kernel density around the location points and was estimated using the function Hpi 

(Duong, 2018). 

5.5 Results 

5.5.1 Environmental conditions during the study period 

Ocean currents were tidally modulated and flowed to the west-southwest (mean (± SD) 

direction 249.0 ± 6.9˚) during the study period with a mean speed of 0.13 ± 0.03 m s
-1

 

(Figure App 5.1). Waves approached mainly from the east (median 104˚ bearing, 

ranging from 70 to 128˚) with a mean height of 0.17 ± 0.07 m (Figure App 5.1). Mean 
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water depth during the experiment was 2.63 ± 0.11 m and water temperature was 30.34 

± 0.17 ˚C (Figure App 5.1). Wind speed was higher on Night 1 (27.1 ± 6.3 km h
-1

) than 

it was on the other nights (Night 2: 8.5 ± 3.4 km h
-1

, Night 3: 12.2 ± 3.6 km h
-1

). Across 

all nights, wind speed ranged from 0 to 57 km h
-1

 (median of 13 km h
-1

) and mostly 

approached from an easterly direction (Figure App 5.1). Wind and wave direction 

turned more towards the east-southeast on Night 3. Median wave period was 2.15 s, but 

ranged from 1.5 to 3.1 s (Figure App 5.1).  

5.5.2 Acoustic tracking 

Acoustic tags were attached to 61 hatchlings that were collected from a total of 5 nests 

(Table App 5.1). Hatchlings measured on average (mean ± SD) 59.7 ± 2.5 mm SCL, 

47.6 ± 2.9 mm SCW, and weighed 32.9 ± 4.1 g (Table App 5.1). Acoustic detections 

were recorded from all tags (ranging from 34 to 14,522 detections). From these 

detections, geographic positions were calculated for the 61 tags as they moved through 

the array, resulting in 2 to 2687 positions for each tag. In addition, one tag attached to a 

flatback turtle hatchling released in an experiment conducted on the north-western side 

of the island on the 20
th

 February 2017 (Chapter 3, Figure App 5.2) was detected three 

days later in the study site on the south-eastern side of the island. The movement 

patterns of the tag suggested the turtle (and its tag) was consumed by a predator and as 

it was detected swimming through our study site during the experiment based at the 

jetty, it was included in the analysis of predator behaviour. A total of 1812 detections 

were recorded for this animal and resulted in 192 geographic positions.  

5.5.3 Predation rates 

Forty-four of the original 61 turtles (72% of tagged hatchlings) released in this 

experiment were assigned to categories ‘detached’ (21 or 34%) or ‘ingested’ (23 or 

38%) (Figure 5.2a-d, Table App 5.2). Of the 21 detached tags (Figure 5.2a-b), 18 

detached close to the point of release (within ~30 m) and the remaining 3 detached at 

distances up to 100 m away from the release point. The 23 ingested tags allowed us to 

track the movement of the hatchling predators (Figure 5.2c-d). All of these predation 

events also occurred near the release point. The tag from the north-western side of the 

island was also included in the analysis of predator behaviour giving a sample size of 24 

‘ingested’ tags. Maximum time that the predators were located in the tracking area 

ranged in duration from 1.42 h to 72.13 h (study end).  
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Figure 5.2 Representative examples of acoustic detection patterns over a 35 h period (left 

panel) and the corresponding calculated positions (right panel) from one individual assigned to 

each category; 'detached' (a and b, tag knocked off during predator attack), 'ingested' (c and d, 

tag ingested by predator) and 'attached' (e and f, turtle that successfully transited the array). Left 

panel shows when each tag was detected on each of the 12 receivers (represented by the tick 

marks on the y-axis in a, c, e) at each array (jetty/0m, reef/200m, sand/400m). Right panels 

show the calculated positions of these same individuals shown in the left panel with acoustic 

receivers shown as open circles and the hatchling release points shown by the asterix. The tags 

in each category were detected in the array for 3763min (63 h) (a and b, 'detached'), 2089 min 

(35 h) (c and d, 'ingested') and 11.5min (e and f, 'attached'). 
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The strongest predictor of hatchling predation was distance from the jetty (wAICc = 

0.99), with this model explaining 24% of the deviance and there was no evidence to 

suggest that predation rates were influenced by the other predictors; presence of 

artificial light, length of holding time, or hatchling size (Table App 5.3). Predation 

events (detached and ingested tags) were highest at the 200 and 400 m arrays and lowest 

at the jetty, with predation events occurring in 95% of the 20 hatchlings released at the 

200 m array (reef habitat), 80% of the 20 hatchlings released at the 400 m array (bare 

sand), and 43% of the 21 hatchlings released at the jetty (0 m) (Figure 5.3, Table App 

5.2). When the results from all 3 distances were pooled, predation events were similar 

when lights were on and off (73% vs 71% predated, respectively). When combining 

both light on and off (ambient) treatments, predation events occurred in approximately 

72% of all releases of tagged turtles during this study (Figure 5.3, Table App 5.2).  

5.5.4 Hatchling attraction to lights 

Tracks of 17 of the 61 turtles were assigned to the category ‘attached’ as they produced 

positions and detection patterns expected of hatchlings swimming through the nearshore 

(Figure 5.2e-f, Table App 5.2). Tracks ranged in duration from 1 to 16 min. Eight of 

these hatchlings were tracked when the jetty lights were turned on (n = 4 at 0 m, 1 at 

200 m and 3 at 400 m) (Figure App 5.3a) and 9 were tracked when the jetty lights were 

off (n = 8 at 0 m and 1 at 400 m) (Figure App 5.3b). Due to the rapid and high level of 

predation at the 200 and 400 m release locations, the sample size was too low to assess 

hatchling attraction to lights on the jetty.  
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Figure 5.3 The proportion of tags assigned to each category (attached/detached/ingested) for 

each treatment (light off: off, light on: on, light on and off combined: both) and at each distance 

(0 m: jetty, 200 m: reef, 400 m: sand) and for all distances combined.  

 

5.5.5 Predator identification 

The RUVS recorded 19 species of fish under the jetty during the day (Table App 5.4). 

The most abundant fish were mangrove jack (Lutjanus argentimaculatus; mean MaxN 

(± SD) 15.2 ± 14.1), goldlined spinefoot (Siganus lineatus; mean 19.7 ± 13.9), western 

yellowfin bream (Acanthopagrus morrisoni; mean 7.8 ± 7.4), bigeye trevally (Caranx 

sexfasciatus; mean 8.2 ± 8.8) and golden trevally (Gnathanodon speciosus; mean 8.2 ± 

7.4) and they all schooled under the jetty (Figure 5.4a, Table App 5.4). The stomachs of 

two mangrove jack (~400 mm total length) that had been captured at the jetty by 

recreational fisherman each contained two whole flatback turtle hatchlings (Figure 

5.4b). 
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Figure 5.4 Photographs showing (a) schools of mangrove jack (Lutjanus argentimaculatus) 

under the jetty and (b) flatback turtle hatchlings in the stomach of a mangrove jack. 
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5.5.6 Predator behaviour 

Four predators expelled their tags within the acoustic array during the experiment. Time 

taken to expel the tag ranged from 19 to 37 h (grey bars: Figure App 5.4a). The longest 

documented retention time was 168 h (~1 week) from a predator first detected in 

another experiment on the north-western side of the island (Figure App 5.2).   

Twenty of the 24 predators that ingested tags were present in the tracking array during 

the day and the majority (n = 18) had home ranges (95% UD) that were restricted to the 

jetty (Figure 5.5a). The median 95% UD for individual predators during the day was 

835 m
2
, ranging from 480 to 45,312 m

2 
(Table App 5.5). At night, individual predators 

did not restrict their movement to the jetty, but utilised larger areas; with a median 95% 

UD of 18,973 m
2
, ranging from 5299 to 87,181 m

2 
(Figure 5.5b,Table App 5.5). All of 

the predators that ingested tags (n = 24) were present at night, with the 400 m release 

point and the offshore end of the jetty having the highest density of predators (Figure 

5.5b).  

Principal component analysis (Table App 5.6) indicated that there were three groups of 

predators (Supporting Information - Section 5.8.3, Figure App 5.4b). Group 1 (70.8% of 

predators) were generally associated with lower average speeds and had high residency 

to the study area (Table App 5.5). All predators in this group remained under the jetty 

during the day and utilised a greater area at night (Figure App 5.5a-b, see Video App 

5.1 in Section 5.8.4 for an example of the movement patterns of two individuals 

assigned to this group). Predators in Group 2 (25% of predators) and Group 3 (4.2% of 

predators) mostly appeared at night and were generally associated with higher average 

speeds, with the predator in Group 3 utilising a larger area than predators in Group 2 

(Table App 5.5, Figure App 5.5c-f, see Video App 5.2 in Section 5.8.4 for an example 

of the movement patterns of two individuals assigned to Group 2).  
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Figure 5.5 The number of individual predator 95% Biased Random Bridge utilisation 

distributions overlapping in each 5 m grid cell during (a) the day and (b) at night. A total of 20 

predators were present during the day and 24 were present at night.  
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5.5.7 Flatback turtle nesting and general turtle activity 

Core flatback turtle nesting (25% UD) occurred on beaches adjacent to the 200 and 400 

m release points and the 50% UD extended almost the entire length of the tracking area 

(Figure 5.6a). At night, most of the predators that ingested tags occupied waters 

adjacent to this area, particularly the 400 m release point (Figure 5.5b). The UD of 

nesting activity of all species combined (flatback, green, hawksbill) over the whole 

island is shown in Figure 5.6b. Core areas of activity (25% UD) occurred on the south-

eastern and north-western sections of Thevenard Island.     

  

Figure 5.6 Utilisation distribution of (a) flatback turtle nests and (b) all (green, hawksbill, 

flatback) turtle tracks marked by GPS from 19 November 2016–17 December 2016. The jetty is 

outlined in black in (a) and black stars are the hatchling release points. Open circles (a) or black 

squares (b) are the acoustic receivers (study site on the south-eastern side of Thevenard Island). 

Also shown in (b) is a receiver array on the north-western side of the island deployed in 

February 2016 (Chapter 3). 
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5.6 Discussion 

We used a passive acoustic tracking array to quantify rates of predation of marine turtle 

hatchlings in the nearshore with and without artificial lighting. Predation events were 

high across the study area (72%), but we found no obvious impact of artificial light on 

predation rates. This level of predation was substantially higher than that occurring at 

equivalent sites on the other side of the island (3–23%) where there was no jetty 

(Chapters 3 and 6, Figure App 5.6). The RUV deployments showed that high numbers 

of predatory fish resided under the jetty during the day. Tracking of predators that had 

ingested tagged hatchlings and predator home range analysis, revealed that although the 

jetty offered refuge to predatory fishes during the daytime, they ranged more widely at 

night when hatchlings usually enter the water (Figure 5.5), causing the higher levels of 

predation we observed at greater distances (200 and 400 m) from the jetty. Considering 

that artificial structures act as fish attracting devices (Bohnsack, 1989, Clynick, 2008, 

Fabi et al., 2004, Todd et al., 2018), we contend that the additional habitat provided by 

the jetty may have increased the density of predatory fishes in the area and is likely to 

be responsible for the higher levels of predation we observed at this study site.  

Movement patterns of tracked animals provided clear evidence of predation. Directed 

movements towards open water are typical of turtle hatchlings dispersing under 

“normal” conditions (Thums et al., 2016, Witherington, 1991). In contrast, many of the 

tracks displayed longshore and tortuous movements, with individuals remaining in the 

area of the study site for up to 72 h, rather than dispersing offshore. Some tags (n = 21) 

were immediately detached, and we contend that this probably occurred due to prey 

handling by a predator given that the external and vertical placement of tags made them 

likely to be easily dislodged during a predator strike (Figure 5.1). Our experiments 

clearly showed that tag detachments were not likely to be caused by failure of the glue 

(Supporting Information - Section 5.8.2). This is supported by similar hatchling tracking 

studies using identical attachment methods that report very low detachment rates (3%) 

(Chapter 3) or no tag detachment (Thums et al., 2016). Detachments also occurred 

immediately on release, again suggestive of predator attack. Although it is possible that 

turtles could have survived an initial attack that removed the tag, it seems very likely 

that once a predator had located a hatchling, it would be subject to successive attacks 

that would ultimately prove fatal. Evidence that this is the case is provided by some 
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active tracking studies of hatchlings where mortality was preceded by multiple attacks 

by a predator (Gyuris, 1994).  

A total of 70% of the predators that consumed tags remained under the jetty during the 

day and ranged more widely through the array at night. Video footage revealed large 

schools of lutjanids (snappers), carangids (trevally), sparids (bream) and siganids 

(rabbitfish) taking refuge under the jetty during the day. Of these, it is most likely that 

predators of hatchlings were members of the lutjanid (particularly mangrove jack, L. 

argentimaculatus) and carangid families, as both are nocturnal predators that remain in 

relatively inactive schools during the day (Hobson, 1965). The remaining families had 

smaller gapes and were herbivorous (siganids) or benthic feeders (sparids). 

Confirmation that lutjanids were predators was provided by the discovery of hatchlings 

in the stomach contents of mangrove jacks caught by anglers at the jetty (Figure 5.4b).  

Utilisation distributions of predators at night showed selection of an area of bare sand 

close to the 400 m release point and the outer end of the jetty. Analysis of nesting 

locations from the 2016/17 season revealed that the sandy area near the 400 m release 

point was adjacent to core nesting habitat for flatback turtles. This suggests that 

predators were moving to particular locations where hatchlings were likely to be more 

abundant to increase their chances of finding prey. Similar behaviour by predators has 

been observed in Antigua in the West Indies, where predation rates on hatchlings were 

also higher in waters adjacent to beaches where turtle nests were concentrated (Reising 

et al., 2015). 

The high rate of predation (72%) that we recorded is much greater than levels reported 

at nesting beaches in Florida, USA (4.6–6.7%; Stewart and Wyneken, 2004, Whelan 

and Wyneken, 2007,Witherington and Salmon, 1992) and on Heron Island, Australia 

(mean predation rates 31%; Gyuris, 1994). It is also higher than predation rates recorded 

at turtle hatchery release sites in Sabah, Malaysia (40–60%, Pilcher et al., 2000) and 

Florida, USA (26%; Wyneken et al., 2000) but similar to predation rates recorded at a 

nesting beach in Antigua, West Indies (25–88%; Reising et al., 2015). The level of 

hatchling predation at a site is thought to be related to the number of predators in the 

area (i.e., a function of habitat availability and type – reef, sand) (Witherington and 

Salmon, 1992), the density of hatchlings entering the sea at any one time (Pilcher et al., 

2000) and the density of nests on the beaches (Glenn, 1996a, Reising et al., 2015). 

Turtles nest around the entire perimeter of Thevenard Island, and whole-of-island track 
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counts revealed that turtle activity is concentrated on the south-eastern beaches adjacent 

to our acoustic tracking site and also on the north-western side of the island adjacent to 

natural reef where hatchlings were tracked in the presence and absence of artificial light 

on 8-10 February 2016 (Chapter 3) and 20-21 February 2017 (Chapter 6). For 

hatchlings released under ambient conditions (i.e., with no artificial light) in each of 

these experiments, predation was much greater on the south-eastern side of the island 

where the jetty was present (71%) than at the site on the north-western side of the island 

where there was no jetty (10% in 2016 and 2017) (Chapters 3 and 6). As both of these 

sites are preferred nesting habitat (Figure 5.6b), the difference in predation between the 

two sites is unlikely to be driven by differences in the density of hatchlings entering the 

sea; it is more likely determined by the presence of the jetty providing additional habitat 

and thus a higher number of predators in the area.  

As artificial light is known to attract hatchlings at sea (Chapter 3, Thums et al., 2016), 

we hypothesised that lights on the jetty would increase predation rates through 

hatchlings lingering in the predator-rich nearshore zone and/or through the attraction of 

predators (and hatchlings) to the light. We also hypothesised that hatchling attraction 

might decline with distance from the light source. However, most hatchlings 

encountered predators before they had a chance to transit the array so that predation 

rates were similar (around 70%) with and without artificial light. In addition, only 3 of 

the surviving hatchlings swam towards the jetty when the lights were on (one released 

from each location) (Figure App 5.3a). Although it is possible that light does indeed 

influence predation, and that attraction to lights is likely to decline with distance, the 

rapid and high predation rate of hatchlings resulted in an inadequate sample size to test 

this hypothesis. In any event, our study showed that the shelter provided by the jetty 

increased predation on hatchlings up to at least 400 m away from the structure, and 

these effects were far greater than those of light pollution. 

5.7 Concluding remarks 

The impact of nearshore structures such as jetties on populations of marine turtles is 

only recently getting attention (Bell and Pendoley, 2014, Chevron Australia, 2018b) and 

is largely unquantified. Our study suggests that they may pose a significant threat to the 

conservation and management of populations by sheltering predators that consume 

vulnerable hatchlings and likely other reef biota outside of the turtle hatching season. 

Although this predator addition and concentration may be localised, given the global 
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footprint of such coastal infrastructure, the ecosystem effects may not be trivial, 

especially if they occur adjacent to environmentally sensitive or vulnerable areas. It is 

important to recognise that the jetty in our study was relatively small (< 100 m in 

length) compared to port infrastructure that exists in northern Australia and many other 

localities throughout the tropics to support the export of mineral resources (Drenth, 

2007, National Geospatial-Intelligence Agency, 2017). Jetties in these ports can be > 2 

km in length and are part of a facility that usually includes large groyne walls, multiple 

piles and fenders that can also act as shelter sites for predatory fishes. Importantly, these 

operational facilities are typically closed to fishing (unlike the jetty studied here) which 

is likely to increase the abundance and diversity of predatory fishes, as they effectively 

become no-take marine reserves (Claisse et al., 2014, Schroeder and Love, 2004). Our 

study shows that where these facilities occur near turtle nesting beaches they are likely 

to significantly increase the mortality of hatchling turtles at a critical bottleneck in their 

life history.  

Management agencies that oversee the instillation of jetties and other port facilities on 

or near turtle nesting beaches should recognise and account for the potential of these 

structures to act as predation sinks for newly hatched turtles transiting the nearshore. 

Similarly, planning decisions on decommissioning of coastal infrastructure must 

consider the long-term consequences for nesting populations of turtles if these facilities 

are not removed. 

5.8 Supporting Information 

5.8.1 Receiver testing 

In the days prior to the study, a range test and two Vemco Positioning System (VPS) 

tests were conducted to determine the spacing of receivers required to ensure 

overlapping detection range of acoustic tags. The range test was conducted following 

the approach used in Chapter 3. A range test tag (Vemco V5) with a fixed-delay time 

interval of 7 s was submersed in the nearshore zone at the study site, approximately 50 

m from the shoreline. A line of receivers (n = 8, spaced 15 m apart) were placed parallel 

to shore every 15 m from the range test tag, up to a distance of 120 m. The tag was left 

to run for 16 h and then the receivers were downloaded. Vemco software (Vemco 

Range Test) was used to assess the number of transmissions stored on each of the 

receivers and the results showed that the effective detection range to ensure 75% 
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detection probability of the tag was 25 m. To track animals in a larger area, a spacing of 

30 m was trialled in two separate VPS tests, which from the range test ensured a 60% 

detection probability. The VPS tests consisted of a miniature array (3 × 3 receivers and 

4 × 3 receivers). Two V5 reference tags (transmission rate 400–500 s) were deployed at 

fixed locations and a V5 tag (transmission rate 5–10 s) and a GPS tracker was towed 

through the array to ensure the positioning system was working correctly. The two tests 

resulted in 100% and 97.7% of the animal tag transmissions being detected on 3 or 

more receivers at the same time, so this spacing was used for the full array instead of 

using the 25 m initially identified by the range test. Cable ties were used to attach each 

receiver to a mooring line and the receiver was held in a vertical position with a 150 

mm subsurface float and a 3 kg weight. A synchronising transmitter (Vemco V9, 180 

kHz with a nominal code transmission delay of 400–500 s) was attached to the mooring 

line approximately 0.5 m above each receiver to synchronize the internal clocks of the 

array of receivers. Received transmissions were stored in the receivers and downloaded 

after completion of the study, then analysed by Vemco to determine animal geographic 

positions. 

5.8.2 Assessment of tag effects and glue type 

5.8.2.1 Material and methods 

Hatchlings were followed by kayak during the day (in 2016) to test if carrying the tag 

affected swimming ability. We were not able to do this test with the passive acoustic 

tracking array (as per our other experiments in Chapter 3) as there is no way to track un-

tagged hatchlings passively. Four hatchlings were fitted with dummy tags (identical size 

and shape to the V5 tags and attached to hatchlings using Selleys 5-min epoxy) and 4 

were left unencumbered, and a small piece of pink flagging tape was glued to the 

surface of their carapace to aid visibility of the hatchling to the tracking observer. Each 

individual was followed for up to 5 min and the surfacing rate was recorded as an 

indicator of oxygen consumption; the greater the consumption of oxygen, the greater the 

swimming effort (Booth, 2009). If the observer lost sight of the hatchling, the surfacing 

interval from when it first disappeared to when it reappeared was omitted from the 

analysis. To analyse this dataset, we used generalised linear mixed-effects models from 

the lme4 package (Bates et al., 2018) in R (R Core Team, 2015), where individual 

turtles were the random effect. We tested for an effect of the tag by comparing the 

Akaike’s information criterion weights corrected for small sample size (wAICc) of the 
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slope model (surfacing rate ~ tagged/untagged + turtle id as random effect) to a null 

model (surfacing rate ~ 1 + turtle id as random effect). Surfacing rate was modelled 

using a Gamma distribution.  

Two glue types were used to attach tags to hatchlings in the experiment: half were 

attached using Selleys 5-min epoxy and the other half were attached using Selleys 90-

sec epoxy. To test for any difference in the adherence of the tag to the hatchlings 

between the two glue types, we followed 6 hatchlings instrumented with dummy tags (3 

of each epoxy type) by snorkel for up to10 minutes (the time usually taken for a 

hatchling to transit the array found in Chapter 3). A second person followed behind the 

snorkeler in a kayak to retrieve the snorkeler at the completion of the test.  

5.8.2.2 Results 

One hatchling (untagged) was lost from sight in less than 2 minutes so it was removed 

from the analysis of tag effects. Surfacing rates (mean ± SD) during turtle follows were 

8.75 ± 6.9 s for untagged and 8.0 ± 5.0 s for tagged hatchlings. When testing for an 

effect of tags on surfacing rates, there was majority support for the null model (wAICc = 

0.61).  

There was no evidence of an effect of glue type on tag attachment as all tags remained 

attached to hatchlings during their nearshore transit (tracked for 10 min). In addition, 

there was no obvious bias in which type of glue was used to attach the 21 tags that 

detached from the 61 hatchlings in the acoustic experiment (11 were attached using the 

90-sec epoxy and 10 were attached with the 5-min epoxy). For the tags that were 

attached to the 17 hatchlings that successfully transited the array, 8 individuals had tags 

attached with the 90-sec epoxy and the remaining 9 hatchlings had tags attached with 

the 5-min epoxy.  

5.8.3 Classifying predators into groups 

5.8.3.1 Material and methods 

To classify predators that ingested tags, we used principal component analysis (PCA) 

using a number of variables calculated from the position estimates of each individual, 

including home range (50% UD), average speed, distance travelled (standardised by the 

number of hours present) and residency index. We used night-time positions to calculate 

home range, average speed and distance travelled as this was when all of the predators 
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were present in the area monitored by the receivers. The R package sp (Pebesma et al., 

2017) was used to calculate average travel speed and distance travelled for each 

predator. Residency index was calculated as a proportion of the number of hours a 

predator was present within the array (using both day and night positions) from the total 

number of hours the area was monitored (or until the predator expelled the tag). A 

predator was considered to be in the study area each hour if at least one position was 

calculated in that hour.  

To determine if one predator ate multiple turtles and therefore contained multiple tags, 

the longitude of each location for each tag number was plotted against time and plots of 

each unique combination of tag numbers were combined. Where multiple tags appeared 

to be in the same area at the same time, their positions were plotted each hour (or at a 

finer scale) to determine if they might have been consumed by the same predator.   

5.8.3.2 Results 

Principal Component Analysis indicated that 89.4% of the variation in predator 

behaviour could be explained by the first two components (Table App 5.6). Principal 

component 1 explained 71.97% of the variance with variables associated with 

residency, travel speed and distance travelled having the greatest contribution. Principal 

component 2 explained 17.44% of the variance with the highest loading related to home 

range size (Table App 5.6, Figure App 5.4b). The analysis indicated that there were 

three groups of predators (Figure App 5.4b). Predators in Group 1 (red; 70.8% of 

predators) were generally associated with lower average swimming speeds and had high 

residency to the study area (Figure App 5.4a-b,Table App 5.5). Predators in Group 2 

(green; 25% of predators) and Group 3 (blue; 4.2% of predators) mostly appeared at 

night and were generally associated with higher average speeds, with the predator in 

Group 3 utilising a larger area than predators in Group 2 (Table App 5.5).  

Mean (± SD) nightly swimming speed of predators in Group 1 was 0.18 ± 0.05 m s
-1

. 

Predators in Groups 2 and the predator in Group 3 travelled faster (0.47 ± 0.06 m s
-1 

and 

0.43 m s
-1

, respectively) (Table App 5.5). Predators in Group 1 stayed under the jetty 

during the day (Figure App 5.5a) and the mean 50% and 95% UD for individual 

predators in this group during the day was 111.6 ± 48.0 m
2
 and 807.5 ± 201.1 m

2
, 

respectively (Table App 5.5). At night they utilised a larger area (Figure App 5.5b). The 

mean 50% and 95% UD for individual predators in Group 1 at night was 2321.9 ± 

1786.8 m
2
 and 19403.2 ± 10286.4 m

2
, respectively (Table App 5.5). The geographic 
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positions of predators in Group 2 did not overlap with the jetty (Figure App 5.5c-d) and 

they were mostly present at night (Table App 5.5). The mean 50% and 95% UD for 

individual predators in Group 2 at night was 3805.8 ± 2381.2 m
2
 and 19993.3 ± 11840.9 

m
2
, respectively (Table App 5.5). The predator in Group 3 was also mostly present at 

night (Figure App 5.5e-f) and its 50% and 95% UD during the night was 16953.3 m
2
 

and 87180.9 m
2
, respectively (Table App 5.5).  

There were four individual predators that each potentially consumed two tagged turtles 

(Table App 5.5). However, the record from each tag was analysed as an individual 

predator as we could not reject the possibility that these paired detections of tags 

occurred as a result of predators moving in schools.  
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5.8.4 Animations of the movement patterns of predator 

groups 

The following animations are accessible online at 

www.sciencedirect.com/science/article/pii/S0006320718318925?via%3Dihub#ec0005 

 

Video App 5.1. An example of the movement patterns of two individual predators 

assigned to Group 1. 

 

Video App 5.2. An example of the movement patterns of two individual predators 

assigned to Group 2. 

http://www.sciencedirect.com/science/article/pii/S0006320718318925?via%3Dihub#ec0005
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Table App 5.1. Details of the treatments over the 3 nights, including the number of hatchlings released (No.), mean (± SD) straight carapace length (SCL), straight 

carapace width (SCW) and body mass of hatchlings tracked in each light treatment, and at each distance (0, 200 and 400 m) and habitat (jetty, reef, sand). Hatchling 

collection dates and the nest they were obtained from are also included. Tidal state was ebb tide in all treatments. 

 

Experiment 

date 

Dist. 

(m) 

Habitat Light  Start End No.  SCL (mm) SCW (mm) Body mass 

(g) 

Collection 

date 

Nest 

26/02/2017 

 

400 Sand Off 2300 2310 3 62.4 ± 0.2 48.9 ± 2.2 35.9 ± 1.7 25/02/2017 A 

0  Jetty Off 2320 2330 3 63.4 ± 1.2 50.8 ± 1.0 38.2 ± 0.1 25/02/2017 A 

200 Reef Off 2340 2350 3 61.6 ± 0.5 50.6 ± 1.0 38.1 ± 1.3 25/02/2017 A 

200 Reef On 0030 0040 3 63.1 ± 1.0 50.2 ± 1.8 36.1 ± 2.8 25/02/2017 A 

400 Sand On 0050 0100 3 61.5 ± 1.1 49.3 ± 1.6 33.5 ± 1.7 25/02/2017 A 

0 Jetty On 0110 0120 3 60.1 ± 4.1 48.0 ± 4.0 33.7 ± 4.2 25/02/2017 A 

 Total     18 62.0 ± 1.9 49.6 ± 2.1 35.9 ± 2.8 25/02/2017 1 nest 

27/02/2017 

 

0 Jetty On 2330 2340 4 59.2 ± 2.5 47.2 ± 3.4 31.4 ± 2.2 27/02/2017 B 

200 Reef On 2350 0000 4 57.9 ± 1.0 46.0 ± 1.5 30.5 ± 0.9 27/02/2017 B & C 

400 Sand On 0010 0020 4 58.8 ± 0.8 45.7 ± 2.4 29.8 ± 0.4 27/02/2017 B & C 

200 Reef Off 0120 0130 4 58.4 ± 0.5 47.2 ± 0.8 31.2 ± 2.2 27/02/2017 B 

0 Jetty Off 0140 0150 4 58.9 ± 0.9 46.7 ± 2.0 31.2 ± 0.8 27/02/2017 B & C 

400 Sand Off 0200 0210 4 58.9 ± 0.5 46.2 ± 0.6 30.8 ± 1.3 27/02/2017 B & C 

 Total     24 58.7 ± 1.2 46.5 ± 1.9 30.8 ± 1.4 27/02/2017 2 nests 

28/02/2017 

 

400 Sand Off 0010 0020 3 58.8 ± 2.7 45.4 ± 5.2 31.7 ± 5.8 28/02/2017 D & E 

200 Reef Off 0030 0040 3 59.4 ± 2.6 48.5 ± 4.7 35.4 ± 6.5 28/02/2017 D & E 

0 Jetty Off 0050 0100 4 59.4 ± 2.9 47.7 ± 4.2 34.4 ± 7.3 28/02/2017 D & E 

0 Jetty On 0130 0140 3 58.2 ± 1.4 48.0 ± 3.2 31.8 ± 5.3 28/02/2017 D & E 

400 Sand On 0155 0210 3 58.3 ± 3.0 45.2 ± 4.0 31.2 ± 5.8 28/02/2017 D & E 

200 Reef On 0220 0230 3 58.8 ± 3.3 47.2 ± 3.0 31.7 ± 6.3 28/02/2017 D & E 

 Total     19 58.8 ± 2.7 47.0 ± 3.7 32.8 ± 5.6 28/02/2017 2 nests 

 Total  All   61 59.7 ± 2.5 47.6 ± 2.9 32.9 ± 4.1  5 nests 
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Table App 5.2 The number of tags assigned to each category (attached/detached/ingested) and the total predation events for each treatment (light on/off) and at each 

distance/habitat (0 m: jetty, 200 m: reef, 400 m: sand) and for all habitat types, light treatments and nights combined.  

Distance (m) Habitat Light No.  Tag category % predation events* 

 Attached 

(survived) 

Detached Ingested 

0 Jetty Off 11 8 (73%) 1 (9%) 2 (18%) 3 (27%) 

0 Jetty On 10 4 (40%) 3 (30%) 3 (30%) 6 (60%) 

0 Jetty On+Off 21 12 (57%) 4 (19%) 5 (24%) 9 (43%) 

200 Reef Off 10 0 (0%) 3 (30%) 7 (70%) 10 (100%) 

200 Reef On 10 1 (10%) 5 (50%) 4 (40%) 9 (90%) 

200 Reef On+Off 20 1 (5%) 8 (40%) 11 (55%) 19 (95%) 

400 Sand Off 10 1 (10%) 7 (70%) 2 (20%) 9 (90%) 

400 Sand On 10 3 (30%) 2 (20%) 5 (50%) 7 (70%) 

400 Sand On+Off 20 4 (20%) 9 (45%) 7 (35%) 16 (80%) 

All distances All habitats  Off 31 9 (29%) 11 (35.5%) 11 (35.5%) 22 (71%) 

All distances All habitats On 30 8 (27%) 10 (33%) 12 (40%) 22 (73%) 

All distances All habitats On+Off 61 17 (28%) 21 (34%) 23 (38%) 44 (72%) 

*Predation events were calculated by adding detached and ingested categories and dividing by the number of turtles released into the array (No.). 
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Table App 5.3 Model output table ranked by Akaike’s Information Criteria for small sample 

sizes (AICc) and Bayesian Information Criteria (BIC) for generalised additive mixed models 

fitted to test the relationship between hatchling predation (0 = survived, 1 = predated), distance 

from jetty, light treatment, hatchling holding time, nest, body mass, straight carapace length 

(SCL) and straight carapace width (SCW). Also shown are the change in AICc and BIC from 

the top ranked model (ΔAICc and ΔBIC), the weight of evidence for each model (ωAICc and 

ωBIC) and the proportion of deviance explained (Dev. Exp). The top ranked model is in bold. 

Model AICc BIC ΔAICc ΔBIC ωAICc ωBIC Dev. 

Exp. 

Distance 
65.353 73.082 0 0 0.992 0.967 0.242 

Null 
76.396 80.410 11.04 7.33 0.004 0.025 0 

Holding time 
78.238 84.149 12.89 11.07 0.002 0.004 0.006 

Light 

(on/off) 

78.567 84.479 13.21 11.40 0.001 0.003 0.001 

SCL 
80.567 88.296 15.21 15.21 0 0 0.005 

SCW 
80.645 88.374 15.29 15.29 0 0 0.004 

Mass 
80.888 88.617 15.54 15.54 0 0 0 

Nest 
83.126 94.235 17.77 21.15 0 0 0.039 
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Table App 5.4 List of species, maximum number of fish per video (MaxN) and mean MaxN (± SD) identified from each of the underwater videos that were placed 

under Thevenard Island jetty.  

Family Species Common name MaxN Mean MaxN 

(SD) 1 2 3 4 5 6 

Acanthuridae Acanthurus grammoptilus Inshore surgeonfish 1 0 1 0 1 1 0.67 (0.52) 

Carangidae Caranx sexfasciatus Bigeye trevally 1 5 22 1 16 4 8.17 (8.75) 

Carangidae Gnathanodon speciosus Golden trevally 16 6 2 2 4 19 8.17 (7.44) 

Carangidae Scomberoides commersonnianus Giant queenfish 0 0 0 1 0 0 0.17 (0.41) 

Carcharhinidae Negaprion acutidens Lemon shark 0 0 0 0 1 0 0.17 (0.41) 

Gerridae Gerres filamentosus Threadfin silverbiddy 0 1 1 0 0 0 0.33 (0.52) 

Lethrinidae Lethrinus nebulosus Spangled emperor 0 0 0 2 0 0 0.33 (0.82) 

Lutjanidae Lutjanus argentimaculatus Mangrove jack 5 4 0 22 35 25 15.17 (14.11) 

Lutjanidae Lutjanus lemniscatus Darktail snapper 1 0 0 1 1 1 0.67 (0.52) 

Mullidae Parupeneus indicus Yellowspot goatfish 5 0 0 3 0 0 1.33 (2.16) 

Plotosidae Paraplotosus butleri Sailfin catfish 0 0 0 0 1 0 0.17 (0.41) 

Pomacentridae Abudefduf bengalensis Scissortail sergeant 11 0 3 3 6 4 4.50 (3.73) 

Pteroidae Pterois volitans Common lionfish 0 0 0 0 1 0 0.17 (0.41) 

Siganidae Siganus lineatus Goldlined spinefoot 35 9 17 0 34 23 19.67 (13.85) 

Sparidae Acanthopagrus morrisoni Western yellowfin bream 9 5 2 22 6 3 7.83 (7.36) 

Sphyraenidae Sphyraena barracuda Great barracuda 0 0 1 0 0 0 0.17 (0.41) 

Terapontidae Amniataba caudavittata Yellowtail trumpeter 0 0 17 0 0 0 2.83 (6.94) 

Tetraodontidae Arothron hispidus Stars and stripes puffer 1 0 0 1 2 0 0.67 (0.82) 

Tetraodontidae Arothron manilensis Narrowlined puffer 2 0 1 6 2 1 2.00 (2.10) 
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Table App 5.5 Details of 24 tags ingested by predators. Details include tag number, date and time of first and last geographic position, total monitoring hours 

(TMO), hours detected (HD), residency index (RI), principal component analysis grouping (PCA), 50 and 95% Utilization Distributions, total number of positions at 

night (Night loc.) and during the day (Day loc.), average speed and distance travelled at night (standardised by the number of hours present). ¹²³* denotes tags 

combinations that may have been in one animal.    

Tag First position Last position TM
O 

H
D 

RI P
C
A 

Utilization Distribution (m2) Night 
loc. 

Day 
loc. 

Av. 
Speed 
(ms-1) 

Dist. 
Travelled 
(m) 

50% 
day 

95% day 50% night 95% 
night 

43967* 2017-02-28 01:38:25 2017-03-01 15:26:36 38 38 1.0 1 91.5 746.6 3071.7 37016.1 322 562 0.17 391.87 

43971 2017-02-28 01:49:00 2017-03-01 15:24:03 20 20 1.0 1 86.1 1127.6 879.7 9298.2 262 376 0.15 350.58 

43972 2017-02-28 01:27:34 2017-03-01 15:27:06 27 27 1.0 1 49.7 702.1 511.1 13319.0 559 469 0.10 217.16 

43973³ 2017-02-27 23:30:09 2017-03-01 15:30:18 40 39 0.98 1 149.4 817.4 1067.5 10132.2 486 547 0.14 259.55 

43975³ 2017-02-28 02:00:13 2017-03-01 15:29:47 38 38 1.0 1 167.8 816.4 957.0 11276.9 501 604 0.15 267.25 

43976 2017-02-28 01:40:00 2017-03-01 15:01:29 38 38 1.0 1 210.4 1192.2 3468.9 22626.8 361 468 0.16 412.83 

43979 2017-02-28 00:14:53 2017-03-01 15:29:12 40 40 1.0 1 161.2 945.7 1964.3 19969.1 422 540 0.19 420.25 

43982 2017-02-28 00:25:53 2017-03-01 15:25:22 37 37 1.0 1 158.6 878.4 2831.6 23732.6 336 449 0.14 322.85 

43983 2017-02-27 23:40:23 2017-03-01 15:29:23 40 38 0.95 1 99.5 1061.8 429.6 6052.9 482 582 0.11 263.96 

43986² 2017-02-28 00:02:13 2017-03-01 13:11:21 40 38 0.95 1 114.0 730.8 2512.2 21974.1 457 437 0.18 455.60 

43988 2017-02-27 23:51:22 2017-03-01 15:28:01 40 40 1.0 1 86.1 649.4 5155.6 28117.3 442 580 0.19 534.85 

43990 2017-03-01 00:32:19 2017-03-01 15:31:20 15 15 1.0 1 54.6 550.6 5446.7 32382.3 163 229 0.34 757.94 

43991 2017-03-01 00:32:02 2017-03-01 14:30:38 15 15 1.0 1 127.7 765.4 1114.5 10954.3 284 117 0.19 558.12 

43995*² 2017-03-01 01:56:54 2017-03-01 15:30:43 14 14 1.0 1 48.2 526.3 963.0 7562.6 203 283 0.18 413.20 

44003 2017-03-01 01:56:52 2017-03-01 15:31:12 14 10 0.71 1 53.9 480.1 1371.5 18086.6 29 54 0.17 240.33 

44010 2017-02-27 01:21:52 2017-02-28 12:08:05 63 35 0.55 1 144.2 885.5 1667.7 17549.5 564 736 0.21 418.22 

44012 2017-02-27 00:26:55 2017-03-01 15:29:04 30 30 1.0 1 94.7 851.7 6059.8 39803.5 534 610 0.23 476.95 

43964¹ 2017-02-28 02:26:04 2017-02-28 04:02:19 38 3 0.08 2 n/a n/a 3769.6 19859.8 61 0 0.53 696.11 

43970 2017-02-28 02:11:43 2017-02-28 15:21:52 38 7 0.18 2 1191.2 4653.8 1379.4 10719.6 122 4 0.44 607.66 

43985 2017-02-28 00:01:23 2017-03-01 04:10:07 40 15 0.34 2 3652.4 16293.1 6566.4 31721.0 305 4 0.42 904.4 

43996 2017-03-01 02:07:56 2017-03-01 03:33:16 14 3 0.21 2 n/a n/a 1056.5 5299.1 94 0 0.47 491.45 

44008 2017-02-26 23:54:27 2017-02-27 01:46:56 64 3 0.05 2 n/a n/a 3568.7 16562.5 57 0 0.39 679.04 

44014¹ 2017-02-26 23:44:21 2017-02-28 04:02:27 64 13 0.20 2 n/a n/a 6494.0 35798.0 378 0 0.55 875.67 

44054 2017-02-24 19:58:05 2017-02-27 20:05:51 116 22 0.19 3 4025.6 45312.3 16953.3 87180.9 149 43 0.43 545.68 
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Table App 5.6 Principal component (PC) loadings of four variables of predator behaviour on 

the first two components which collectively explained 89.4% of the variance. Variables 

accounting for the highest variability in each principal component are shown in bold. PC1 

related to predator speed at night, their residency to the tracking area and how far they travelled 

at night and PC2 related to their area of home range utilized at night. 

Variable PC1 (71.97%) PC2 (17.44%) 

Average travel speed 0.569 0.231 

Residency index -0.516 -0.374 

Home range  0.382 -0.897 

Distance travelled  0.514  
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Figure App 5.1 Current speed (m s
-1

) and direction (º), wave height (m) and direction (º), wind 

speed (km h
-1

) and direction (º), water depth (m), water temperature (ºC) and wave period (s) 

each night during the experiment. Dashed lines in the bottom three plots mark the beginning and 

end of the experiment each night. Radial plots only include data during these times. 
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Figure App 5.2 Geographic positions of tag no. 44054 (red and orange circles) around (a) 

Thevenard Island initially of a turtle that was predated in an experiment conducted on (b) the 

north-western side of Thevenard Island on the 20
th
 February 2017 (Chapter 6) that was detected 

at (c) the jetty acoustic array site on the 23
rd

 of February 2017. It was last detected at the jetty 

site (c) on the 27
th
 February at 20:09:37 Australian Western Standard Time (AWST, GMT +8). 

Different coloured circles are the locations of the same individual at the different sites: jetty 

(orange), north-western site (red). Open circles in (b) and (c) represent acoustic receivers. The 

beach is shown in beige in each plot and the jetty in (c) is outlined in black.   
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Figure App 5.3. Tracks of hatchlings (tags assigned to the ‘attached’ category) released at each 

location (0, 200 and 400 m) with (a) the jetty lights turned on, or (b) with the jetty lights turned 

off. Acoustic receivers are represented by open circles, different colours are the tracks of 

individual hatchlings, the lights were located on the jetty (outlined in black) facing northeast 

and the beach is in beige at the top of each plot. Ten hatchlings were released at each location 

(black asterix) with the exception of the 0 m release point in (b) where 11 hatchlings were 

released. Mean hatchling bearing from the 0 m release point was 185.7º in (a) and 213.1º in (b).   
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Figure App 5.4. (a) Hourly presence (represented as filled circles) for the duration of the 

experiment of individual predators that ingested acoustic tags attached to turtle hatchlings (tag 

numbers presented on the y-axis and range from 43964–44054) coloured by groups (Group 1 is 

red, Group 2 is green, Group 3 is blue) that were identified in (b) the principal component 

analysis. The first two principal component scores (b) plotted for each of the predators. Dashed 

black lines in (a) indicate the timing of the first release of turtle hatchlings equipped with 

acoustic tags each night and the end of the experiment when receivers were recovered and 

downloaded. Grey bars in (a) indicate when tags were expelled from predators.  
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Figure App 5.5. The number of individual predator 95% Biased Random Bridge utilisation 

distributions overlapping in each 5 m grid cell for predator groups identified in the principal 

component analysis during the day (left panels) and at night (right panels) for predator Group 1 

(a and b), predator Group 2 (c and d) and predator Group 3 (e and f). A total of 17 individuals 

were present during the day and night in Group 1. Two individuals were present in Group 2 

during the day and 6 were present at night. Group 3 consisted of 1 individual that was present 

during both the day and night.  
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Figure App 5.6. The location of the acoustic tracking arrays on the north-western side of 

Thevenard Island sampled in 2 separate studies: one in February 2016 and one in February 

2017. The circles represent acoustic receivers (spaced 30 m apart) [6 × 6 design used in Chapter 

3 and 9 × 4 design used in Chapter 6] and the beach is shown in beige. The area where 

hatchlings were tracked during this study (jetty site) is shown for reference.  
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Chapter 6 Response of turtle hatchlings to 

light emitting diodes at sea 

 

 

 

Photo credit: Suzanne Long 
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6.1 Summary 

Light pollution disrupts the early orientation of marine turtle hatchlings. Previous work 

on this problem has mostly focussed on the impacts of old lighting technology, with 

little work on new light emitting diodes (LEDs). These lights are becoming increasingly 

popular due to their energy efficiency and adaptability to tasks. Additionally, there is 

little information on how modifying the intensity of the light produced by LEDs affects 

the in-water behaviour of turtle hatchlings. We used acoustic telemetry to assess the 

movement patterns and predation rate of hatchlings in response to five different 

intensities (10, 30, 50, 70 and 120 watt) of white light emitting diodes (LEDs) as they 

crossed nearshore waters after emerging from nests on Thevenard Island in Western 

Australia. Attraction of hatchlings to lights increased with light intensity only when 

lights were located in the direction that hatchlings preferred to disperse under ambient 

conditions. This suggests that the location of the light source in relation to the preferred 

direction of travel may be important in determining the impact on hatchlings. When the 

light source was not in the direction of travel, only 25% of hatchlings went towards it 

(all intensities combined). In general, predation upon hatchlings was higher when LEDs 

were illuminated than under ambient light conditions. LEDs may have attracted 

predators to the area as LEDs tend to be enriched in short (blue/green) wavelengths that 

are particularly attractive to marine coastal fish. We found no clear relationship with 

predation rates or time spent in the nearshore with light intensity, although a 

combination of high variability in environmental conditions across nights, low sample 

sizes, and the relatively low intensity of our light treatments might have affected our 

ability to detect an effect. The hatchling predation rates we recorded and the finding that 

hatchlings spent 20% longer in predator-rich nearshore areas for all light intensities on 

one of the nights suggest that the presence of LEDs, regardless of their intensity, is 

likely to have a negative impact on the survivorship of hatchlings passing through the 

nearshore environment.    
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6.2 Introduction 

A naturally dark night is important for a wide range of functions of diurnal, nocturnal 

and crepuscular animals, including navigation, foraging and regulation of circadian 

cycles (Gaston et al., 2012). These natural levels of ambient light are now being 

impacted by light pollution from artificial sources (Cinzano et al., 2001) which disrupts 

many of these behaviours, often with consequences for fitness and survival (Longcore 

and Rich, 2004, Minnaar et al., 2015, Raap et al., 2015, Rodriguez et al., 2017, Russart 

and Nelson, 2018, Zapata et al., 2019). This problem has become of particular concern 

in coastal ecosystems due to the widespread urbanisation and industrialisation of the 

coastal zone (Small and Nicholls, 2003) where many species breed. Marine turtles are 

one such species where the impacts have been well documented, especially the impact 

of light on hatchling sea-finding, or their ability to locate the sea after they emerge from 

nests on beaches (Hooker, 1911, Kamrowski et al., 2014b, McFarlane, 1963, Salmon, 

2003, Witherington and Martin, 2003, Verheijen, 1985). Hatchlings can be misoriented 

(i.e., move towards lights on land instead of towards the sea) and disoriented (i.e., move 

in confused circles) by sources of artificial light (Salmon, 2005), which can have lethal 

consequences (e.g., increased risk of predation, exhaustion and dehydration) (Erb and 

Wyneken, 2019, Philibosian, 1976). Once they reach the sea, light pollution on and near 

the shore (e.g., jetties, boats on anchor, coastal lighting) can also confuse and misdirect 

them, increasing the time taken to pass through nearshore waters (Harewood and 

Horrocks, 2008, Thums et al., 2016), and potentially causing a ‘light trapping effect’ 

where they concentrate around the source and are unable to respond to other stimuli to 

move on (Verheijen, 1958) as was found in Chapter 3. This could have survival 

consequences as rates of predation in nearshore waters are already high (up to 72–88%; 

(Chapter 5, Gyuris, 1994, Reising et al., 2015) and lights can also attract predatory fish 

(Becker et al., 2013).  

Field and laboratory studies on sea turtles have found the degree of impact that artificial 

light has on their dispersal behaviour is dependent on the wavelength of the light 

emissions with hatchlings more attracted to short (blue/green) over long (orange/red) 

wavelength light (Fritsches, 2012, Mrosovsky and Shettleworth, 1968, Pendoley, 2005, 

Sella et al., 2006, Witherington, 1992, Witherington and Bjorndal, 1991a, Witherington 

and Bjorndal, 1991b). These studies led to the recommendation that lights containing 

the least amount of short wavelength light (e.g., orange low and high pressure sodium) 
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should be the light type selected for use near turtle nesting beaches if lighting cannot be 

avoided (Witherington and Martin, 2003). Brighter lights are also more attractive and 

for this reason a further recommendation for lights near nesting beaches is that the 

intensity of lights is kept as low as possible (Pendoley and Kamrowski, 2015, 

Witherington and Bjorndal, 1991a, 1991b, Witherington and Martin, 2003). 

As lighting technology is evolving, low and high pressure sodium are fast being 

replaced with cheap and energy efficient light emitting diodes (LEDs) (Dudley et al., 

2015, Franz and Wenzl, 2017, Hecht, 2016). This is a problem because of the relatively 

high proportion of short wavelength (blue) light LEDs produce (Longcore et al., 2015, 

Pawson and Bader, 2014). The few beach-based studies available on the impacts of 

LEDs have confirmed that hatchlings are indeed attracted to these lights during sea 

finding (Bertolotti and Salmon, 2005, Karnad et al., 2009, Lorne and Salmon, 2007, 

Robertson et al., 2016) and one lab study showed a similar effect on in-water orientation 

in a pool (Cruz et al., 2018), but this has not been tested in situ during the in-water 

portion of hatchling dispersal from a nesting beach.  

Here, we use passive acoustic telemetry to determine if wild flatback turtle hatchlings 

(N. depressus) are attracted to LEDs on entering the nearshore waters from nesting 

beaches. We examine the effect of LED light intensity on attractiveness and predation 

rate which may result from the greater time spent in nearshore waters from mis- and 

disorientation.   

6.3 Material and methods 

The study site was on the north-western side of Thevenard Island, approximately 30 km 

offshore from the mainland of Western Australia (Figure 6.1). This site was selected as 

it was least impacted by existing sources of artificial light on and around the island. 

Nesting of female flatback turtles occurs around the entire island from November to 

February but is concentrated on the beaches on the southeastern part of the island. After 

an incubation duration of approximately 47 days (Pendoley et al., 2014), hatchlings 

emerge from underground nests mostly at night when sand temperatures drop (Limpus, 

1971), crawl to the water’s edge and swim away from shore. We collected sixty-eight 

hatchlings from the beaches on the south-eastern part of the island from within (while at 

the top of nests waiting to emerge) or near (after emergence) their nests on the nights of 

the 18
th

, 19
th

 and 20
th

 of February 2017. Straight carapace length (SCL), width (SCW) 
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(±0.1 cm) and weight (±0.1 g) of each hatchling were measured using digital callipers 

and a digital scale. Hatchlings were kept in an insulated box in a dark, quiet room until 

the following night or the night after, and then were released as part of the experiment 

on the nights of the 20
th

 and 21
st
 of February 2017 during last quarter moon after moon 

set.  

Prior to release, a uniquely coded Vemco V5 acoustic tag (180 kHz, 0.65 g in air and 

12.7 mm long) was glued to the underside of each hatchling using a small drop of fast-

acting epoxy (Selleys Araldite 5 Minute Adhesive). It was aligned in a vertical position 

with the transducer pointing down (Thums et al., 2016). The tags weighed 1.82% 

(weight in air) of the mean weight (35.8 ± 2.9 g) of hatchlings in air. At the 

experimental site, an array of 36 (9 × 4) acoustic receivers (Vemco VR2W) was 

deployed in the nearshore zone to calculate geographic positions of hatchlings as they 

dispersed through the nearshore zone  following the approach of Thums et al. (2016) 

and spacing used in Chapter 3 (Figure 6.1, see Supporting Information – Section 6.7.1 

for details). A 4 m-long aluminium boat was anchored along the northern-most line of 

receivers, either on the eastern (Night 1) or the western (Night 2) side of the array 

(Figure 6.1). Each night we examined hatchling dispersal through the array under 

ambient conditions and with five different intensities (10, 30, 50, 70 and 120 watt) of 

white (4000 Kelvin) LED floodlights located on the boat (Table App 6.1). All of these 

floodlights, including the 10-watt light, were visible from the beach. The lights were 

angled slightly downwards and facing the release point of hatchlings on the beach, 

creating a light spill on the water. Two anchors held the boat (and the light) in a fixed 

position throughout each experiment. 

A Nortek Aquadopp Acoustic Doppler Current Profiler (ADCP) was deployed near the 

middle of the array between the first and second row of receivers to measure current 

speed and direction, water temperature and depth (measured every 2 mins with 1 min 

mean sampling at 2Hz, then 1 min off) and wave period, height and direction, with the 

latter measured every 30 min based on 20 min burst sampling at 2Hz (Figure 6.1). Data 

on wind speed and direction (measured at 1 min intervals) was obtained from the 

Bureau of Meteorology at Onslow airport, approximately 27 km from the site.  

Each night we allocated 30 mins for each treatment with three pairs of tagged hatchlings 

(or two pairs and one individual when there were only 5 hatchlings in a treatment) 

released every 5 mins into the array within each treatment. Depending on how quickly 
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the hatchlings dispersed through the array, each hatchling pair release resulted in a 

maximum time exposed to the treatment of 30, 25 and 20 minutes respectively. This 

time was selected based on previous in-water studies with flatback turtle hatchlings that 

were found to spend a mean time of 24 mins in a similar sized array when exposed to a 

400 watt metal halide light (Chapter 3). The order of the treatments was randomised 

each night. Hatchlings collected from multiple nests or at different times were 

distributed evenly among experimental treatments (Table App 6.2). Data from acoustic 

receivers were downloaded the day after the last experiment and data were sent to 

Vemco for calculation of turtle geographic positions as they moved through the array. 

As ocean currents are known to influence hatchling trajectories (Chapter 3), we 

conducted the experiments on the neap tide when current speeds were low. Experiments 

began prior to low water (Table App 6.2), which was predicted by the Bureau of 

Meteorology to occur at 23:28 (1.21 m) and 01:33 (1.2 m) on the first and second night, 

respectively. 
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Figure 6.1. Map of the location and design of the acoustic tracking array, with open circles 

representing receivers (spaced 30 m apart), each with a co-located synchronising tag to 

synchronise the receiver clocks to allow accurate positioning of the hatchlings as they moved 

through the array. The position of the Acoustic Doppler Current Profiler (to measure current and 

waves parameters) is shown as a black cross. Experimental lights were located on a boat (blue 

star) moored either on the eastern (Night 1) or western (Night 2) side along the northern edge of 

the array each night. The beach is shown in grey in the bottom of the plot with the hatchling 

release point (black circle). The mean current speed and direction and wind speed and direction 

are shown for each night.  
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6.3.1 Light measurements 

Light in the environment was quantified using a digital camera (Sky42) that consisted of a 

Canon PowerShot G12 camera with an unfiltered Raynox DCR-CF187PRO HD fish eye lens 

that enabled the entire night sky and horizon to be captured in a single circular image. The 

camera was deployed on the beach close to the hatchling release point and photos of the night 

sky were taken in each treatment. Sky Quality Software was used to process the images and 

quantify the brightness (magnitude per arc.second
2
) in each treatment. Light signals from 

stars and the Milky Way were removed using a Milky Way brightness model which extracted 

known stars. Data smoothing was applied for visual display and the brightness was calculated 

at target bearings relative to the camera location.  

The spectral characteristics of the LED lights were measured in the laboratory using an 

Ocean Optics USB2000 Spectrometer that recorded wavelengths between 200 and 1100 nm. 

The lights were aimed at a photographic reflector located 2 m away and the spectrometer was 

aimed at the reflector from a fixed spot (~ 2.1 m from the reflector and in line with the light). 

The reflector was used to reduce the brightness of the light so that the spectrometer could be 

used at close range. The proportion of light emitted in each 0.38 nm wavelength band 

between 365 – 550 nm (wavelengths most attractive to flatback hatchlings; Pendoley, 2005, 

Fritsches, 2012) was calculated. 

6.3.2 Hatchling movement measurements (bearing, speed and 

time spent) 

Detections of tagged hatchlings by the acoustic receivers were used to determine if lights 

influenced how long hatchlings spent in the nearshore. We calculated the time spent by each 

turtle in the array, defined as the time from when each turtle was first detected by the 

receivers in the array until the time it was last detected in the array. The geographic positions 

of each turtle were plotted to determine how many hatchlings moved towards the light (tracks 

that went to the light) in each treatment. To test for an effect of light intensity on hatchling 

rate of travel and direction, geographic positions from each hatchling were also used to 

calculate mean speed and mean bearing (relative to 0° such that westerly bearings were 

negative) from the release point to the point where it either left the array, or where it was last 

recorded in the tracking area. The speed between successive positions (the distance between 

each position divided by the time difference between the positions) was calculated using the 



 

127 

R (R Core Team, 2015) package ‘sp’ (Pebesma et al., 2017) and the mean of all these speeds 

was determined for each hatchling. The R package ‘geosphere’ (Hijmans et al., 2016) was 

used to calculate the bearing between each position and R package ‘circular’ (Lund et al., 

2017) was used to calculate the mean bearing of each hatchling.  

Using data collected by the ADCP and the Bureau of Meteorology, we calculated a number 

of physical parameters for the period of each turtle’s transit through the array: mean wave 

steepness (wave height/wave length), wave height, wave period, current speed and direction, 

water depth, water temperature, and wind speed and direction. Peak wave direction was not 

calculated as wave height was too low (< 10 cm) to accurately determine a direction.  

Geographic positions of each turtle released under ambient conditions were corrected for 

current displacement to examine the direction of their dispersal pathways and to calculate 

their current corrected speeds and bearings. For each geographic position, the value of current 

speed and direction closest to the time and date of that position was determined. The speed 

and direction of the turtle was calculated by determining the distance and bearing between 2 

spatial points, and then calculating the mean rate of travel and direction based on the distance 

and the time taken between them using R packages ‘sp’ (Pebesma et al., 2017) and 

‘geosphere’ (Hijmans et al., 2016). For each position, the speed and direction of the turtle and 

of the currents was used to calculate U (east/west) and V (north/south) components for the 

turtle (Ut, Vt) and for the current (Uc, Vc) which were subsequently used to calculate the 

current corrected speed and direction (see Table App 3.1 in Chapter 3 for details). 

The mean centroid track (x0(t), y0(t)) for a group of hatchlings for each treatment each night 

was calculated (Johnson and Pattiaratchi, 2004):  

𝑥0(t) = 
1

𝑛 
 ∑ 𝑥i

𝑛

𝑖=1

(𝑡)         𝑦0(𝑡) =
1

𝑛 
 ∑ 𝑦i

𝑛

𝑖=1

(𝑡),  

where 𝑥i, 𝑦i was the position of one of 𝑛 positions of a group of hatchlings in a treatment. A 

mean latitude and longitude position for each turtle was calculated at 1 min intervals for the 

length of its track. A mean latitude and longitude of hatchlings was calculated from all turtles 

in that treatment each minute, for the first 7 minutes (the minimum time that hatchlings spent 

in the array). This allowed us to determine the centroids for groups of hatchlings in the 

different treatments.  
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6.3.3 Impact of light intensity on hatchlings 

To determine whether it was appropriate to pool the data across the two nights for the 

modelling of the response variables (mean speed, time spent and mean bearing), we tested 

each response variable with Night (Categorical: 1 or 2) using a linear model and compared 

the Akaike’s information criterion, corrected for small sample size (AICc) and model weights 

of the slope model (response ~ Night) to the intercept-only model (response ~ 1). We also 

used the same modelling framework to test if there was a difference in predictor variables 

between the two nights. We found majority support for an effect of night (wAICc ≥ 91%) on 

both the response and the majority of the predictor variables, thus data from each of the two 

nights were analysed separately.  

These response variables (mean speed, time spent and mean bearing) were used in a suite of 

generalised additive models to examine the relationship with the continuous variables: light 

treatment (intensity: 0, 10, 30, 50, 70, 120 watt), current speed, wave steepness, wave period, 

wind direction and wind speed. Wave height, water depth, water temperature, hatchling 

weight, hatchling width (SCW mm) and hatchling length (SCL mm) were excluded from the 

analysis as they had little variation to model. For the same reason, wave period was removed 

from the modelling on Night 1 and wind speed and wind direction were removed on Night 2. 

The gam or gamm function in the mgcv library (Wood, 2017) in R was used to fit models. We 

used a function developed by Fisher et al. (2018) to extract and compile a number of 

parameters used for model selection; the AICc, and the relative model weight, the AICc 

weight (ωAICc). All continuous predictors were modelled as smooths, using a cubic 

regression spline, with k restricted to 5 following the default settings of the full subsets GAM 

function used in the FSSgam library (Fisher, 2018).  

Mean speed and bearing were modelled with a Gaussian distribution and time spent in the 

array was rounded to the nearest minute and then modelled as a binomial distribution with 20 

trials, representing a maximum of 20 possible mins (consistent across all turtles released) in 

the array. Each individual turtle (turtle id) was included as a random effect in models with 

time spent.  

6.3.4 Impact of light intensity on predation rates 

Since previous studies have demonstrated that predation of acoustically tagged hatchlings can 

be identified by assessing the movement patterns of the tags in the array (Chapter 5), we also 



 

129 

determined the number of hatchlings that had interactions with predators. Tagged hatchlings 

that moved in a directed path offshore or towards the lights with no further detections in the 

array after ~ 20 mins were categorised as “dispersed” (Chapter 3, Thums et al., 2016). 

Tagged hatchlings that continued to be detected by the receivers in the array for much longer 

than the expected residence time (i.e., hours) were considered to be the result of an encounter 

with a predator and categorised as “predated” (as per Chapter 5). These tags had been either 

ingested by fish predators or detached from the hatchlings during predator strike or handling. 

The former were identified by complex movement patterns rather than simple directed 

trajectories through the array, whereas the latter were identified by 100s to 1000s of 

detections on a small (1-4) number of receivers over an extended period of time (hours – 

days) (see Figure App 6.1 and Chapter 5).  

Tracks of predated tags were plotted to determine the likely location of the predation event 

when the tag detached or became ingested. Positions representative of turtle behaviour prior 

to the predator encounter (i.e., where it occurred) were extracted and used in the calculation 

of mean speed and bearing of each hatchling. Predation rates were calculated by dividing the 

number of tags categorised as predated by the total number of turtles released in each 

treatment. 

6.4 Results 

6.4.1 Environmental conditions 

Most environmental parameters at the study site varied between nights of the experiment 

(Figure 6.2). Although wave height was consistent over the two nights (0.06 ± 0.01 m) 

(Figure 6.2a), wave period on Night 1 was dominated by relatively steep (0.0007 ± 0.0001) 

wind waves (period 7.38 ± 0.46 s). On Night 2, waves were less steep (0.0004 ± 0.00004) and 

were swell dominated (period 9.51 ± 1.25 s) (Figure 6.2b-c). Mean current velocity was 

slightly higher on Night 1 than Night 2 (0.08 ± 0.02 ms
-1

 and 0.06 ± 0.02 ms
-1

, respectively) 

(Figure 6.2d). Currents were driven by tidal movement and flowed towards the east during 

the experiment on both nights 67.9–119° (Figure 6.2e). Median water depth on Night 1 was 

1.65 m, ranging from 1.57 to 1.85 m (Figure 6.2f). On Night 2, median depth was 1.51 m, 

ranging from 1.38 to 1.71 m (Figure 6.2f). Mean water temperature on Night 1 and 2 was 

32.4 ± 0.1 and 31.6 ± 0.3°C, respectively (Figure 6.2g). On Night 1, winds approached from 

the WSW (249.3 ± 27.5°) at speeds of 11.7 ± 3.3 km h
-1

 (Figure 6.2h-i). On the following 
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night, winds were stronger (24.2 ± 2.6 km h
-1

) and came from the SSW (195.3 ± 2.3°) (Figure 

6.2h-i).  

6.4.2 Hatchling measurements 

Hatchlings that were tagged as part of the experiment measured on average (mean ± SD) 60.7 

± 2.1 mm SCL and 48.5 ± 1.7 mm SCW, and weighed 35.8 ± 2.9 g (Table App 6.2). 

Hatchling size varied between the nights (Figure 6.2j-l). They were lighter, wider and shorter 

on Night 1 than on Night 2 (Night 1: mean weight 33.33 ± 1.0 g, SCW 49.2 ± 1.3 mm and 

SCL 59.7 ± 2.0 mm, Night 2: mean weight 38.5 ± 1.3 g, SCW 47.7 ± 1.7 mm and 61.9 ± 1.5 

mm) (Figure 6.2, Table App 6.2). 

6.4.3 Light camera 

Zenith sky quality under ambient conditions measured 23.0 magnitude per arc second (mag 

arc sec
2
: the larger the value, the darker the night sky), however regions of horizon sky glow 

measuring 20.63 ± 0.21 mag arc sec
2
 were visible over the dunes in a southerly and north-

easterly direction originating from industrial and urban sources (Figure App 6.2). When the 

lights of our experimental treatments were switched on, the camera measured high uni-

directional light in their direction, with the brightest point of light in all treatments measuring 

16.3 ± 0.35 mag arc sec
2 

(averaged across all light treatments, except ambient). The area 

affected by sky glow increased with light intensity but there was only a small difference 

between some of the treatments (e.g., between the 30 and 50 watt and the 50 and 70 watt 

treatments) (Figure App 6.2). In all treatments, the light spill remained confined to the region 

of sky over our experimental light on the boat (Figure App 6.2). There was an increase in 

horizon brightness between angles 90–210° during the 30 to 120 watt treatments due to the 

light from our vessel reflecting off shoreline dunes (Figure App 6.2).  

The spectral power distribution for the LEDs ranged from 340–1024 nm with emissions 

peaking at wavelengths of approximately 455 and 590 nm (Figure 6.3). Approximately 40% 

of the light emitted from these lights (ranging from 39.1 to 42.2 % for all five wattages) was 

the type of light shown to be most disruptive to the sea-finding ability of flatback turtles in 

laboratory experiments (365 to 550 nm; Fritsches, 2012, Pendoley, 2005).  
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Figure 6.2. Boxplots of the data showing median values (solid black line within each box), the upper 

and lower hinges and the extreme of the upper and lower whiskers of physical parameters (a: wave 

height, b: wave period, c: wave steepness, d: current speed, e: current direction, f: water depth, g: 

water temperature) recorded by the Acoustic Doppler Current Profiler in the study area and wind data 

(h: wind speed, i: wind direction) recorded at Onslow airport (obtained from the Bureau of 

Meteorology) during the experiment each night. Also shown is difference in hatchling size per night 

(j: straight carapace length, k: straight carapace width, l: weight). Data points beyond the whiskers are 

shown as open circles and are outliers. The model with night had majority support over the null model 

(providing support for a difference between nights) for all predictors except wave height and current 

direction (shaded in grey). 
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Figure 6.3. Relative intensity of wavelength of lights emitted from the 10, 30, 50, 70 and 120 watt 

Light Emitting Diode (LED). The box (red dashed lines) are wavelengths shown to be most disruptive 

to the sea-finding ability of flatback turtles in laboratory experiments assessed by Pendoley (2005) 

and Fritsches (2012). 

 

6.4.4 Acoustic tracking 

A total of 67 tags were detected by receivers, ranging from 61 to 3,915 detections per 

individual tag. Of these detections, 2,910 geographic positions were calculated for 65 tags 

(median 28 positions per individual, ranging from 0 to 463). A large number of detections 

were excluded as tag transmissions from each tag need to be detected on three or more 

receivers at the same time in order to calculate a position. One tagged hatchling was not 

detected and another two were detected 100s of times, mostly on one receiver located near 

the release point. No positions could be calculated for these two hatchlings as detections were 

not recorded on 3 or more receivers at the same time, suggesting that the tags of both had 

detached near the release point. Detections and geographic positions were used to identify an 

additional 10 tags that had detached from hatchlings either close to their release point (n = 5) 

or during transit (n = 5). In all of these cases, tag detachment was unlikely to be caused by 
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glue failure and was most likely to be the result of prey handling during a predation event 

(Chapter 5). As such, hatchlings with tags that detached were categorised as “predated”. 

The tags that detached near the release location (n = 7) were excluded from the modelling of 

speed and bearing (Table App 6.3). Positions prior to tags detaching were included in the 

modelling of mean speed and bearing for those that were dislodged during transit (n = 5). 

Another three hatchlings were attacked by predators that swallowed the tags attached to the 

turtle. For one animal, positions prior to the predation event were used in the modelling of 

speed and bearing as this was easily identified by assessing the movement patterns of the 

tags. The other two ingested tags were omitted from modelling entirely as it was difficult to 

identify exactly when the predation event occurred. One hatchling moved at very slow speeds 

(< 0.1 ms
-1

 for more than 50% of the time), which was much slower that previously 

documented hatchling speeds (0.5 ms
-1

; Chapter 3), however the movement pattern was not 

entirely different as it took a directed path away from shore. As it was unclear whether this 

track was a turtle or a slow moving predator, it was excluded from all analyses. In total, 

movement patterns from 66 hatchlings were used to calculate predation rates, positions from 

57 hatchlings were used in the modelling of speed and bearing and detections and positions 

of 51 turtles that successfully transited the array (excluding 12 detached and 3 ingested tags), 

were used in the modelling of time spent in the array and calculating the attraction to lights. 

These predated tags (n = 15) were excluded from calculations of attraction to lights as 

predators were usually encountered close to the release point (Table App 6.3). 

6.4.5 Movement towards the light and general direction of 

travel 

Fifty-one of the 66 (77%) hatchlings that were tagged and released in this experiment 

successfully transited the array. Of these, 26 were released on Night 1 when lights were 

positioned on the eastern side of the array and 25 were released on Night 2 when the sources 

were located on the western side of the array. Half of the hatchlings released in light 

treatments moved towards the lights when the sources were located on the western side, but 

only 25% swam towards lights positioned on the eastern side of the array (Table 6.1). There 

was large variation in the proportion of hatchlings that swam towards the lights when they 

were located to the east of the release point. For example, 66% went towards the light in the 

30 watt treatment, whereas none moved in this direction in the 120 watt treatment. However, 

hatchlings during both of these treatments also suffered 50% predation, so only a relatively 
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small sample size remained to assess attraction (Table 6.1). In contrast, hatchlings moved 

towards all intensities of light when lights were positioned to the west of the release point 

(ranging from 33% in the 10 watt to 75% in the 70 watt treatment), although half of the 

hatchlings in the ambient treatment also moved in this direction. There was a general increase 

in the number of hatchlings moving towards the light with increasing intensity on Night 2 

(Table 6.1).  

All of the hatchlings released under ambient conditions moved towards the north or 

northwest, and did not disperse towards the east (Figure 6.4a & g). Although currents moved 

towards the east, current correcting their tracks did not alter this pattern as current speeds 

were relatively weak (maximum speed 0.1 m.s
-1

) (Figure App 6.3). On Night 1, when the 

light was located on the eastern side of the array, all hatchlings moved towards the north in 

the 10 and 120 watt treatments (Figure 6.4b & f). In the 30 watt treatment, two hatchlings 

dispersed towards the north and one moved towards the light, but one of the hatchlings that 

dispersed to the north ultimately went towards the light (Figure 6.4c). In the 50 watt 

treatment, half of the hatchlings moved north through the array, one went east towards the 

light, another hatchling moved northeast towards the light but then dispersed to the west and 

the last hatchling moved directly west (Figure 6.4d). In the 70 watt treatment, 40% of 

hatchlings moved east towards the light, whereas 60% moved more in a north-westerly 

direction (Figure 6.4e).  

Hatchlings either moved towards the north (67% of hatchlings) or to the northwest (33% of 

hatchlings) when the 10 watt light was on and located to the west of the release point (Figure 

6.4h). In the 30 watt treatment, half of the hatchlings moved towards the light, whereas the 

remaining 50% moved north through the array (Figure 6.4i). In the 50 watt treatment, one 

hatchling moved more towards the north and the remainder went northwest or west (Figure 

6.4j). In the 70 watt treatment, 75% of hatchlings went northwest and one (25%) moved north 

through the array (Figure 6.4k). In the 120 watt treatment, one hatchling moved north, 

whereas the other two went to the northwest towards the light (Figure 6.4l). 

The mean track analysis showed that hatchlings did not move towards the light on Night 1 

and that there was a larger spread in the distribution of mean tracks among treatments (Figure 

App 6.4a). However, on Night 2 when the light was positioned to west, hatchlings in all 

treatments moved in a similar direction towards the light, including hatchlings released in the 

ambient treatment (Figure App 6.4b).     
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Table 6.1. The number of hatchlings that encountered predators (tags that detached or tags that were 

ingested) and the number of hatchlings that moved towards artificial lights in each treatment. 

Predation rates were calculated for a total of 66 hatchlings (no detections or positions were recorded 

for one tag and another tag was removed as it had an unusually slow track) and tracks of 51 hatchlings 

were used to assess the proportion of hatchlings that moved towards the lights (the 15 hatchlings that 

encountered predators were excluded as this usually occurred before they had a chance to reach the 

light). All experiments occurred during last quarter moon after moon set around low water when 

current speeds were low and flowing towards the east.  

Treatment  Light location Predation Attraction to lights 

No. 
tracked  

No. 
predated 

Predation 
rate 

No. 
tracked  

No. at 
light 

Prop. 
attracted 

Ambient East 5 0 0 5 0 0 
10 watt East 6 3  50% 3 0 0 
30 watt East 6 3  50% 3 2 66% 
50 watt East 6 0 0 6 1 17% 
70 watt East 6 1  17% 5 2 40% 
120 watt East 6 3  50% 3 0 0 

Total East 35 10 29% 25 5 20% 

Ambient West 5 1  20% 4 2 50% 
10 watt West 6 0 0 6 2 33% 
30 watt West 5 1  20% 4 2 50% 
50 watt West 6 1 17% 5 2 40% 
70 watt West 5 1  20% 4 3 75% 
120 watt West 4 1  25% 3 2 67% 

Total West 31 5 16% 26 13 50% 

Overall  East & West 66 15 23% 51 18 35% 
Ambient East & West 10 1 10% 9 2 22% 
All lights East & West 56 14 25% 42 16 38% 
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Figure 6.4. Tracks of hatchlings represented by different colours from individuals in ambient (a,g), 10 

(b,h), 30 (c,i), 50 (d,j), 70 (e,k) and 120 watt (f,l) treatments when the light (orange circle) was located 

on a boat moored to the east on Night 1 (n = 25 individuals, left panels) or west on Night 2 (n = 26 

individuals, right panels) of the hatchling release point (black asterisk). The beach is in beige at the 

bottom of each plot, acoustic receivers are shown as open circles and current speed and direction is 

shown for each treatment. The location of the light is outlined in a) and g) for reference only.  



 

137 

6.4.6 Impact of light intensity on predation rates  

Out of the 66 turtles, a total of 12 tags detached (18%) and 3 were ingested (5%) which, 

combined, resulted in an overall predation rate of 23% of hatchlings (see Figure App 6.1 for 

an example of the movement and detection patterns of tags assigned to each category). 

Predation was higher (29%) on Night 1 compared to Night 2 (16%) (Table 6.1). On Night 1, 

predation only occurred during light treatments (i.e., no predation events occurred in the 

ambient treatment) and predation rates were highest (50%) during the 10, 30 and 120-watt 

treatments (Table 6.1). On Night 2, predation rates ranged from 0 to 25% in the different 

treatments, with the highest (25%) coinciding with the brightest intensity (120 watt). 

However, 20% of hatchlings were also predated under ambient conditions (Table 6.1). 

Overall predation (nights and light treatments combined) under ambient and artificial light 

treatments was 10% and 25%, respectively (Table 6.1).  

6.4.7 Mean speed, mean bearing and time spent in the array 

In total, hatchlings spent between 7.38 and 40.72 mins in the array across all treatments and 

nights, with a median time of 14.23 minutes. Hatchlings swam faster on Night 1 than they did 

on Night 2 (mean speed (± SD) 0.42 ± 0.05 and 0.34 ± 0.07 ms
-1

, respectively) and they took 

longer to transit the array on Night 2 (light to the west: 15.62 ± 3.4 min) than they did on 

Night 1 (light to the east: 12.75 ± 4.3 min). In general, hatchlings released on Night 1 moved 

more towards the north (-10.9˚ from north [0˚]) than on Night 2 (-34.7˚) when they moved to 

the northwest (black arrows in Figure 6.5). 

On Night 1, hatchlings in the ambient treatment swam faster (0.43 ± 0.03 ms
-1

) than 

hatchlings in the light treatments (10, 30, 50 and 70 watt treatments: 0.41 ± 0.08, 0.41 ± 0.04, 

0.42 ± 0.06, 0.41 ± 0.04 ms
-1

, respectively) with the exception of the 120 watt treatment; this 

group of hatchlings dispersed at an average speed of 0.46 ± 0.08 ms
-1

 (Figure 6.6a). 

Calculated swimming speeds increased by approximately 12% to 0.48 ± 0.02 ms
-1 

after 

current correcting the tracks of hatchlings released under ambient conditions. Time spent in 

the array was similar in the ambient and 10 watt treatment (11.63 ± 4.93 and 11.69 ± 3.58 

min, respectively) (Figure 6.6c). It increased in the 30 and 50 watt treatments (15.83 ± 7.22 

and 14.47 ± 3.86 min, respectively) before declining again in the two higher intensity 

treatments (70 watt: 12.55 ± 3.15 min, 120 watt: 9.48 ± 1.88 min) (Figure 6.6c). Most (80%) 

of the hatchlings released on Night 1 did not move in the direction of the boat, thus it 
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appeared that light treatment had very little effect on mean bearing (Figure 6.5a, Figure 6.6e). 

The mean bearing of hatchlings released under ambient conditions on Night 1 was -25.98˚ 

(Figure 6.6e) and -32.3˚ (Figure App 6.3b) without and with current correction, respectively. 

Mean bearing in the light treatments was -13.8˚ in the 10 watt, -5.1˚ in the 30 watt, -26.0˚ in 

the 50 watt, -0.3˚ in the 70 watt and 9.1˚ in the 120 watt (Figure 6.6e). 

On Night 2, hatchlings in the ambient treatment moved at an average speed of 0.40 ± 0.03 

ms
-1

 through the array (Figure 6.6b). Calculated swimming speeds increased by 

approximately 2.5% to 0.41 ± 0.05 ms
-1 

after current correcting these tracks. Hatchlings 

swam slower in all light treatments (light source was located to the west of the release point), 

especially in the 70-watt treatment (0.27 ± 0.08 ms
-1

) (Figure 6.6b). The time that hatchlings 

spent in the array increased when lights were turned on and this increase was similar across 

all intensities of light (ambient 12.92 ± 3.13, light treatments 10 watt: 16.66 ± 3.24, 30 watt: 

15.81 ± 4.84, 50 watt: 16.26 ± 3.37, 70 watt: 16.02 ± 3.60, 120 watt: 15.32 ± 2.65 min) 

(Figure 6.6d). On Night 2, half (50%) of the hatchlings released moved in the direction of the 

lights (Figure 6.5b, Figure 6.6f). The mean bearing of hatchlings released under ambient 

conditions on Night 2 was similar to Night 1 (-30.17˚) (Figure 6.6e & f). After the current 

correcting was applied to these hatchling’s data, their mean bearing was -28.7˚ (Figure App 

6.3d). Mean bearing in the light treatments was -23.69˚ in the 10 watt, -36.21˚ in the 30 watt, 

-45.12˚ in the 50 watt, -42.26˚ in the 70 watt and -32.18˚ in the 120 watt treatment (Figure 

6.6f). 

Light intensity was the top ranked model for hatchling speed on Night 2 only; as light 

intensity increased, hatchling speed decreased, however there was only weak support for this 

model (ωAIC=0.25) (Table App 6.4) and the null model was the most parsimonious (within 

two AICc points of the top ranked model). For mean speed on Night 1, mean bearing on 

Night 2 and for time spent on both nights, the null model gained highest support (Table App 

6.4). For the response variable mean bearing on Night 1, the null model was the most 

parsimonious model (Table App 6.4). There was however, weak support for an effect of wave 

steepness (ωAIC=0.18), wave steepness and intensity (ωAIC=0.13), light intensity 

(ωAIC=0.12), and wind speed (ωAIC=0.1) on hatchling bearing but these models explained 

only 8–17% of the deviance.  
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Figure 6.5. Circular plot of hatchling mean bearing on a) Night 1 when the light was located to the 

east of the hatchling release point and b) on Night 2 when the light was located to the west of the 

hatchling release point. The red dashed arrow is the bearing to the light source from the hatchling 

release point and the black arrow is the mean bearing of all hatchlings (treatments combined) on each 

night.   
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Figure 6.6. Raw data plots of hatchling mean speed (± SE) a) and b), mean time spent in the array (± 

SE) c) and d), bearing (relative to 0° such that westerly bearings were negative) e) and f) on Night 1 

when the light was located to the east of the hatchling release point (left panels) and on Night 2 when 

the light was located to the west of the hatchling release point (right panels). Boxplots (e and f) show 

the median values (solid black line within each box), the upper and lower hinges and the extreme of 

the upper and lower whiskers of mean bearing. Data points beyond the whiskers are shown as open 

circles and are outliers. The grey dashed line in e) and f) is the bearing to the light source from the 

hatchling release point. The sample size is shown along the x-axis in each plot.  
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6.5 Discussion  

Using a passive acoustic tracking array and a range of different intensities of LEDs, we 

found that overall, predation of turtle hatchlings was higher when lights were present 

(25% of hatchlings) than under ambient conditions (10% of hatchlings). We also found 

that more hatchlings moved towards higher intensity lights, but this was only detected 

on the night that lights were positioned to the west of the release location. This was also 

the direction that hatchlings preferred to disperse towards under ambient conditions, 

suggesting that the location of the light source in relation to their general direction of 

travel may be important in determining its impact.  

We found a variable response of hatchlings to the different intensity LED lights, which 

led to light intensity not being a strong predictor of the bearing or speed of hatchling 

tracks, or on the time that they spent in the array. This outcome was likely driven by the 

directional bias of hatchlings towards the north/northwest that we detected in the 

ambient treatments and also the low sample size that resulted after excluding those that 

were eaten by predators (sometimes this was as high as 50% of hatchlings in a 

treatment) might have played a role. Although the experimental plan was to have five or 

six hatchlings in each treatment, predation very early after release resulted in as little as 

three individuals in some treatments. While recognising this limitation, our study did 

still find a weak effect of light intensity on hatchling speed and bearing, which suggests 

that a stronger effect may have been detected with a larger number of hatchlings. The 

small difference in brightness on the horizon between the different light treatments (see 

Figure App 6.2) may have also contributed. Further experiments using a larger sample 

size and either reducing the number of light treatments or selecting lights with a greater 

contrast in brightness (i.e., lumen output) may provide more insight into the effect of 

light intensity on hatchlings swimming through the nearshore.    

The location of the light in relation to the hatchlings general direction of travel appears 

to play a role in its level of disturbance. Most hatchlings under ambient (i.e., dark) 

conditions had a tendency to move north through the array, or some (1/3) moved 

towards the west, but none of the hatchlings ever moved east. This is consistent with 

findings from Chapter 3 from the same location where hatchlings moved mostly 

towards the north or towards the northwest under ambient conditions. When a light 

source was placed to the east of the release point, 75% of hatchlings appeared to ignore 

it and moved in a similar direction to hatchlings released under ambient conditions. This 
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may be due to the presence of short period sea waves that likely approached from the 

same direction as the wind (WSW) so they may have acted as a stronger cue. In 

contrast, when the light was placed to the west of the release point, more hatchlings 

(50%) moved towards the light source. Between 33 and 75% of hatchlings in each light 

treatment went towards the light, but 50% of hatchlings released under ambient 

conditions also moved in this same direction. It may be that hatchlings here have a 

preference for dispersing in a westward direction, so that moving towards light 

treatments might not have been due to light attraction but simply a result of their 

directional preference. However, even if hatchlings were not attracted but simply came 

across the light (as that was a general direction travelled under ambient conditions) it is 

clear that they were disoriented by the light source because hatchlings in the light 

treatments lingered in the array, taking on average approximately 20% longer to transit 

the array when light was present (~ 13 min under ambient vs 16 mins across most light 

treatments). This suggests that if a source of light is placed in the general direction that 

hatchlings are going, it will likely impact their behaviour, and that this can occur 

irrespective of intensity, as low and high intensity lights had similar effects on 

attraction, time spent and hatchling speed. If this behaviour can be generalised then 

studies involving over-water lighting (e.g., jetties, ports, oil rigs) conducted prior to 

development of infrastructure should focus on identifying the hatchlings preferred 

direction of travel and, at least for flatback hatchlings, avoid placing sources of artificial 

light in their path.   

There was some evidence to suggest light intensity influenced hatchling speed on Night 

2; as light intensity increased, hatchling speed decreased at least up until the 70 watt 

treatment (Figure 6.6b). We also found that more hatchlings moved towards higher 

intensity lights on this night. Similar results have been found on land with red, yellow 

and blue LED lights, with more hatchlings moving towards high intensity compared to 

low intensity lights of the same colour (Karnad et al., 2009). Reduction in light intensity 

is a management measure used to reduce hatchling misorientation on beaches 

(Witherington and Martin, 2003), and although our results were inconsistent between 

nights, they suggest that similar efforts might be useful in reducing attraction of 

hatchlings to artificial lights in the nearshore, although it may be of limited use as a 

mitigation measure as hatchlings spent a similar amount of time in the nearshore 

regardless of light intensity (i.e., on Night 2 a 10 watt light had a similar effect on time 

spent as a 120 watt light).   
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Despite artificial lights not having a clear effect on hatchling behaviour, predation rates 

more than doubled (25% of hatchlings) when lights were present, suggesting that LED 

lights may have attracted predators to the area (as most predation events occurred early 

after release as opposed to at the light source: Table App 6.3). In addition, light could 

have aided the process of predation in some way, such as making hatchlings easier to 

detect through silhouetting. The highest rate of predation occurred during the brightest 

(120 watt) treatment across both nights (50% on Night 1 and 25% on Night 2), although 

predation rates were also high in lower wattage treatments (50% in the 10 and 30 watt 

treatments on Night 1). Ultimately, there was no clear relationship between light 

intensity and predation rates. The brightest treatment (120 watt) illuminated a larger 

area (see Figure App 6.2) with light that was enriched in short wavelengths (up to 550 

nm; see Figure 6.3), which are transmitted further in the ocean than longer wavelength 

and UV light (Guthrie, 1986). Coastal fish are particularly sensitive to these 

wavelengths (Lythgoe and Partridge, 1989) and variation in intensity can also enhance 

attraction (Marchesan et al., 2005) so it seems possible that these contributed to the 

elevated levels of predation. Indeed, to exploit the attraction of fish to artificial lights 

they are often used on fishing nets or vessels to improve catches (Bryhn et al., 2014, 

Marchesan et al., 2005) and lights have also been shown to increase the predatory 

behaviour of fish (Bolten et al., 2016).  

Ten percent of hatchlings encountered predators under ambient conditions across the 

two nights. This is likely to represent natural levels of mortality for hatchlings transiting 

the nearshore (within 300 m) at this location, since equivalent predation rates have been 

reported here previously (tags detached from 3 out of 29 hatchlings tracked under 

ambient conditions; Chapter 3). Other studies also report similar low levels (below 

10%) of predation at nesting sites (Whelan and Wyneken, 2007, Stewart and Wyneken, 

2004, Glenn, 1996a, Witherington and Salmon, 1992).  

The proportion of hatchlings that moved towards the highest intensity LED when it was 

located west of the hatchling release point (120 watt LED, 67% attraction) was similar 

to the proportion of hatchlings attracted to a 400 watt high pressure sodium (HPS) light 

located in the same direction (63%), but lower than the proportion attracted to a metal 

halide (MH) light (80%) (Chapter 3). However, although attraction was similar, 

hatchlings did not linger as long with the LED light compared to the HPS. Hatchlings 

spent 50% longer in the near shore when a HPS light was present to the west of the 

release point and travel speeds reduced by 12% (Chapter 3). In contrast, hatchlings 
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spent 18.6% longer (12.9 min in the ambient treatment and 15.3 min in the 120 watt 

treatment) when the 120 watt LED was present and travel speeds reduced by around 

10% (0.40 ms
-1

 and 0.36 ms
-1

 in the ambient and 120 watt treatments, respectively). 

Different light types cannot be directly compared as they emit different wavelengths of 

light and traditional bulbs such as MH and HPS emit light in all directions whereas 

LED’s are unidirectional so the light output (i.e., lumens) between different lighting 

types are also not directly comparable. Despite this, there was an obvious difference in 

brightness between the 120 watt LED which emits around 13000 lumens and the 400 

watt HPS light that emits ~36000 lumens (see Figure App 6.2) which may have 

contributed to the difference in time spent in the near shore between these two light 

types. These figures suggest that the 120 watt LED may be less disruptive to the 

movement behaviour of hatchlings than the 400 watt HPS light, even though the LED 

emitted a larger proportion (~40%) of light in the blue and green range (wavelengths up 

to 550 nm) compared to the HPS light which emits around 30%. The difference in 

hatchling attraction and disorientation may also be explained by the fact that the LED 

emitted light over a relatively restricted area in comparison to the HPS and MH lights 

tested in Chapter 3 (see Figure App 6.2). Hatchlings respond to a large surface of light 

over a horizontally broad, but vertically narrow area (Lohmann et al., 1997, Verheijen 

and Wildschut, 1973) rather than to an illuminated point (Hooker, 1911) so the LED 

light may have had a lower impact as it acted more like a point source of light. Despite 

these findings, given the low sample size (n = 3) and high predation (40%) experienced 

in this treatment (120 watt light located to the west of the release point) and the fact that 

conditions were different between this experiment and the experiment in Chapter 3, 

these observations must be treated with caution and require further study. 

Interestingly, no predation was reported under HPS and MH lighting in a previous study 

at this location (Chapter 3), although as mentioned above the two studies differed in 

timing. In Chapter 3, hatchlings were tracked on the spring tides around high water and 

on the new moon, whereas this study occurred on the neap tide just before low water 

during last quarter moon, but after moon set. In another study, predation of green turtle 

hatchings was consistently higher at low water than at high water, particularly when 

compared to the spring high tide, and it was also lowest under new moon conditions 

compared to all other moon phases (Gyuris, 1994) so the differences in depth, current 

speeds and moon phase may have been driving the higher predation rates reported in 

this study.  
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The raw data showed that there was large variability in hatchling speed, bearing and 

time spent between the two nights that potentially also contributed to our inability to 

find consistent effects of light intensity on the response variables. Hatchlings tracked on 

Night 1 were lighter, swam faster and spent less time in the array than those tracked on 

Night 2. Water temperatures were warmer, and water depth and current speeds were 

higher on the night that hatchlings swam faster. Hatchlings speed was also higher when 

winds came from the west than when winds came from the south-southwest. The 

westerly winds on Night 1 produced wind waves (wave periods < 8 s) likely 

approaching from the same westerly direction, and on this night, hatchlings swam 

faster. South-southwest winds on Night 2 produced mostly swell waves (wave period > 

8 s) as winds were travelling in an offshore direction from the land and hatchlings swam 

slower. Hatchlings can distinguish between waves of different periods and respond 

more to shorter wave periods (Chapter 4; Manning et al., 1997) so it may be that the 

presence of waves with shorter periods encouraged them to quickly disperse offshore. 

This was suggested in Chapter 3 as the presence of steeper waves (a combination of 

shorter wave periods and higher wave heights) helped reduce the period of time spent in 

the nearshore. As the nights were so different physically (wind, waves, water 

temperature) and biologically (hatchling size) it was impossible to tease out the relative 

importance of each of these variables.  

6.6 Concluding remarks 

Although more effort is required to increase the confidence in our findings, this study 

provides insight into many of the natural parameters (winds, waves, water temperatures, 

hatchling size) that may be affecting hatchling speed, bearing and time spent in the 

nearshore. It also raises many questions in regard to the effect of LEDs on this species 

of turtle and their predators. Given the differences in the physical and biological 

parameters between nights, the relative importance of each variable on hatchling 

movement in relation to light intensity remains unresolved and underscores the 

difficulty of having adequate replication to account for such variability in an experiment 

where the subjects are prone to high rates of predation. The type of LEDs used in this 

experiment (up to 120 watt) increased the time that some of the hatchlings spent in the 

nearshore but did not cause them to linger as long as has been shown at this site 

previously with MH and HPS lights (Chapter 3). This suggests that the impact of LEDs 

on the time spent in the nearshore may be lower than with MH and HPS, especially at 
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these relatively lower wattages and when the light source is placed outside of their usual 

direction of travel. However, although these lights may have attracted fewer turtles, they 

may be more attractive to their predators as predation rates more than doubled when 

LED light was present. Given predation rates on hatchlings can be high in nearshore 

areas (Chapter 5, Gyuris, 1994, Pilcher et al., 2000, Reising et al., 2015) the use of 

white LED floodlights in coastal areas, even at low intensity, appear to pose a threat to 

hatchlings and perhaps light avoidance or other measures such as task lighting, 

shielding, and avoiding shining light directly on the water might be more appropriate 

mitigation measures than simply reducing intensity. 
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6.7 Supporting Information 

6.7.1 Details on receiver deployment and testing 

Hatchling movement was monitored through the nearshore on the night of the 20
th

 and 

21
st
 of February 2017 using passive acoustic telemetry in waters adjacent to Thevenard 

Island (Figure 6.1). An array of 36 (9 x 4 design) omnidirectional acoustic receivers 

(Vemco VR2W) was deployed underwater in the nearshore zone on the north-western 

side of the island. Receivers were deployed at distances to ensure detection ranges 

overlapped. Each receiver had a co-located synchronising tag (Vemco V9, 180kHz) 

with a nominal code transmission delay of 400–500 seconds attached approximately 0.5 

m above it and 0.5 m below the water surface to synchronize the internal clocks of the 

receivers. Receiver spacing and VPS testing was conducted at this site the previous year 

(Chapter 3) so it was not repeated, however a time sync test was conducted to ensure 

time synchronisation between receivers. This involved deploying all 36 receivers 

(spaced 30 m apart) for 24 hours, and then retrieving four of them to check for detection 

rates of neighbouring sync tags. The detection rate for direct neighbouring sync tags (30 

m away) was between 70 to 80% of transmissions which was considered adequate for 

the study therefore the 30 m spacing was retained. These receivers were then redeployed 

back to their same locations. The final array design consisted of four parallel lines of 9 

receivers, spaced 30 m apart, with the first line starting ~50 m from the shoreline. The 

receivers passively detected signals from the V5 tags that were attached to the 

hatchlings and were used to determine their xy positions as they moved through the 

array based on the difference in arrival times of the same signal at different receivers. 

Each receiver was attached to a mooring line using cable ties and was held in position 

with a 150 mm subsurface float and a 3 kg weight. Data was stored in the receivers and 

downloaded after completion of the study, then analysed by Vemco to determine animal 

positions.  
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Table App 6.1. The lumen output of the LED floodlights (manufacturer specifications) that 

were used in this experiment. All lights had a correlated colour temperature of 4000 kelvin (K) 

which equates to a cool white light.  

Light wattage (W) Lumen output (Lm) Lumens/watt Product code 

10 794 79.4 VBLFL-832-4-40 

30 2702 83.65 VBLFL-734-4-40 

50 5922 112 VBLFL-736-4-40 

70 7362 102 VBLFL-738-4-40 

120 12763 106 VBLFL-744-4-40 
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Table App 6.2. Timing of the experiments and order of the treatments over the two consecutive nights, mean (± SD) straight carapace length (SCL), straight 

carapace width (SCW) and weight of hatchlings tracked in each light treatment (0, 10, 30, 50, 70, 120 watt), as well as collection times and dates. Note this is for all 

68 turtles. All experiments occurred during last quarter moon after moon set when current speeds were low and flowing towards the east. 

Light 
location 

Treatment Start End No. 
tagged 

SCL (mm) SCW (mm) Weight (g) Collected No. 
nests 

East 
20-02-

2017 

70 watt 2030 2040 6 58.2 ± 3.9 49.8 ± 0.8 32.9 ± 0.7 18-02-2017 21:00 A 

10 watt 2105 2115 6 59.7 ± 1.4 49.6 ± 0.8 32.9 ± 1.1 18-02-2017 21:00 A 

30 watt  2140 2150 6 60.0 ± 1.6 49.2 ± 2.0 33.6 ± 1.2 18-02-2017 21:00 A 
 120 watt 2215 2225 6 59.8 ± 0.9 49.1 ± 1.4 33.8 ± 1.0 18-02-2017 21:00 A 
 Ambient 2250 2300 6 60.7 ± 1.2 49.2 ± 0.6 33.6 ± 0.6 18-02-2017 21:00 A 
 50 watt 2325 2355 6 59.9 ± 1.1 48.5 ± 1.6 33.2 ± 1.2 18-02-2017 21:00 A 
 Overall   36 59.7 ± 2.0 49.2 ± 1.3 33.3 ± 1.0 18-02-2017 21:00 1 

West 
21-02-
2017 

30 watt 2200 2210 5 61.1 ± 1.8 48.2 ± 1.6 37.4 ± 1.2 19-02-2017 23:00 & 20-02-2017 20:00 B, E, F 

Ambient 2235 2245 5 62.4 ± 1.0 48.4 ± 0.9 39.2 ± 0.8 19-02-2017 23:00 & 20-02-2017 20:00 B, E, F 

70 watt 2310 2320 5 61.6 ± 1.0 47.0 ± 1.8 38.1 ± 1.2 20-02-2017 20:00 C, E, F 
 50 watt 2345 2355 6 61.9 ± 2.1 47.9 ± 1.6 38.6 ± 1.9 20-02-2017 20:00 C, E, F 
 10 watt 0020 0030 6 62.3 ± 1.1 47.3 ± 1.4 38.9 ± 0.6 20-02-2017 20:00 C, E, F 
 120 watt 0055 0105 5 62.0 ± 2.2 47.4 ± 2.9 38.9 ± 1.5 20-02-2017 20:00 D, E, G 

 Overall    32 61.9 ± 1.5 47.7 ± 1.7 38.5 ± 1.3 19-02-2017 23:00 & 20-02-2017 20:00 6 

 Total   68 60.7 ± 2.1 48.5 ± 1.7 35.8 ± 2.9 18-02-2017 to 20-02-2017 7 
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Table App 6.3. A list of tags (n = 15) for which a predation event occurred, their light treatment 

(intensity), light location, the category they were assigned to, where in the array the predation 

event likely occurred and the analysis that they were included in. Also listed is one tag that 

displayed very slow movement through the array so it was unclear if it was a predator or a 

hatchling. The 51 tags assigned as ‘dispersed’ have not been included in this table as they were 

included in all analyses.  

Tag 
Intensit

y 
Light 

location 
Category 

Where predation event 
occurred 

Analysis  

Speed 
/bearing 

Time 
spent 

Pred
. 
rate 

44031 0 West Detached Release (within 30 m) N N Y 

44036 30 West Detached ~50m from release Y N Y 

44039 50 West Detached Release (within 30 m) N N Y 

44087 120 West Detached Release (within 30 m) N N Y 

44058 120 East Detached Release (within 30 m) N N Y 

44059 10 East Detached ~90 m from release Y N Y 

44061 120 East Detached ~ 70 m from release Y N Y 

44066 30 East Detached Release (within 30 m) N N Y 

44067 30 East Detached ~70 m from release Y N Y 

44069 10 East Detached Release (within 30 m) N N Y 

44072 10 East Detached Release (within 30 m) N N Y 

44076 70 East Detached ~100 m from release Y N Y 

44033 70 West Ingested Unsure N N Y 

44054 120 East Ingested Unsure N N Y 

44064 30 East Ingested ~120 m from release Y N Y 

44079 120 West NA Unsure if hatchling or 
predator 

N N N 
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Table App 6.4. Model output table (up to 2 ΔAICc) ranked by Akaike’s Information 

Criteria for small sample sizes (AICc) and Bayesian Information Criteria (BIC) for 

generalised additive mixed models fitted to test the relationship between response 

variables mean speed, time spent in the array and mean bearing and predictor variables, 

light intensity, wave steepness, current speed, wind speed, wind direction and wave 

period. Also shown are the change in AICc and BIC from the top ranked model (ΔAICc 

and ΔBIC), the weight of evidence for each model (ωAICc and ωBIC) and the 

proportion of deviance explained (Dev. Exp). The top ranked model is in bold. 

 

Response Model AICc BIC ΔAICc ΔBIC ωAICc ωBIC Dev. 
Exp. 

Mean speed 
(Night 1) 

Null -85.83 -83.47 0 0 0.191 0.323 0 
Current speed -85.76 -82.13 0.067 1.341 0.185 0.165 0.115 
Intensity -84.14 -80.58 1.686 2.885 0.082 0.076 0.006 

 Wave steepness -83.72 -80.44 2.104 3.026 0.067 0.071 0.012 

Mean speed 
(Night 2) 

Intensity -64.05 -60.76 0 0.944 0.247 0.192 0.181 
Null -63.795 -61.70 0.258 0 0.217 0.307 0 
Wave period -63.23 -60.39 0.818 1.312 0.164 0.159 0.071 
Wave steepness  -62.86 -60.01 1.195 1.689 0.136 0.132 0.058 
Current speed -62.01 -59.17 2.038 2.532 0.089 0.087 0.028 

Time spent 
(Night 1) 

Null 150.46 152.35 0 0 0.673 0.769 0 
Intensity 154.55 157.43 3.741 4.094 0.087 0.061 0.02 

Time spent 
(Night 2) 

Null 137.80 139.80 0 0 0.64 0.759 0 
Wave period 140.91 144.04 3.112 4.246 0.135 0.091 0.107 

Mean bearing 
(Night 1) 

Wave steepness 294.10 297.38 0 0 0.178 0.193 0.114 
Wave steepness 
+ intensity 

294.75 298.75 0.648 1.373 0.129 0.097 0.172 

Intensity 294.87 298.15 0.772 0.772 0.121 0.131 0.091 
Wind speed 295.24 298.52 1.143 1.143 0.1 0.109 0.08 
Null 295.26 297.62 1.161 0.238 0.009 0.172 0 
Wind speed + 
intensity 

295.87 299.87 1.772 2.496 0.073 0.055 0.141 

Current speed + 
intensity 

296.74 300.74 2.64 3.364 0.047 0.036 0.115 

Mean bearing 
(Night 2) 

Null 241.14 243.23 0 0 0.330 0.445 0 
Intensity 242.19 245.38 1.050 2.148 0.195 0.152 0.120 
Wave steepness 242.76 245.60 1.615 2.368 0.147 0.136 0.034 
Wave period 243.59 246.43 2.449 3.201 0.097 0.090 0.003 
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Figure App 6.1. Representative examples of calculated positions (left panels) and the number of acoustic detections on each receiver (right panels) from one 

individual assigned to each category; 'ingested' (a) and b), tag 44033 from the 70 watt treatment ingested by a predator) and 'detached' (c) and d), tag 44036 

from the 30 watt treatment knocked off likely during a predator attack). Left panels show the calculated positions and right panels show the number of 

detections on each receiver (Stations 1–36) of the same individual, detected for 25.7 h (a) and b), ‘ingested’) and 31.1 h (c) and d), ‘detached). The hatchling 

release point and the light location are shown by the asterisk and orange circle, respectively in a) and c) and the beach is shown in beige. 
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Figure App 6.2. Isophote images of sky brightness measured in magnitude per arc second
2
 (the larger the value, the darker the night sky) assessed from night 

sky photos taken in ambient and each light emitting diode (LED) treatment (10, 30, 50, 70 and 120 watt) during the experiment on Night 2 and from a 400 

watt high pressure sodium and metal halide light source (for comparison) located in the same direction offshore obtained from previous experiments (Chapter 

3). The lights were located at an angle of approximately 320° from the camera, which was deployed on the beach close to the hatchling release point. There 

was an increase in horizon brightness between angles 90–210° during the light treatments (30–120 watt) due to the light from the vessel reflecting off 

shoreline sand dunes.
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Figure App 6.3. Hatchling tracks under ambient conditions (a, c) and current corrected tracks 

(b, d) on Night 1 when the light (green circle) was located to the east (a, b), or Night 2 when the 

light was located to the west (c, d) of the hatchling release point (black asterisk). Acoustic 

receivers are shown as open circles and the beach is in beige. Note that the location of the light 

is outlined for reference only. 
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Figure App 6.4. Mean track taken by hatchlings on a) Night 1 and b) Night 2 when the light 

source was positioned to the east and west of the hatchlings released point, respectively. The 

green circle is the location of the light spill, grey open circles are the acoustic receivers and the 

black asterisk is the hatchling release point. The beach is in beige at the bottom of each plot.  
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Chapter 7 Discussion 

7.1 Summary 

Although dispersal is a key part of the early life history of many animals (Clobert et al., 

2012), our understanding of this process is often hampered by our inability to track 

young animals (Shillinger et al., 2012). In marine systems, these young stages are often 

very small, extremely numerous and have low natural survival rates (Almany and 

Webster, 2006, Peterman and Bradford, 1987, Thorrold et al., 2001). This is especially 

the case for marine turtles, which typically weigh < 50 g (Miller, 1997; compared to an 

adult weighing over 100 kg; Hays et al., 2002) and disperse over large areas of open 

ocean, initially during the night, making the possibility of visual tracking extremely 

difficult. However, advances in the miniaturization of tagging technologies now allows 

researchers to passively track turtle hatchlings at sea to document at least the early part 

of their dispersal (Thums et al., 2016). This is important because we lack a complete 

understanding of the cues (e.g., light, oceanography) used to guide dispersal and the 

growing anthropogenic threats (e.g., light pollution, coastal infrastructure) that may 

derail this process. Such information is critical if we are to develop appropriate 

strategies for the management and conservation of these animals, many species of 

which are declining in abundance (Casale and Tucker, 2017, Mortimer and Donnelly, 

2008, Seminoff, 2004, Wallace et al., 2013b).  

Here, I used acoustic telemetry to track turtle hatchlings in the field and laboratory 

experiments using a wave flume to improve our understanding of the use of 

oceanographic cues by flatback turtle hatchlings for early dispersal, the impact of light 

pollution on this process and the impact of light pollution on predation rates. The 

overarching aim was to provide information for developing approaches to enable the 

conservation of flatback and other turtle species in areas altered by human activities. To 

address this aim, my thesis was based around the following objectives: 

1. Determine the relative importance of natural (wave direction, current flow) and 

artificial cues (two types of lights that differed in wavelength emissions) on the 

in-water dispersal of flatback turtle hatchlings (Chapter 3). 

2. Understand the importance of wave cues for swimming orientation of flatback 

hatchlings (Chapter 4).   
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3. Determine predation rates of flatback hatchlings at sea at differing distances 

from a jetty and in the presence and absence of artificial light (Chapter 5). 

4. Determine the impact of different intensities of light emitting diodes on the in-

water movement behaviour and predation rates of flatback turtle hatchlings 

(Chapter 6). 

I assessed hatchling early dispersal patterns in the wild under ambient conditions and in 

relation to two types of artificial lighting commonly used in industrial operations (metal 

halide (MH) enriched with short wavelengths and high pressure sodium (HPS) enriched 

with long wavelengths). Acoustic telemetry showed that when hatchlings dispersed 

through a receiver array in the nearshore, with these lights positioned on a boat adjacent 

to the array, most of the hatchlings were attracted to and lingered around the MH light 

(Chapter 3). The HPS light reduced the period of entrainment compared to the MH 

light, but the time that hatchlings spent in the nearshore array was still higher than that 

measured in ambient conditions. Modelling showed that artificial light (MH and HPS) 

was the strongest predictor of the in-water movement behaviour of flatback turtle 

hatchlings, compared to the oceanographic variables tested. In addition, tracking 

hatchlings under ambient conditions revealed that ocean currents had a large influence 

on their dispersal pathways, but when lights were present the effect of currents was 

diminished (Chapter 3). These results confirmed that artificial light can override 

oceanographic drivers of hatchling dispersal. Field measurements of wave 

characteristics did not provide a sufficient gradient over which I could test for the 

effects of waves on hatchling orientation so I used a wave flume to determine whether 

flatback turtle hatchlings could orientate their movement into oncoming waves (Chapter 

4). Hatchling swimming direction was concentrated into the wave front of the steepest 

wave treatment. The results suggest that as for other turtle species, flatback turtle 

hatchlings use wave cues to orientate during their dispersal phase and wave steepness is 

the main wave characteristic driving this process.   

I assessed predation rates of tagged hatchlings during dispersal across a receiver array in 

the nearshore in the presence and absence of artificial light located on a jetty (Chapter 

5). I found that predation levels were high (70%) irrespective of the presence or absence 

of light. Ingestion of both the hatchling and transmitter allowed me to track a number of 

the hatchling predators, and in combination with underwater video, revealed that the 

jetty was providing a daytime refuge for a large number of predatory fishes that 
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emerged at night to hunt hatchlings. These results showed that the shelter provided by 

the jetty increased predation on hatchlings up to at least 400 m away from the structure.  

Finally, I examined dispersal behaviour of tagged hatchlings across a nearshore receiver 

array in relation to different intensities of white LEDs (Chapter 6), a new and 

increasingly popular lighting technology. Rates of hatchling attraction and time spent 

lingering was lower with LEDs than with the MH and HPS lights tested in Chapter 3. 

Hatchling attraction was only proportional to light intensity on one of the two nights 

tested; the night that the experimental light location was in the path of their natural 

direction of dispersal. Although LEDs attracted fewer turtles and for a shorter period of 

time, elevated levels of hatchling predation suggested that LEDs might be more 

attractive to the predators of hatchlings than older lighting technology (MH/HPS). This 

experiment confirmed that LEDs could attract hatchlings and influence predation rates 

through the nearshore waters but the effect of intensity on these parameters was 

inconclusive and requires further study.  

7.2 New insights into the early dispersal behaviour of 

flatback turtle hatchlings 

Ocean currents were a major predictor of the bearing taken by hatchlings dispersing 

through the nearshore array (Chapter 3). Currents flowed more or less parallel to shore, 

running west to east in response to ebbing and flooding tides, with the direction of 

hatchling dispersal related to these flows, with a more westerly component in their 

offshore direction taken in ebb tides. There was a large difference in the average track 

of hatchlings released on the different tides (see Figure 3.4a), and the amount of 

separation between these tracks increased with distance from the shoreline, suggesting 

that hatchlings were likely moving in a constant heading, irrespective of current flows. 

Given that their trajectories differed between ebb and flood tides, it appears that they 

did not compensate for the drift associated with current advection and maintained their 

heading, a strategy known as ‘full drift’ (Chapman et al., 2011). This may be because 

there are no visual landmarks at sea, so they are unlikely to be able to correct for drift 

that can lead turtles away from a desired target (Luschi et al., 2003). There may also be 

no specific destination other than away from shore (Ireland et al., 1978). Ultimately this 

could be beneficial, as it might distribute hatchlings over larger areas (Mansfield et al., 

2017).  
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To investigate whether hatchling movements were directed into waves during field 

experiments, I corrected their tracks for current drift to qualitatively compare average 

tracks and peak wave direction (Chapter 3). This analysis suggested that hatchlings 

moved perpendicular to the shoreline with no obvious orientation towards waves. Field 

studies have also shown that the orientation of loggerhead hatchlings was not always 

influenced by wave direction as hatchlings still swam offshore (towards the northeast) 

when waves approached from the southwest (Salmon and Wyneken, 1987). Although 

the modelling in Chapter 3 showed that the presence of artificial light was the strongest 

predictor of the time spent by hatchlings crossing the array, there was some support 

(24%) for the model that included wave steepness showing that the presence of steep 

waves reduced the period of time spent in the nearshore zone (Chapter 3). This suggests 

that waves may still play a role in facilitating more rapid movement through the 

nearshore zone. Rapid transport through this predator rich environment is considered a 

key part of the survival strategy of turtle hatchlings.  

Chapter 3 and 6 revealed that hatchlings never dispersed directly towards the east on the 

north-western side of Thevenard Island, even when they entered the water on the flood 

tide that flowed in that direction. This result implies that hatchlings at this location have 

a directional preference towards the north/northwest. Similar findings have been found 

off the east coast of Barrow Island where flatback hatchlings all disperse in a consistent 

north-easterly direction (Bell and Pendoley, 2014). Modelling of flatback hatchling 

dispersal off islands in Queensland also showed that those that maintained swimming 

direction towards the northwest or south ended up remaining in coastal areas 

(Wildermann et al., 2017). As such, consistently swimming towards a specific direction 

may be a strategy that they use to stay in the neritic zone. Indeed, loggerhead hatchlings 

have also been found to disperse in a consistent east-northeast direction off the coast of 

Florida (Salmon and Wyneken, 1987), however given their pelagic development, this is 

likely to ensure dispersal into major currents to reach oceanic waters. This is in contrast 

to green turtles, where hatchlings appear to establish consistent courses, but a wide 

variety of directions is taken among individuals (Frick, 1976, Ireland et al., 1978, 

Thums et al., 2016). These results suggest that some species may have innate directional 

preferences when they leave the shoreline at certain locations or that fidelity to a 

direction can also be location specific and might not be related to wave and current 

conditions at least in the nearshore (Thums et al., 2016, Witherington, 1991).  
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The physical and biological cues that determine the direction of dispersal of hatchlings 

in the wild is mostly unknown, but earlier studies have shown they can detect and swim 

into waves (Lohmann et al., 1997). Although I found that current correcting tracks 

suggested that hatchlings moved perpendicular to shore in Chapter 3, their dispersal 

towards the north/northwest prior to correcting tracks may be a response to directional 

waves, as winds (and therefore wind-driven waves) reliably come from the west-

northwest during the summer months (Bahmanpour, 2018). In 2017 (Chapter 6), 

hatchlings also moved towards the north/northwest and applying a current correcting 

routine had little effect on their resulting trajectories as current speeds were lower (0.1 

ms
-1

 in 2017 vs. 0.3 ms
-1

 in 2016).  In 2016, both swell and sea waves approached from 

a similar north-westerly direction (Chapter 3), and, although not measured directly, it is 

likely that they came from this direction on Night 1 in 2017, due to the presence of 

westerly winds (Chapter 6). Unfortunately, our tracking method did not allow me to 

directly measure hatchling heading to confirm if this was in fact the case, which was 

why I applied a current correcting routine. Only a small number of hatchlings survived 

the transit through the nearshore on the southern side of the island (Chapter 5). The 

majority of these survivors (7 out of 9) released under ambient conditions moved 

towards the southwest (Chapter 5, Figure App 5.3) and wind and waves approached 

mostly from the east during this experiment (Chapter 5, Figure App 5.1). Consequently, 

the direction of tracks was not consistent between locations; however there was still a 

westerly bias suggesting that some other factor not measured here may be driving this 

behaviour.  

Hatchlings have a fast and directed movement offshore once they enter the water and 

this may be facilitated by the presence of steep waves as I found a reduction in time 

spent in the nearshore under these conditions (Chapter 3). Also supporting this 

hypothesis is my finding of a positive relationship between hatchling orientation and 

wave steepness (Chapter 4). The steepest wave tested in the flume was the type of wave 

commonly generated by the diurnal sea breeze (Pattiaratchi et al., 1997) and 

experienced at a flatback turtle nesting beach. These waves were characterised by short 

periods, and hatchling orientation was stronger into waves with a shorter (3 s) than a 

longer (8 s) period. Wave period was also a key predictor of loggerhead turtle 

orientation into waves in simulator studies (Manning et al., 1997). Despite remaining in 

the neritic zone throughout their life-history (Bolten, 2003b), flatback turtles responded 

to waves in the wave flume in a similar way to other species of hatchlings (Lohmann et 
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al., 1990, Okuyama et al., 2009, Wyneken et al., 1990) that have an early oceanic stage 

prior to settling in the neritic zone as later juveniles or adults (Bolten, 2003b).  The cues 

that determine a neritic or oceanic juvenile stage remain to be explored further but see 

Salmon et al. (2009) for information on how their frenzy period differs. 

7.3 Influence of light on hatchling in-water dispersal 

As found for the on land portion of hatchling dispersal (sea-finding) (Pendoley and 

Kamrowski, 2016), changing the light type to HPS, which emits a lower proportion of 

short wavelength light (400–500 nm) relative to MH, was beneficial as it was less 

attractive and disorientating to hatchlings during in-water dispersal (Chapter 3). 

However, the HPS light still had an impact, with 63 % of hatchlings attracted and 

spending 50% longer in the nearshore tracking array than they did under ambient 

conditions. This indicates that further mitigation measures such as filtering out 

wavelengths that are particularly sensitive for flatback hatchlings (i.e., ≤ 550 nm; 

(Fritsches, 2012, Pendoley, 2005), shielding lights so no spill is visible on the water 

surface (Department of the Environment and Energy, 2020), or reducing light intensity 

(Pendoley and Kamrowski, 2015) should be implemented if HPS lights are used on 

overwater structures or on vessels near turtle nesting areas. As suggested on land 

(Pendoley and Kamrowski, 2016), the lower impact of the HPS light compared to the 

MH light is likely related to the different proportion of short wavelengths emitted by 

these light sources (see Figure 7.1). 

Studies on land have shown that LED lighting can reduce the sea-finding ability of 

hatchlings (Karnad et al., 2009, Lorne and Salmon, 2007, Rivas et al., 2015, Robertson 

et al., 2016) so it was hypothesised that similar effects should occur in water, 

particularly as this light emits a large amount of short wavelength light, comparable to 

the MH light. However, Chapter 6 showed that attraction of hatchlings to LED lights 

during the in-water dispersal phase was inconsistent among hatchlings and nights. 

Studies of LEDs in tank experiments have also had mixed results; 5 to 42 day old 

leatherback hatchlings did not respond to LED lights (Gless et al., 2008) but post-

hatchling and juvenile (2.5 years old) loggerheads did (Wang et al., 2007, Lohmann et 

al., 2006). Unlike our study, these two experiments were conducted on older turtles and 

these life-stages may have a different response to artificial lights than newly emerged 

hatchlings that are experiencing their frenzy period. Indeed, immediately after 

emergence olive ridley hatchlings will swim towards LED lights in tanks (Cruz et al., 
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2018). Overall, I showed that LEDs could attract hatchlings at sea but my results 

suggest that they are less disruptive to flatback turtles than a 400 watt MH or HPS light, 

however further work should be conducted to confirm this result, given that these 

experiments were conducted in different years and under different conditions (i.e., neap 

vs spring tide, new moon vs. last quarter moon). Differences among the hatchling 

responses to these light sources may be due to the fact that LEDs are highly directional 

so their glow was contained over a much narrower area relative to the MH and HPS (see 

Chapter 6, Figure App 6.2), potentially reducing its impact on hatchling in-water 

behaviour.  The brightest LED tested also had a much lower lumen output compared to 

these lights (LED: 12763 lumens, MH: 26000 lumens, HPS: 36500 lumens), which may 

have also contributed. 

Reducing the intensity of light sources is a common management measure used to 

minimise the impacts of artificial lights on marine turtles (Witherington and Martin, 

2003). Studies on nesting beaches have found a positive relationship between hatchling 

attraction and light intensity during sea finding, particularly with lights that emit short 

wavelength (< 550 nm) light (Mrosovsky and Carr, 1967, Pendoley and Kamrowski, 

2015, Pendoley and Kamrowski, 2016). My results from Chapter 6 found the same 

relationship between the number of hatchlings moving towards the light and intensity 

on in-water dispersal behaviour, but only on Night 2, and in addition, there was some 

evidence that hatchling speed was negatively correlated with light intensity. 

Unfortunately, small sample sizes of hatchlings due to high predation and the variability 

in environmental conditions might have led to intensity not being a strong predictor of 

in-water behaviour and the inconsistent findings between the nights. My results on 

Night 2 suggested that reducing light intensity may also be a useful mitigation for 

reducing the attraction of hatchlings to lights at sea, but further research is required to 

confirm this as they spent a similar amount of time in nearshore areas with all intensities 

of light. It is however possible that hatchlings were heading in the direction of the light 

as this was the preferred pathway under ambient conditions, and then slowed down and 

lingered at the light source, as opposed to being entirely drawn to it from the shoreline. 

In any case, the LED influenced hatchling predation rates even at low intensities, 

questioning the validity of reducing light intensity as a mitigation method for this type 

of lighting.  

The experimental design of placing lights on different sides of the array (Chapter 6) 

revealed disparities between the responses of hatchlings to light sources located in 
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different directions offshore. Hatchlings exhibited a greater attraction to lights 

positioned to the west of the release point, and for the most part, they ignored lights 

positioned towards the east. This suggests that these differences were driven by a 

directional preference towards the north/northwest as flatback hatchlings never 

dispersed towards the east under natural conditions, but they frequently moved in these 

other directions. It is possible that this directional preference is related to wave cues; i.e. 

if waves consistently approached from a westerly direction. On average, if the light was 

placed in the pathway that they selected under ambient conditions (or close to it), then it 

usually impacted their behaviour (increased attraction, time spent and decreased rate of 

travel), and this was the case with the LEDs on Night 2 and the experiments with MH 

and HPS lights. But when the LED lights were placed outside of this range the response 

was inconsistent. The results are in contrast to results of experiments on green turtle 

hatchlings, which were attracted towards lights on a boat regardless of whether the boat 

was located to the east or west of their release location (Thums et al., 2016). Under 

ambient (i.e., dark) conditions the direction of tracks of these hatchlings fanned out 

across the array (Thums et al., 2016), suggesting that this species did not have a 

directional preference at this site and light may have had a greater influence as a 

directional cue.  

Although visual light cues are important for dispersal from nest to sea (Daniel and 

Smith, 1947a, Salmon and Wyneken, 1994), it is not thought to be an important cue for 

guiding hatchlings once they reach the sea (Salmon and Wyneken, 1990). However my 

results (Chapter 3) and those of Thums et al. (2016) and Cruz et al (2018) implies that 

the in-water movement part of their dispersal can also be influenced by visual light 

cues, at least artificial ones. Additionally, my results and those of Thums et al. (2016) 

showed that the effect of ocean currents on the bearing of turtle hatchlings tracks was 

also overridden by artificial lighting. We were unable to quantitatively tease out the 

relative importance of wave direction and artificial light on the dispersal direction of 

hatchlings as they either came from the same direction as the position of light (Chapter 

3) or because the waves were too small to accurately determine their direction (Chapter 

6). It may be that waves played a role in their directional preference towards the light 

source in Chapter 3 and that they may have been responsible for the movement towards 

the NW in Chapter 6 on Night 1 as winds, and therefore the wind-driven sea waves, 

likely approached from the west. Regardless of whether hatchlings were attracted to 

lights or were simply using wave cues which directed them near lights, the fact that they 
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lingered around the MH and HPS lights and the LED lights on Night 2 from apparent 

disorientation confirms that artificial light has a strong influence on in-water movement 

behaviour. It has also been suggested that light cues are likely to override wave cues for 

hawksbill turtle hatchlings (Harewood and Horrocks, 2008). Fortunately, most of the 

hatchlings eventually left the light spill so they did not linger permanently, although the 

consequence of this delay on their fate is unknown (e.g., energetic costs). 

7.4 The influence of light and artificial structures on 

hatchling in-water predation rates 

Experiments using LEDs (Chapter 6) suggested that light had an influence on hatchling 

predation. However the predation events I recorded usually occurred very soon after 

release, very near to release locations and increased predation was therefore not a result 

of mis- and disorientation of hatchlings as originally hypothesised, but of attraction of 

predators to the area. This suggests that LED lights have the potential to impact 

predation rates 10s to 100s of metres away from the light source. No predation was 

recorded with MH and HPS lights (Chapter 3) and very high predation rates were 

recorded in the jetty study (Chapter 5), but this was not attributed to the presence of 

artificial light. 

The LEDs emitted a large proportion (40%) of blue/green wavelength light (emissions 

up to 550 nm) which is transmitted through the water column (Guthrie, 1986). In 

particular, the LEDs emitted a peak at ~455 nm, which was present in the HPS and MH, 

but at a much lower proportion in relation to the LED (Figure 7.1). Coastal fish have 

visual pigments that are sensitive to wavelengths ranging from approximately 420 to 

580 nm (Job and Shand, 2001, Lythgoe et al., 1994, Lythgoe and Partridge, 1989), 

particularly to colours around 450 nm (Lythgoe and Partridge, 1989, Lythgoe et al., 

1994), so it seems possible that the peak of light emitted from the LED may have 

attracted predators and contributed to the elevated levels of predation. In any event, the 

predation rates recorded suggests using this type of LED light close to nesting beaches 

should be avoided due to its potential to attract fish. Given that old lighting technology 

is increasingly being replaced with LEDs, light management strategies are needed to 

reduce this impact on turtles. Such strategies are summarised in light management 

guidelines (Department of the Environment and Energy, 2020, Witherington and 

Martin, 2003,) such as filtering out short wavelengths most attractive to not only 

hatchlings, but also to their predators. 
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In contrast to earlier studies (Gyuris, 1994, Harewood and Horrocks, 2008, Stewart and 

Wyneken, 2004, Whelan and Wyneken, 2007, Witherington and Salmon, 1992), and the 

experiments on the northern side of the island (Chapters 3 and 6), hatchlings released 

near Thevenard Island jetty experienced a very high level of predation (72%) in the 

nearshore (Chapter 5). I argued in Chapter 5 that this high rate of predation was likely 

driven by increased predator density as the jetty provided refuge for large schools of 

fish during the daytime. For this reason, it was hypothesised that predation rates of 

hatchlings would be highest near the release location closest to the jetty. Surprisingly, 

the lowest rate of predation was actually recorded here (43%) and the tracking of 

predators that ingested tagged hatchlings revealed that this was because they left the 

structure after dark to forage, likely making it a safer area for turtles to transit. It was 

also darker under the jetty so it may have been harder for the fish to see the hatchlings. 

Additionally, the predators mostly used the offshore end of the jetty and hatchling 

tracks often did not move through this area (Chapter 5, Figure App 5.3). My results also 

implied that predators were very aware of hatchlings as a prey source, since predation 

was greatest adjacent to areas where turtle nesting and thus hatchling density was 

highest. Although previous studies have found predation to be lower over habitats such 

as bare sand (Glenn, 1996b, Stewart and Wyneken, 2004), my results suggested that the 

bottom habitat over which the hatchling transited did not necessarily influence their 

chance of being eaten. Rather, the likelihood of predation was determined more by the 

availability of shelter in the general area, as predators were willing to move 100s of 

meters beyond their shelter sites to forage at night. There were much lower predation 

rates on the north-western side of the island where there was little natural reef and no 

artificial structures adjacent to nesting beaches that could be used as shelter by fish 

predators. Environmental conditions can also influence hatchling predation rates. 

Predation rates can be higher at low water than at high water, particularly when 

associated with the neap tide (Gyuris, 1994). They are also higher when moonlight is 

present compared to new moon conditions (Gyuris, 1994, Harewood and Horrocks, 

2008). I recorded a predation rate of 72% at the jetty site and this was under conditions 

of high water, on the spring tide, and during the new moon phase (Chapter 5). Based on 

the findings by Gyuris (1994), this timing (high water on the spring tide and under new 

moon phase) should be when predation rates are at their lowest. This suggests that a 

survival rate of 28% may actually represent a best-case scenario for this site. In 2016, 

our study on the north-western side of the island (Chapter 3) also occurred under these 

same conditions but predation rates were much lower (3% of 90 tags). In 2017, 
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predation rates increased (23%) at this site, however this experiment was conducted 

under those conditions where predation was expected to be higher (i.e., low water, 

quarter moon; Gyuris, 1994), which perhaps contributed to this increase. 

Given my results at the jetty and that man-made structures are known to attract large 

numbers of fish (Rilov and Benayahu, 2000), their presence near important turtle 

rookeries has the potential to have a large impact on turtle populations. It is somewhat 

surprising that this issue has not been considered by managers and industry earlier, 

given the number of published studies on artificial structures acting as fish attracting 

devices and reefs (Bohnsack, 1989, Clynick, 2008, Fabi et al., 2004, Todd et al., 2018). 

In Western Australia, in-water structures have often been placed close to key turtle 

nesting locations (e.g., shipping ports in Port Hedland, Barrow Island, Dampier, Cape 

Lambert, Cape Preston and Onslow) (see Figure 7.2). During the environmental 

assessment phase of these developments, the construction of port facilities were mainly 

considered in terms of their impact to marine fauna due to attraction to lights or 

obscuring alongshore movement, or for habitat loss during construction, but not for 

their long-term ability to attract large numbers of fish to the area (API Mangement Pty 

Limited, 2010, Chevron Australia, 2008, Chevron Australia, 2012, RioTinto, 2009). 

This issue has recently been acknowledged as a potential impact for hatchlings 

dispersing off Barrow Island and is now monitored (Chevron Australia, 2018b). The 

risk that structures like these have on hatchling survivorship should now be recognised 

and quantified more broadly.  

Thevenard Island was an operational oil and gas facility until 2014 but it is now in the 

process of being decommissioned (Chevron Australia, 2016). The island provides 

nesting habitat for three species of marine turtles that nest in low to medium numbers 

each year (Pendoley et al., 2016). Although nesting numbers are not very large (11 – 

100 turtle tracks.day
-1

 during the nesting season; Pendoley et al., 2016), it is an 

important site as some of the surrounding areas contain large-scale petroleum and iron 

processing and/or port facilities that may have the potential to threaten nesting 

populations. As such, Thevenard Island now acts as a monitoring site for the region 

where impacts are considered to be low, and since 2016 it has been monitored annually 

by the Western Australian Department of Biodiversity, Conservation and Attractions. 

However, my findings highlight that even in the absence of an operational facility with 

high levels of artificial lighting, the built structures associated with these developments 

such as the jetty still have the potential to impact populations.     



 

168 

 

 

Figure 7.1. Relative intensity of wavelength of lights emitted from the 120 watt Light Emitting 

Diode (LED: green line), 400 watt metal halide (MH: blue line) and 400 watt high pressure 

sodium (HPS: orange line) light that were used in the experiments detailed in this thesis.  To 

take these measurements, two filters (Arrow Neutral Density 8 x 58mm) were placed over the 

lights to reduce their brightness and the surrounding light was blocked. An Ocean Optics 

USB2000 Spectrometer was aimed at the filters from a distance of 5 m away and the amount of 

light emitted in each 0.38 nm wavelength band was measured. The wavelengths of light 

attractive to flatback turtles during the crawl from nest to sea (between 365 and 550 nm; 

Pendoley, 2005, Fritsches, 2012) and that coastal fish are sensitive to (~420 to 580 nm; Job and 

Shand, 2001, Lythgoe et al., 1994, Lythgoe and Partridge, 1989) overlap considerably. These 

are marked on the figure with black dashed lines and pictures. Symbols courtesy of the 

Integration and Application Network (ian.umces.edu/symbols/). 
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Figure 7.2 Locations of current (blue stars) and proposed (red stars) port facilities and nesting locations for green, hawksbill and flatback turtles (green circles) along the 

Pilbara coast, Western Australia. Data source: Department of Transport (2016), Pendoley et al. (2016), Pilbara Ports Authority (2019a). Images of Dampier and Ashburton 

Ports sourced online from Pilbara Ports Authority (2014) and Bam International (2016). 
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7.5 Conservation implications and management outcomes 

Current management guidelines tend to be focused on land-based light and how it influences 

hatchling orientation immediately after hatching, as there is a large body of evidence that 

artificial light can interrupt their ability to find the sea. In contrast, there is little direct 

evidence on how nearshore light impacts their dispersal once hatchlings enter the water (but 

see Thums et al., 2016). I have presented evidence that flatback turtle hatchlings are 

vulnerable to artificial light pollution during this stage of dispersal and that MH, HPS and 

white LED lights can attract hatchlings at sea (Chapters 3 and 6). These results reinforce the 

need for active programs of management of artificial light on over-water structures or vessels.  

In assessing hatchling dispersal in relation to different light types, I have provided valuable 

information that will inform management of light impacts on hatchlings at sea. Effort should 

be made to ensure lights that emit predominantly longer wavelengths (e.g., HPS or filtered 

LEDs) are used on structures that extend beyond the waterline near turtle nesting beaches in 

preference to those enriched in shorter wavelengths (e.g., MH and white LEDs). But further 

effort to minimise light pollution should also be implemented as HPS lighting still disrupted 

hatchlings. Best practise lighting designs are outlined in the National Light Pollution 

Guidelines (Department of the Environment and Energy, 2020). These strategies include 

aiming for natural darkness and only adding lights that are necessary, reducing their intensity 

to as low as possible, using non-reflective surfaces, filtering out wavelengths below 550 nm 

or shielding lights to prevent them from creating a light spill on the water. Further research is 

required into the response of hatchlings (and their predators) to LEDs and also around using 

intensity reduction to minimize or mitigate light pollution issues at sea.  

The high predation of hatchlings that I recorded near a jetty (Chapter 5) clearly has 

implications for all artificial structures located near nesting sites, and also for future 

developments in regards to jetty placement and for the decommissioning of existing coastal 

infrastructure. It highlights the need for an urgent and broader investigation into predation 

rates around other artificial structures as it is important to determine if they too may be acting 

as predation sinks for newly emerged hatchlings. This is important in Australia as port 

developments are common in many of our turtle nesting areas (Figure 7.2) and if my results 

are replicated at these other sites, then there is the potential to seriously impact the numbers 

of hatchlings being recruited into the population at these locations due to increased predation 
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pressure. For instance, along the Pilbara mainland coast alone there are currently six major 

bulk export ports that largely target the export of iron ore (Pilbara Ports Authority, 2019a) 

(Figure 7.2). This number will soon increase as ports have been proposed at another four 

locations (Environmental Protection Authority, 2013a, 2013b, 2013c, Pilbara Ports Authority, 

2019a) (Figure 7.2). There are also ports facilities on some of the coastal islands (Department 

of Transport, 2016, Pilbara Ports Authority, 2019a). Many contain numerous in-water 

structures such as jetties, service wharves and tug pens (see images in Figure 7.2). For 

operational facilities, there is a minimum 25-50 m exclusion zone around each of these 

structures where boating and fishing is strictly prohibited (Pilbara Ports Authority, 2018, 

2019b). Much larger exclusion zones occur at some ports at scales in the order of 100s to 

1000s of metres (Chevron Australia, 2018a, Pilbara Ports Authority, 2015). These facilities 

are therefore not only acting as fish attracting devices, they are also de facto no-take marine 

protected areas as they are protected from all fishing.  

As flatback turtles have a different life-history to other species of marine turtles (neritic as 

opposed to oceanic as post hatchlings), I assessed wave orientation to determine if this 

species also used wave cues to orient through the nearshore (Chapter 4). My findings that 

flatback hatchlings responded to the steepest wave in the wave flume (Chapter 4) and that sea 

waves may play a key role in facilitating rapid movement through the nearshore (Chapter 3) 

has implications for nearshore developments (groynes, jetties, piers, harbours etc.) that may 

alter wave characteristics (lower wave steepness or change wave refraction patterns) on 

beaches as they may reduce directed movement through nearshore. This information will be 

useful for planning agencies when designing future developments near nesting locations.  

This thesis contains information that is directly relevant to the management of marine turtles 

in Australia and meets research needs identified by the Commonwealth (Department of 

Environment and Energy, 2017) and State Governments (Department of Biodiversity 

Conservation and Attractions, 2017). The published work presented in this thesis (Chapters 3 

and 5) has been used to inform the National Light Pollution Guidelines for managing 

artificial light around wildlife (Department of the Environment and Energy, 2020). These 

guidelines will be used to guide new projects and lighting upgrades for existing projects 

where light issues are identified. Similarly, throughout my candidature I presented results 

from this thesis to the Northwest Shelf Flatback Turtle Conservation Programme, who helped 
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fund this research. This has allowed immediate dissemination of results to directly contribute 

to turtle management in Western Australia and beyond.    

7.6 Future directions  

I have presented evidence that MH, HPS and white LEDs can attract hatchlings at sea 

(Chapters 3 and 6). Additional research efforts could assess how other wavelengths of 

lighting such as amber or filtered LEDs influence the behaviour of hatchlings at sea, 

especially as they are beginning to replace HPS lights in industry settings in Australia 

(Department of the Environment and Energy, 2020). The energetic costs associated with 

lingering around light sources should also be investigated. Research efforts should also be 

targeted at empirically testing some of the current management solutions (e.g., adjusting the 

wavelength of the source or using light shields) at sea on swimming hatchlings to help refine 

current management practises.  

Animals can use multiple cues in their environment for orientation (Able 1991) and teasing 

out the relative importance of natural versus artificial cues is complex. I have presented 

evidence that MH and HPS lights can override the effects of ocean currents and have shown 

that flatback hatchlings can orient using wave cues in a wave flume and that hatchlings 

lingered around light sources in the field despite the presence of waves. Considering waves 

and light cues came from the same direction in Chapter 3, and that wave direction was unable 

to be determined in Chapter 6, additional efforts should further explore the relative 

importance of wave direction and artificial light on turtle hatchlings dispersal orientation. 

Understanding how these cues interact, and their relative importance is extremely important 

for developing and implementing effective mitigation and management strategies.     

An important next step to my results from the jetty experiment (Chapter 5) would be to 

replicate this study at other nesting sites that are situated close to a jetty. Additionally, a 

mapping exercise that overlayed nesting sites with spatial layers of coastal infrastructure and 

light pollution (e.g., Visible Infrared Imaging Radiometer Suite) is a key step towards 

identifying the extent of nesting populations that are most at risk. Determining the home 

range of predators that reside underneath man-made structures would also inform this 

process. Given my results in Chapters 5 and 6, assessing fish behaviour in relation to artificial 

lighting and how it changes with lighting type would also be of interest. Additionally, 

research targeting different mitigation options such as collecting and releasing hatchlings in 
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deeper, less predator-rich waters or translocating nests to beaches further away from 

structures should be attempted to determine if these interventions improve hatchling survival.  

In addition, it would be useful to conduct research into the natural in-water movement 

patterns and survival of hatchlings at locations prioritised for future development (e.g., 

Anketell Point or Balla Balla) (proposed ports in Figure 7.2). This would allow for the 

collection of baseline information prior to construction that could then be used as a tool to 

assess if predation increases post-construction, especially if an in-water structure is built, or 

how in-water movement patterns may be altered when light is introduced (e.g., channel 

markers, vessels, or lights on fixed structures). Appropriate baseline surveys would also 

allow proposed mitigation to be effectively tested. In-water surveys would also aid 

identification of potential directional preferences in swimming orientation, as was evident on 

the north-western side of Thevenard Island in Chapters 3 and 6. This information could be 

useful for positioning light sources in areas least likely to disrupt hatchlings during the design 

phase of development projects.   

Studies that assess hatchling predation rates are rare but this data can be used to inform 

studies of population dynamics. The predation rates calculated in this thesis could be 

incorporated into a population viability analysis (PVA) to predict trends in population 

dynamics over time and under different management scenarios (see Ben-Ami et al., 2006, 

Possingham et al., 1993). At this stage we do not know how many hatchlings need to survive 

to maintain populations but because nesting and hatching success is monitored annually at 

Thevenard Island, PVA may help to predict this, and it may provide insight into how we 

could improve survival rates through management intervention.  

Due to the prevalence of offshore structures in Australia (Chandler et al., 2017) and the fact 

that there is  a lot of light out at sea (e.g., see Figure 2.1), an important next step would be to 

determine if hatchlings can be attracted to lights located at even greater distances from shore 

than measured here (i.e., > 400 m away). Lights on oil rigs are often visible from nesting 

beaches; therefore if hatchlings can reach them, then they too may be influencing survival 

rates as they also support large numbers of marine fish. In fact, they have been shown to be 

one of the most productive habitats for marine fish, supporting much higher numbers of fish 

per unit area than natural reefs (Claisse et al., 2014).     
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7.7 Conclusions 

The decline of all species of marine turtles has been attributed to the impacts of human 

activities (Lutcavage et al., 1996). For hatchlings, their early life history is particularly 

vulnerable to changes in their environment as they rely on external cues to navigate their way 

to the ocean and swim offshore. Their survival depends on their ability to quickly respond to 

these cues and move away from coastal areas where they are highly susceptible to predation. 

For this reason, it is important that we develop a greater understanding of their natural 

behaviours as they disperse from the shoreline, and how anthropogenic threats may alter or 

delay this process. The main findings are as follows: 

- I confirmed that artificial light affected the movement of flatback turtles as they 

transited through nearshore waters and that it could override the natural cues used to 

disperse offshore. When light sources were absent, I showed that ocean currents and 

waves were key natural drivers of their dispersal.  

- I confirmed experimentally that flatback turtle hatchlings use wave cues to orientate 

and wave steepness was the main wave characteristic driving this process. 

- I showed that an artificial structure, through providing shelter to a large number of 

predators, increased hatchling predation rates in the nearshore, and this occurred 

regardless of the presence or absence of artificial light.  

- I provide evidence that LEDs may influence predation rates through the nearshore 

zone, and that they could attract hatchlings, but mainly when the light source was 

located in their general direction of travel and that dispersal cues are complex. 

With growing human populations (Cohen, 1995), the amount of coastal development and 

light pollution is likely to continue to increase. The information in this thesis is therefore 

essential for the management of marine turtles, especially for developing approaches to 

enable their conservation in coastal areas altered by human activities and for predicting and 

advising on how future developments may impact vulnerable turtle populations.   
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