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Abstract 

ABSTRACT 

Underwater sound may act as an orientation cue for guiding the long range movements of the 

larvae of some fishes and crabs toward suitable settlement habitats on the coast. Experimental 

evidence for this claim has been hard to secure due to the virtual impossibility of controlling 

sound in experimental aquaria, and difficulties of conducting field experiments. However, a 

number of different approaches, including the use of diver observation, have found behavioural 

evidence in support of orientation to underwater sound. The present study examined the use of in 

situ SCUBA observations as a research tool, and found it produced high intensity noise in the 

frequency range to which fish and decapods are most sensitive. These findings raised questions 

about the appropriateness of diver observation as a tool. Consequently, an in situ behavioural 

binary choice chamber was used to demonstrate that crab post-larvae of five species showed an 

orientation response toward a sound cue. These results add to earlier behavioural data indicating 

that acoustic orientation could be of considerable ecological importance in influencing the 

settlement success of coastal fish and crustaceans. 

Evaluation of the importance of sound as an orientation cue also requires a better characterisation 

of reef sound. A systematic investigation into the temporal and spatial (scales< 2 km) variation 

of ambient underwater sound in a shallow coastal environment found there were remarkable 

daily, lunar and seasonal variation in ambient underwater noise power levels. Dusk was the 

loudest time of day, the new moon was significantly louder than the full moon, and summer was 

the loudest season. Snapping shrimp are a ubiquitous source of ambient underwater noise 

between 5 - 20 kHz, with the number of snaps produced having the same significant daily, lunar 

and seasonal variations as the power levels. Snapping shrimp activity also varied between habitat 

types. Additional to snapping shrimp sounds, there was a significant rise in intensity between 

500 - 3000 Hz caused by an unknown source. Laboratory experiments provided conclusive 

evidence that Evechinus chloroticus produce feeding noises in this frequency band, while field 

recordings from different reefs indicated power level in this frequency band reflected the size 

frequency and density of E. chloroticus populations. These results highlight the potential 
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Abstract 

importance of sea urchins as a significant source of biological noise in temperate shallow coastal 

waters. 

Overall, the results have provided additional behavioural evidence for the orientation of 

crustacean to reef sound, and significantly extended our understanding of reef noise 

characteristics and origins. It is argued that the temporal, spatial and biological characteristics of 

ambient underwater sound could play a significant role in structuring coastal communities. 
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Chapter 1: General Introduction 

CHAPTERJ 

GENERAL INTRODUCTION 

1.1. LARVAL FISH AND DECAPODS 

The large majority ofreef fish (Moser et al., 1984; Leis, 1991; Leis, 2006) and decapods (Moser 

& Macintosh, 2001; Jeffs et al., 2005) have a pelagic larval stage. For example, Leis and 

McCormick (2002) suggest a near ubiquity of a pelagic stage in coral reefteleosts with 

approximately only six of the many species they have studied having lost the pelagic stage. 

Bradbury and Snelgrove (2001) found that 90 % of the benthic invertebrates included in their 

review had a pelagic larval phase. Pelagic larvae of these coastal organisms can spend weeks to 

months in the open water environment and can be dispersed tens to hundreds of kilometres 

offshore (Gains & Roughgarden, 1985; Leis, 1991; Victor, 1991; Connolly & Roughgarden, 

1999; Armsworth & Roughgarden, 2005; Leis, 2006; Montgomery et al., 2006). Until recently, 

pre-settlement larvae were thought to lack any behavioural ability that would enable directed long 

distance migration and hence were regarded as passive particles that were dispersed by physical 

processes (Nelson, 1928; Coleman, 1933; Williams et al., 1984; Roberts, 1997). Recent research 

on larval fish (Stobutzki & Bellwood, 1994; Leis & Carson-Ewart, 1997; Stobutzki, 1997; 

Stobutzki & Bellwood, 1997; Stobutzki, 1998; Leis & Carson-Ewart, 1999; Fisher et al., 2005) 

and decapods (Calinski & Lyons, 1983; Shanks, 1995a; Valero et al., 1999; Jeffs & Holland, 

2000) has shown that these developmental stages have swimming abilities with the capacity to 

greatly influence their spatial distribution. Leis (2006) reviewed the in situ swimming speeds of 

the larvae of tropical reef fish species and found that they ranged from 0.4- 3.0 cms·1 for 

Clupeiformes to 14 - 30 cms·1 for Lutjanidaes. The post-larval or puerulus stage of the spiny 

lobster Jasus edwardsii has swimming speeds between 13.0- 30.7 cms·1 (Jeffs & Holland, 2000). 

Stobutzki and Bellwood (1997) were the first to describe swimming endurance in nine families of 

tropical larval fish (Acanthuridae, Apogonidae, Chaetodontidae, Lethrinidae, Lutjanidae, 

Monacanthidae, Nemipteridae, Pomacanthidae, Pomacentridae), with a range in mean times and 
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Chapter 1: General Introduction 

distances of7.4- 194 hand 3.6 - 94 km. Dudley et al., (2000) showed that three families of 

temperate larval reef fish (Monacanthidae, Mullidae and Scorpididae) species had swimming 

endurances equivalent to tropical species. During this research the fish were not allowed to feed, 

but Stobutzki and Bellwood ( 1997) hypothesised that if larvae were allowed to feed they could 

swim for longer and further, and subsequently this was experimentally confirmed (Fisher & 

Bellwood, 2001; Leis & Clarke, 2005). However, the greatest value for an extensive swimming 

capability will only be attained when the capability can be directed toward suitable settlement 

sites. To achieve this requires the presence of sensory cues that these animals can detect and use 

to orientate or modulate their swimming behaviour. 

The sensory abilities of fish and crustacean larvae are poorly understood, but the potential cues 

that larvae may use to detect suitable settlement habitat from a distance (i.e., hundreds of m to 

km) include: hydrodynamic cues (Shanks, 1995a; 1995b; Jeffs et al., 2005), celestial cues 

(Rimmer and Phillips, 1979; Jeffs et al., 2005), chemical cues (Phillips & Penrose, 1985; Phillips 

and Mc William, 1986; Atema et al., 2002; Kingsford et al., 2002, Jeffs et al., 2005; Lecchini et 

al., 2005), magnetism (Phillips & Penrose, 1985; Wiltschko & Wiltschko, 1995; Jeffs et al., 

2005) and ambient underwater sound (Myrberg, 1978; Hawkins & Myrberg, 1983; 

MacMillian,1992; Popper et al., 2001; Stobutzki & Bellwood, 1998; Kingsford et al., 2002; Jeffs 

et al., 2005; Montgomery et al., 2006). It is the later which has been highlighted as the strongest 

candidate cue and is the focus of this thesis. 

1.2. UNDERWATER SOUND AS AN ORIENTATION CUE 

For benthic species to locate suitable settlement habitat from a distance, it would be ideal to have 

sensory information available that indicates the direction, distance and quality of potential reef 

settlement sites. Although it is well known that visual (Job & Bellwood, 2000) and chemical 

cues (Sweatman, 1988; Elliot et al., 1995; Arvedlund & Nielsen, 1996; Atema et al., 2002; 

Dempster & Kingsford, 2003; Forward et al., 2003) are used by fishes and invertebrates in habitat 

selection at close range, sound has some particular physical properties that make it a good 

candidate as a long distance orientation cue (Rogers & Cox, 1988; Bass & Clarke, 2003). Firstly, 

in a free field situation underwater sound spreads radially from its source therefore it can be 

heard from any direction in the surrounding area. Secondly, it suffers very little attenuation, for 
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example a 500 Hz signal suffers only l dB of attenuation due to absorption in l 00 km of 

propagation in salt water and l dB in 10000 km of propagation in freshwater (Rogers and Cox, 

1988; Medwin, 2005). Low attenuation results in sounds propagating over very large distances 

and this leads to high ambient background levels. Thirdly, sound can be highly directional and 

can potentially convey information about habitat quality at the source of the sound. 

Sound can be highly directional, however to the author's knowledge there are only two published 

studies investigating the horizontal directionality of ambient underwater sound in coastal waters. 

Wilson et al., ( 1985) investigated the horizontal directionality of ambient noise at ranges of up to 

15 km from the south eastern shore of Monterey Bay, California, during different surf conditions. 

Using a hydrophone with a cardioid receiving pattern, they observed that whenever the maxima 

of the receiving pattern was directed towards the beach, noise levels in the frequency range 20 -

700 Hz were greater than those obtained when the maxima was directed seaward. The measured 

difference in sound level was found to depend on range from the beach, frequency range, and on 

surf intensity. The difference diminished both in magnitude and frequency range with lower 

wave height but was still observable in low surf conditions. D'Spain and Batchelor (2006) 

observed that at a site 60 km west offshore of San Diego, California, sound during the night 

centred around 1.5 kHz was greater in intensity from the southeast (landward) than the northeast 

(seaward). These few horizontal directionality measurements show that underwater sound has 

the potential to be a very important orientation cue for larval fish or decapods that are capable of 

sustained swimming. 

Sound may also be able to convey information about habitat quality, although there is very little 

published on the topic. A dominant feature of shallow water ambient noise is that it contains a 

considerable amount of biological noise (Cato, 1978; Phillips & Penrose, 1985). A dominant 

source of biotic noise above 40° latitude is snapping shrimp (Cato, 1976), other biological noise 

depends on the animals inhabiting the surrounding area, but can be either vertebrate or 

invertebrate in origin. There is some evidence that larval fish can detect specific components of 

the frequency spectrum of underwater sound (Simpson et al., 2005a- see below). Therefore, it is 

possible that specific habitat types could produce acoustic signatures and that pelagic post-larvae 

have the ability to remotely detect these differences and selectively orientate to the appropriate 

acoustic signature for their preferred settlement habitat. 
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Chapter 1: General Introduction 

1.3. HEARING IN FISH AND DECAPODS 

In order for underwater sound to act as an orientation cue for migrating pelagic larval fish and 

decapods it is necessary for them to be able to not only detect underwater sound, but be able to 

determine the directional information it may contain. Hearing in fish is categorised into two 

hearing modalities. The 'hearing specialists' have a special connection between the swim 

bladder and the inner ear called the otophysic connection and are sensitive to pressure (Popper & 

Fay, 1999; Popper et al., 2003). The 'hearing generalists' lack this special connection between 

the inner ear and the swim bladder and are sensitive to the particle motion (Fay & Edds-Walton, 

1997; Popper et al., 2003). There is some knowledge of the acoustic sensory abilities oflarval 

fishes which have been determined using psychophysics and physiological studies. For example, 

Popper (1971) used heart rate conditioning and showed that there was no change in auditory 

sensitivity during growth Guvenile to adult) for the goldfish, Carassius auratus. Higgs et al., 

(2002) found a similar result for the zebrafish, Danio rerio. Behavioural work has shown 

increases in responsiveness to a broadband auditory stimulus during the larval and juvenile 

periods of several species of fishes including, Atlantic herring, Clupea harengus (B laxter & 

Batty, 1985) and red drum, Sciaenops ocellatus (Fuiman et al., 1999). Wright et al., (2005) used 

the auditory brainstem response (ABR) to investigate auditory abilities of pre-settlement and 

post-settlement stages of a damselfish, Pomacentrus nagasakiensis. Pre-settlement larvae, and 

their post-settlement counterparts, responded to all but two of the tested frequencies for both 

species. 

In order for sound cue to be useful these animals also need to be capable of determining the 

sound direction. Fay and Edds-Walton (1997) directly measured the response of saccular 

(auditory organ) afferents to motion in the toadfish (hearing generalists) and showed that there 

was directional sensitivity both for individual afferents and for a population of afferents. The 

directionality of individual afferent hair cells and the orientation of saccular afferents could 

provide a basis for directional hearing in the hearing generalists. This system would provide 

information to the fish on the axis of particle motion, however, it does not determine the direction 

of sound propagation and hence there is a 180° ambiguity in the direction of the source that can 

not be resolved by this sensory organ acting alone (Fay, 1984; Myrberg & Fuiman, 2002; 

Montgomery et al., 2006). Hearing generalists lack specialised pressure detection systems but 
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may still be able to detect sound pressure by the manner in which the swim bladder vibrates in 

the sound field. This displacement will radiate away from the swim bladder and stimulate the 

inner ear, providing what has been termed the 'indirect stimulus' (Wubbels & Schellart, 1997). 

This mechanism has been proposed as providing an additional sound pressure reference that 

when combined with particle motion information, the phase reference of the pressure will allow 

the fish to resolve the direction of the sound (Wubbels & Schellart, 1997; Fay & Edds-Walton, 

2000; Montgomery et al., 2001; 2006). 

There is only one study that indicates fish without a swim bladder can resolve the 180° ambiguity 

and that was conducted by Van den Berg and Schuijf (1983) on the shark, Chiloscyllim griseum. 

Montgomery et al., (2006) suggested from first principles that an otolithic (fish)/statocyst 

( decapod) sensor could resolve the 180° ambiguity if it were possible to sample the spatial 

distribution of the sound intensity or direction. They suggested that the air-water interface of the 

sea surface could act similarly to a swim bladder, providing an indirect stimulus path that imparts 

an orbital motion to the otolith/statocyst. It is also possible that these animals have some other 

pressure reference system independent to that of the swim bladder system that has not yet been 

discovered. 

Compared to fish, our understanding of the hearing structures in crustaceans is rudimentary 

(Budelmann, 1992; Popper et al., 2001; Montgomery et al., 2006). Decapod crustaceans have a 

wide variety of sensory structures that have attracted considerable research interest (Budelmann, 

1992; Popper et al., 2001) and some receptors have been identified that may have the ability to 

respond to underwater sound (Montgomery et al., 2006). It has been suggested that the 

crustacean statocyst could be a functional analogue to the fish otolith and could be used as a 

rudimentary hearing organ (Budelmann, 1992; Popper et al., 2001; Montgomery et al., 2006). 

Breithaupt and Tautz (1988) reported vibration sensitivity of the statocyst in the crayfish 

(Orconectes limosus) with a peak-to-peak threshold of 0.1 µmover a range of frequencies from 

150 to 2350 Hz. Experiments by Lovell et al., (2005) confirmed these results, describing the 

anatomy of the statocyst sensory structures of the prawn, Palaemon serratus, and also providing 

direct electrophysiological evidence of sound reception by this organ. This study showed that the 

statocyst of P. serratus is sensitive to the motion of water particles displaced by low-frequency 

sounds ranging from I 00 to 3000 Hz, with a hearing acuity similar to that of some generalist fish. 
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However, as with fish, only limited information is available about these structures in the early life 

history stages of crustaceans (Budelmann, 1992; Popper et al., 2001 ). 

1.4. SHALLOW WATER UNDERWATER SOUND 

The earliest studies of ambient noise (Knudson et al., 1948; Piggott, 1964; Wenz, 1962) 

identified three main sources of noise in shallow water, the first was biotic (snapping shrimp, fish 

or sea urchins), the second abiotic (waves breaking or rain), and thirdly anthropogenic (ships or 

power stations). In addition to the sources that provide biologically relevant information, we 

must also take into account the way in which underwater sound is modulated in the near-shore 

environment. Whether the sounds are abiotic or biotic, the most important sounds are likely to be 

generated in shallow water, within the top 20 m (Montgomery et al., 2006), which is the most 

productive part of the reef with the greatest concentrations of fish and invertebrates. These 

earlier studies and a more recent one (D'Spain & Batchelor, 2006) have only described 

underwater sound in deep water(> 150 m). There are few studies that provide the information 

required for assessing the potential of underwater sound for long range orientation towards reefs 

by larval fish and decapods. There is little known about lunar, seasonal and small scale 

geographical patterns of shallow water ambient noise. However, there have been studies 

describing daily variation in ambient noise. Cato (1976; 1978; 1992) showed that there was a rise 

in power levels around dusk and dawn at a number of locations around temperate and tropical 

Australia. However, these studies were also undertaken at very large spatial scales, on the order 

of thousands of metres. This has lead to the systematic study of temporal (daily, lunar, seasonal) 

and spatial (order of hundreds metres) variability of ambient noise from shallow water locations 

around Leigh, New Zealand (Chapters 4 and 6). 

Sound propagation in shallow water is inherently different than in deep water, since sound signals 

repeatedly interact with the sea surface and seafloor (Rogers & Cox, 1988; Bass & Clarke, 2003). 

Sound transmission in shallow water is strongly influenced by the local conditions of depth, 

surface roughness, and the composition of the seafloor substrate (Hamilton & Bachman, 1982; 

Jensen & Kuperman, 1983; Medwin, 2005) where shallow water can limit the propagation of low 

frequency sound. Other attributes of shallow underwater sound propagation are for example, 

where the range (R) between the source and the receiver is much greater than the water depth, 
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and sea surface and seabed reflection retain the sound within the water column, giving rise to 

cylindrical rather than spherical spreading (Bass & Clarke 2003; Medwin, 2005; Montgomery et 

al., 2006). This can effectively increase the transmission range of underwater sound because the 

amplitude of the sound decreases as ll(v'R). Overall, sound transmission in shallow water 

remains one of the least understood areas of underwater acoustics because many of the details 

regarding the physical attributes are not well known and are site specific and difficult to 

generalise. Therefore, in shallow reef settings it is important to take measurements and 

concentrate our attention on frequencies that are considered to be in the normal acoustic range for 

fish and crustaceans 100 - 5000 Hz (Myrberg 1996; Kenyon et al., 1998; Popper, 2003). 

Current knowledge about ambient noise in shallow coastal waters is that there is a dusk chorus 

observed on most occasions in tropical and temperate waters. Tait (1962) was the first to 

describe this phenomenon in waters off the eastern side of Great Barrier Island, New Zealand 

after observing an increase in power in the frequency band 700-2000 Hz, with a peak at 1200 

Hz. This dusk chorus has been reported to occur in shallow waters in many global locations such 

as, San Diego (D'Spain et al., 1994), Bimini in the Bahamas (Fish, 1964), east Indian Ocean, 

west Pacific Ocean and the Timor Sea near Australia (Cato, 1978). Typically these evening 

choruses start at sunset and continue into the night for between two to five hours in some areas. 

A range of fish have been reported to be a source of the dusk chorus, especially those from the 

families Sciaenidae and Batrachoididae which are known to produce choruses around North 

America (Cato, 1978; D'Spain et al., 1994). However, there are no well characterised sound 

producing fish in the temperate waters of north-eastern New Zealand and the source of the chorus 

in the :frequency band 700 - 1200 Hz has only been theoretically linked to sea urchins (Tait, 

1962; Fish, 1964; Castle, 1974; Castle & Kibblewhite, 1975; Cato, 1977; 1978; D'Spain & 

Batchelor, 2006). Underwater sound choruses can enhance the potential use of underwater sound 

as an orientation cue. They can convey information on the animals ( conspecifics or predators) 

inhabiting the reef; the power levels during the choruses are higher and hence the sound cue can 

transmit further offshore for larvae to follow; and these sounds could provide information on the 

overall habitat quality of the reef in question. 
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1.5. EVIDENCE FOR SOUND AS AN ORIENTATION CUE 

The first evidence for the use of sound as an orientation cue was the study by Tolimieri et al., 

(2000) comparing the catch rates of light traps in the vicinity of replayed reef sound (180 dB re: 1 

µPa at 1 m from the source) to light traps without reef sound. Traps associated with the sound 

source consistently caught more triplefin larvae than the silent control traps. Two other studies 

(Leis et al., 2003; Simpson et al., 2004) have repeated this experiment in tropical waters, 

confirming the original observation from temperate waters, but also showing that attraction to 

sound occurs over a very wide range of tropical reef fish species. In terms of decapod larvae, the 

evidence for the use of sound as an orientation cue is limited. Jeffs et al., (2003) used the 

replayed sound technique to investigate the attraction of decapod larvae to sound. Like the fish 

experiments, there were significantly more crab larvae captured in the light traps associated with 

sound than the light traps alone. Interestingly, there was no significant effect observed between 

numbers on the new and full moon phases when the tidal currents were the strongest. However, 

this experimental method does not require the larvae to resolve the 180° ambiguity (Montgomery 

et al., 2006). For example, if half the larvae went toward the sound and half away from the sound 

the catch rate would still increase. 

The use of light traps needs some mention as well. Clearly, light is an attraction source for larval 

fish and decapods, and as such has become the standard method for catching them. As a result 

this experimental technique has been criticised on the grounds of the potential interactive effect 

of the sound and light behavioural cues. However, the most likely explanation for the increased 

numbers of larvae captured in the light trap associated with replayed sound is the attractiveness of 

the sound. 

The next line of evidence demonstrating the behavioural response of larvae to reef sound was the 

use of binary choice chambers, which eliminate the use of light (Tolimieri et al., 2002; 2004). 

These experiments were conducted on both triplefin (Tolimeiri et al., 2002) and damselfish 

(Tolimeiri et al., 2004) larvae, and showed that larvae moved towards replayed underwater sound 

at night and away from it during the day. This was unusual for triplefins because in fact they do 

not have a swim bladder and they were apparently able to resolve the 180° ambiguity (see 

above). Leis and Lockett (2005) used a similar choice chamber experiment, which provided 
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evidence that larvae of some pomacentrid species can localise and orientate to a sound source, 

implying that sound emanating from reefs at night could be a useful sensory cue for locating 

reefs. These choice chamber experiments show that larval fish can use the sound source in such a 

way that sound emanating from a reef can provide a reliable orientation cue. 

To date, the attraction and ability of larval decapods to use underwater sound as an orientation 

cue has not been demonstrated independently of the potentially confounding effect of light. 

Therefore, the aim of the research presented in chapter 3 of this thesis, is to develop an effective 

and rigorous behavioural assay for assessing the orientation behaviour of crab larvae in response 

to artificial sources of underwater sound. 

The most recent evidence for the use of sound in habitat selections comes from a set of 

experiments conducted by Simpson et al., (2005a). In this experiment, Simpson et al., (2005a) 

were able to show that artificial patch reefs, made from dead coral, associated with replayed 

sound had significantly greater settlement of larval fish than patch reefs without sound. These 

authors also compared settlement rates on silent reefs with settlement rates on reefs where only 

the high- (80% > 570 Hz) or low-frequency (80% < 570 Hz) portion ofreef noise was broadcast. 

Apogonids settled on high- and low-frequency reefs in equivalent numbers, but pomacentrids 

were preferentially attracted to high-frequency noise. Again, reefs without sound received much 

lower settlement and total numbers of families and taxa, than reefs with broadcast sound. 

1.6. AIMS 

There have been studies using in situ SCUBA observational methods for describing the 

directional swimming behaviour of larval fish and decapods. However, there could be possible 

confounding effects due to SCUBA noise on the observations and there is a need to understand 

the potential effects on the behaviour of larval decapods. To start this process it was necessary to 

quantify the noise produced by different underwater breathing apparatus: SCUBA; semi- and 

fully-enclosed circuit re-breathers to assess whether the frequency range and acoustic power were 

in the range that might affect the orientation behaviour of post-larvae in response to ambient 

noise levels (Chapter 2). 
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Previous research (Leis et al., 1996; Leis & Carson-Ewart, 1997) on larval fish has used in situ 

SCUBA to observe the orientation behaviour, but dismissed any confounding affects of SCUBA 

noise. Along with this Jeffs et al., (2003) have shown that decapod larvae can detect underwater 

sound, but this previous study lacked any evidence for a directional response towards sound and 

also the results were possibly confounded by the effects of the light traps. If SCUBA noise has 

the potential to interfere with direct observational methods (Chapter 2) and there is a need to 

eliminate the confounding effects of light traps, development of a more rigorous orientation 

behavioural assay method is required and was the aim of chapter 3. 

Internationally there is little known about coastal (shallow water) underwater noise. Tait (1962) 

identified coastal reefs off the eastern side of Great Barrier Island, on the north-eastern coast of 

New Zealand as being significant sources of ambient underwater sound with marked increases in 

sound levels at dusk and dawn, especially in the frequency range 700 - 2000 Hz. To gain an 

understanding of how larval fish and decapods use underwater sound as an orientation cue, it is 

important to begin to understand the temporal and spatial patterns of coastal underwater sound. 

Therefore, an intensive study of ambient underwater noise in north-eastern New Zealand was 

undertaken by describing temporal [daily, lunar, seasonal] (Chapter 4) and spatial [lOO's m] 

(Chapter 6) variations. 

A number of studies (Fish, 1964; Castle, 1974; Castle & Kibblewhite, 1975; Cato, 1976; 1977; 

1978; 1980; D'Spain & Batchelor, 2006) have described a rise in power, in the frequency band 

700 - 2000 Hz around sunset, commonly known as the dusk chorus. However, the source of 

these choruses is unknown, despite the potential for them to be providing significant habitat 

information through the acoustic signals they produce. As a result, there was a need to identify 

some of the key organisms responsible for the observed choruses (Chapter 5). 

Overall, the aim of this research was to begin to understand the nature of ambient underwater 

sound and the potential it has for marine organisms to use as a long range orientation cue. 
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CHAPTER2 

EXAMINNG THE POTENTIAL USE OF 

UNDERWATER BREATHING 

APPARATUS FOR BEHAVIOURAL 

OBSERVATIONS OF LARVAE IN 

RELATION TO SOUND 

2.1. Introduction 

The development of underwater breathing apparatus (UBA) has played a vital role in the recent 

advance of aquatic sciences, especially for biological collecting and observation (MacKay, 1958). 

There are three general types ofUBA currently in use for research. Self contained underwater 

breathing apparatus (SCUBA), or open circuit underwater breathing equipment, which is based 

on air inspired from a high pressure tank and expired into the surrounding water (MacKay, 1958). 

Semi-enclosed circuit re-breathers (SECR) operate on a similar basis as SCUBA, but a small 

collapsible bag is attached to the air system to form a loop and carbon dioxide is chemically 

scrubbed from the exhaled air before it is breathed in again and excess gas is vented to the 

surrounding water (MacKay, 1958; Parrish & Pyle, 2002). A fully-enclosed circuit re-breather 

(FECR) works on a similar principle as the SECR with the exception that the entire breath is 

retained in the loop and oxygen is maintained at a constant partial pressure throughout the dive, 

with replacement oxygen injected into the loop (Parrish & Pyle, 2002). 
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UBA has been used extensively for surveying fishes, lobsters and other mobile fauna, as well as 

for detailed behavioural observations of many aquatic creatures. For example, visual census by 

divers using UBA is commonly used for quantifying the abundances of reef fishes (Kingsford, 

1998). Along with this, diver observation plays a critical role in a great deal of fish (Losey, 1978; 

Lowe-McConnell, 1987; Leis & Carson-Ewart, 2000; Leis et al., 2002) and decapod behavioural 

research (Shanks, 1995a). In particular UBA has been used for field observations of the 

orientation of post-larval crustaceans and fishes and has proven to be a powerful tool for making 

detailed behavioural observations in the field (Shanks, 1995a; Leis et al., 1996; Leis & Carson

Ewart, 1997; Leis et al., 2002) SCUBA, the UBA most commonly used for research, produces 

numerous gas bubbles which are noisy underwater. Sound loses very little energy in water by 

absorption, at least in the audio frequency range, and consequently travels great distances with 

some sources being detectable across an ocean basin (Caruthers, 1977; Hawkins & Myrberg, 

1983; Cato, 1992; Cato & McCauley, 2002). However, despite the recognition that noise 

artefacts are very likely to be present (Chapman & Atkinson, 1986), there has been little work to 

determine the response and behaviour of aquatic organisms to the underwater sound produced by 

research diving equipment and little done to characterise the nature of the noise that this research 

equipment produces. Therefore, the aim of the present research was to begin this process by 

recording and analysing the noise produced by the three different types of UBA (SCUBA, SECR 

and FECR) and consequently assessing the potential for using in situ UBA for field observations 

of orientation behaviour of pelagic larval stages in relation to sound. 

2.2. Methods 

2.2.1. Study Site and Setup 

In September 2004 the underwater sounds produced by the operation of three different UBA 

systems were recorded in Lake Tarawera, New Zealand, a remote and deep lake surrounded 

mostly by forested parkland. The three systems were SCUBA (U.S. Divers Conshelf SE2), 

SECR (Drager Dolphin) and a FECR (customised Drager Dolphin). All recordings were 

conducted at a location where the water depth was over 40 m and in conditions of fine weather 

with no wind or swell. Five recordings, each of 5 min duration, per UBA were taken with the 
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hydrophone and diver in different positions; hydrophone and diver at 20 m (20mH20mD), 

hydrophone at 10 m diver at 20 m (10mH20mD), hydrophone at 5 m diver at 20 m (5mH20mD), 

hydrophone and diver at 10 m (lOmHlOmD), and hydrophone and diver at 5 m (5mH5mD). 

When the diver and hydrophone were at the same depth the diver's mouth was 2 m away from 

and facing the hydrophone as determined by a plastic measuring rod used by the diver 

intermittently. Recordings were taken with a calibrated Sonatech BM 125-2 wideband 

omnidirectional hydrophone suspended from a small kayak to minimise sound surface reflections 

and extraneous noise from boat slap. The hydrophone was calibrated by recording a NetMark 

1000 acoustic pinger (specifications: source level 130dB re lµPa at 1 m, 10 kHz signal, 300 ms 

pulse length, 4 s repetition rate). The hydrophone signal was recorded on a Sony TCD-D8 digital 

recorder with a sampling rate of 48 kHz. The digital recordings were transferred to a PC and 

analysed using Matlab software with codes specifically written for these recordings. 

2.2.2. Sound Propagation 

The mean source level (SL) and mean peak SL data from the recordings of the diver and the 

hydrophone at 20 m were used to estimate source level (S dB re l µPa at l m) and the distance at 

which the UBA sounds would be detectable by fish above typical ambient noise levels (A) 

encountered in the sea. These are between 90- 120 dB re l µPa at 1 m depending on weather 

conditions (Cato & McCauley, 2002). Therefore, we estimated detectable distances of the UBA 

for two theoretical sea conditions (calm and quiet - 90 dB re 1 µPa at l m, and rough and noisy -

120 dB re 1 µPa at 1 m). To estimate the distance at which fish are unlikely to detect the sound 

of the different UBA, we assumed the sound level at the location of the fish was 6 dB less than 

the ambient noise level. The combined sound level will then be about 1 dB above ambient and 

the difference theoretically undetectable. We assumed spherical spreading of the sound from the 

source (S) UBA without reflections over short distances so the range (R) at which the fish are 

likely to detect the underwater noise above ambient background noise can be estimated from the 

following equation: 

S - A + 6 = 20 log10 (R) 
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Values of> 200 m were not reported because beyond this distance it is not possible to easily 

account for multiple reflection of sound from the seabed and the surface of the water. 

The above equation was also rearranged to estimate the sound level that ambient underwater 

noise (A) would need to reach in order to mask the sound produced by the UBA at different 

distances. This was achieved by substituting in four R values (distance detectable) 10 m, 50 m, 

100 m and 200 m and then ambient background noise (A) was calculated for these distances. 

2.2.3. Data Analysis 

Fast Fourier Transform (FFT) analysis of 10 s samples was used to generate power spectra which 

were then smoothed with an 11 point triangular window. Sonograms were analysed up to a 

frequency of 5 kHz which is above the hearing range of most fishes (Myrberg 1996; Kenyon et 

al., 1998; Popper, 2003). 

Ten seconds of each recording was randomly selected for analyses as it is approximately one 

breathing cycle of the diver (breath in and out). From each ten second sample mean source level 

(SL) was calculated by averaging source levels from 10 random sub-samples from the power 

level plots, which were smoothed with an 11 point triangular window. A mean peak SL for each 

sample was obtained by averaging the five highest peaks in the data from the 10 s sample. 

Comparisons between the recordings of the UBA were made using analysis of variance 

(ANOVA) of the mean SL and mean peak SL data. Differences between means were determined 

using Tukey's tests. All data was analysed using Statistica™ (version 6) and presented as 

estimated statistical mean ± SE. 

2.3 Results 

There were significant differences in the sound levels produced by the different UBA at every 

hydrophone and diver depth combination (Table 1 & 2), e.g., for both mean SL (F = 333.0, P < 

0.001) and mean peak SL (F = 78.7, P < 0.001) at 20mH20D. All measured values were well 

above ambient noise which was 90 ± 2 dB re 1 µPa at 1 m for mean SL and l 00 ± 3 dB re 1 µPa 

at l m for peak SL during the experiment. For all five recording arrangements SCUBA 
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equipment was significantly louder than both SECR and FECR, and SECR was consistently 

louder than FECR for both mean SL and mean peak SL. The data of Tables 1 and 2 can be 

combined to give estimates of mean and peak SL levels for UBA at 20 m depth (Table 3). There 

is some evidence that all UBA have higher source levels as the depth increases (Tables 1 and 2). 

Differences in the SL between depths may also be due to some directionality in the sound that is 

propagated from the source diver and/or the sound produced by bubbles rising away from the 

diver. 

Table 1: Mean-peak source levels (peak source level dB re 1 µPa at 1 m) for the three different 

UBA for five recording arrangements. 

20mH20D 10mH20mD 5mH20mD lOmHlOmD 5mH5mD 

SCUBA 176 ± 1 a 179 ± 2a 177 ± 2a 172±la 172 ±la 

SECR 142 ± 2b 148 ± 2b 155 ± 2b 143 ± 1 b 142 ± 1 b 

FECR 122 ±le 127 ±le 126 ± 2e 119 ± 2c 121 ±le 

F Value 333.0 211.7 113.6 498.3 458.3 

P Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Mean values with a different letter for the superscript are significantly different within columns Tukey's tests (P < 

0.05) 

SCUBA sound was estimated to be detectable by fish> 200 m from the source in both noisy and 

quiet sea conditions (Table 4). SECR sound was also estimated to be detectable at 200 min quiet 

sea conditions, but not in noisy sea conditions. Sound from FECR was estimated to be barely 

detectable over short ranges < 5 m in noisy sea conditions, however, in quiet conditions the sound 

can be detected at greater distances (79.4 m for mean peak SL, and 15.9 m for mean SL). 

For mean SL and peak SL from SCUBA to be undetectable to fish, the ambient noise level needs 

to be extremely high (Table 5), e.g., mean SL SCUBA sound was estimated to be undetectable to 

fish at 10 m ifthe ambient noise level exceeds 150 dB re 1 µPa at 1 m. In contrast, the estimated 

level of ambient noise required to mask the sound emitted by SECR and FECR is much lower, 

especially for FECR (Table 4). 
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Table 2: Mean source level (mean source level in dB re 1 µPa at 1 m) for the three different 

UBA for five recording arrangements. 

20mH20D 10mH20mD 5mH20mD lOmHlOmD 5mH5mD 

SCUBA 164 ± 3a 164 ± 5a 161 ±la 160 ± 4a 158 ± 3a 

SECR 130 ± 4b 133 ± 3b 131±2b 124 ± 3b 125 ± 1 b 

FECR 106 ± 2e 110 ± 2e 107 ±le 107 ± 2e 106 ±le 

F Value 78.7 41.1 214.6 75.8 164.0 

P Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Mean values with a different letter for the first superscript are significantly different within columns Tukey's test (P 

< 0.05) 

Table 3: Estimates of mean and mean peak source levels (dB re 1 µPa at 1 m) for UBA at 20 m 

depth. 

Mean SL 

Mean Peak SL 

SCUBA 

161±1 

177 ± 1 

SECR 

131 ±2 

148 ± 3 

FECR 

108 ± 1 

125 ±2 

Low frequency sound ( < 1 kHz) was dominant in the power spectra for the recordings of all three 

UBA at 20mH20mD (Figure 1 ). The power spectra for SCUBA sound had a gradual decrease in 

power level with increasing :frequency, however, both SECR and FECR had a sharp decrease in 

power at approximately 100 Hz with a gradual decrease in power level at higher frequencies. 

The power spectra generated for all other recordings were consistent with these. 
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Table 4: Estimated distances at which the three different UBA are likely to be detectable to fish. 

Noisy conditions represent theoretical ambient underwater background noise of 120 dB re 1 µPa 

at 1 m and quiet conditions represent 90 dB re 1 µPa at 1 m. 

Quiet Conditions Noisy Conditions 

Mean SL Mean Peak SL Mean SL Mean Peak SL 
Equipment 

Detectable Detectable Detectable Detectable 

distance (m) distance (m) distance (m) distance (m) 

SCUBA >200 >200 >200 >200 

SECR >200 >200 7.0 25.1 

FECR 15.9 79.4 0.3 2.5 

Table 5: Estimated ambient underwater noise levels (dB re 1 µPa at 1 m) required for the three 

different UBA to be undetectable to fish for peak and mean SL noise levels at 10 m, 50 m, 100 m, 

and200m. 

Mean Source Level Peak Source Level 

lOm 50m lOOm 200m lOm 50m lOOm 200m 

SCUBA 150 136.1 130 124 162 148.1 142 136 

SECR 116 102.1 96 90 128 114.1 108 102 

FECR 92 78.1 72 66 108 94.1 88 82 

A sonogram of the SCUBA recording 20mH20mD in Figure 2a clearly shows periodic bursts of 

broad frequency sound (from 1.3 to 5 kHz) associated with the flow of air through the regulator 

demand valve when the diver inhaled. Four such bursts are shown in the figure with the first 

running from 1.2 - 2.2 s. The almost continuous noise below 1.3 kHz is most likely due to the 

rise of bubbles in the water column from the exhaling diver. These valve and bubble sounds are 

much less apparent in the sonograms of both the SECR and FECR as both of these UBA have 

different valve configurations and produce much fewer exhaust bubbles compared with SCUBA. 
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In particular, the reduced numbers of bubbles produced by SECR and FECR are reflected in the 

decreased level of sound at frequencies < l kHz in the sonograms compared to the SCUBA 

sonogram. The SECR sonogram shows there is little sound present in the frequencies > 1 kHz 

(Figure 3B) and for FECR there is almost none present (Figure 3C). 

2.4. Discussion 

Divers are widely used in research for the census and observation of aquatic organisms, 

especially fishes and large invertebrates such as lobsters and crabs. Our results show that all 

three types of UBA can generate substantial amounts of underwater sound with sufficient power 

to radiate a considerable distance from the source diver. There is evidence for all UBA that as 

diver depth increases, source level increases. This could be because the travel distance of the 

bubbles is longer and therefore, there is a greater distance in which the bubbles can vibrate in the 

water column and release energy. Much of this sound is at low frequencies(< 200 Hz), the range 

in which the hearing organs of fish and decapod crustaceans are most sensitive (Chapman & 

Atkinson, 1986; Budelmann, 1992; Popper & Fay, 1993; Fletcher & Crawford, 2001; Popper et 

al., 2001 ). Lobel (2005) not only reported that SCUBA noise is low in frequency but that it 

produces near field vibrations. Numerous studies have shown that underwater sounds can be 

used to herd and to attract fish (Wahlberg, 1999) and recent studies highlight the importance of 

underwater sound for the orientation of pre-settlement fish and crustaceans (Tolimieri et al., 

2000; Leis & Carson-Ewart, 2000; Leis et al., 2002; Jeffs et al., 2003; Simpson et al., 2004; 

Tolimieri et al., 2004). 

Shanks (1995a) and Leis et al., (1996) were the first to use SCUBA in situ to observe the 

orientation behaviour oflarval fish and decapods. The first study by Shanks (1995a) described 

that four species (Pachygrapsus crassipes; Lophopanopeus bellus bellus; Cancer oregonesis; and 

C. gracilis) of crab megalopa showed no directed onshore swimming when followed by SCUBA 

divers during the day. Since then, Leis and colleagues (1996; 1997; 1998; 1999; 2000; 2002; 

2003) have used SCUBA frequently to observe the swimming and orientation behaviour of 

tropical reef fish larvae. However, despite the potential influence that UBA sound may have on 

the behaviour of aquatic research subjects such as fish, it has received little attention by 
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researchers. Where research artefacts due to UBA sound may be present in studies they tend to 

be dismissed or overlooked. This highlights the potential of SCUBA to have influenced these 

studies and is a factor that can not be dismissed or overlooked in future studies. 

Only a small number of studies have directly addressed the effect ofUBA noise on fish 

behaviour (Chapman et al., 1974; Chapman, 1975; Chapman & Atkinson, 1986). These studies 

have shown that different fish species may avoid or be attracted by the sound of SCUBA, and 

that in some species this behaviour can be modified ifthe sound is associated with feeding 

opportunities. The range over which UBA noise may elicit a behavioural response from fish has 

not been determined although it has been estimated that the low frequency sound generated by 

SCUBA bubbles might be heard as much as 1 km away by fish such as cod (Gadus morhua) 

(Chapman & Hawkins, 1973; Chapman & Atkinson, 1986). Natural fish behaviour may also be 

altered indirectly through auditory "masking" whereby aquatic animals cannot hear and respond 

to biologically relevant sounds due to such sounds being overwhelmed with biologically 

irrelevant sounds (Popper, 2003). This effect is yet to be demonstrated for any UBA sound. 

The sensitivity of fish to UBA sounds will be related to their hearing abilities. Fish are generally 

categorized by hearing modalities as either hearing generalists or specialists. Hearing generalists 

use otolithic hearing and respond to the particle movement of the acoustic field. Their hearing 

thresholds are generally quoted at 80 - 100 dB re 1 µPa. Hearing specialists have a connection 

between the inner ear (or the lateral line) and the swimbladder which confers a pressure 

sensitivity and they have more sensitive hearing with a maximum sensitivity of less than 60 dB re 

1 µPa (Wahlberg, 1999; Popper et al., 2004). Hearing specialists in the marine environment 

include clupeids (Denton & Blaxter, 1976) and chaetodontids (Webb & Smith, 2000), though 

most of the commonly encountered marine species will be hearing generalists where particle 

displacement is the most appropriate measure of the acoustic stimulus (Fay & Megela Simmons, 

1999). To determine particle displacements, we used the mean SL dB levels at 20mH20D (L) 

and the relationship p = pO * 10 (L/20) (pO = reference pressure [l o-6 Pa]) to calculate sound 

pressure. Following this, particle displacement was calculated using p = pcroA. Where, pis the 

density of seawater (1025 kgm-3); c is the speed of sound in seawater (1500 cms-1); ro angular 

velocity; and A is particle displacement (m). If all the mean SL power level was at a frequency of 

200 Hz for SCUBA, particle displacement would be 4.19 x 10-8 m; 400 Hz for SECR particle 
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displacement would be 4.24 x 10-10 m; and 100 Hz for FECR particle displacement would be 1.06 

x 10-10 m. Montgomery et al., (2006) state that the best behavioural evidence for the sensitivity 

of hearing generalists is for the cod and plaice, showing greatest sensitivity to particle motion of 

3.0 x 10-11 m indicating that the sound intensities produced by UBA are well within the hearing 

capability of even hearing generalists. 

Simpson et al., (2005a) provided direct field evidence that settling reef fish use sound to orientate 

towards reefs, and that some species of fish may be responding to specific components of the reef 

sound. For example, apogonids preferentially settled at reefs with high frequency (80 % > 570 

Hz, predominantly snapping shrimp derived noise) and low frequency (80 % < 570 Hz, 

predominantly fish derived noise), while pomacentrids preferred to settle on experimental reefs 

with high frequency sound. The present research has shown that the frequency with the most 

power for SCUBA is 200 Hz. Furthermore, Amoser et al., (2004) have described power boats as 

having a peak frequency of 417 Hz with harmonics up to 2000 Hz. Both these sources of noise 

are well within the hearing ranges of larval fish and decapods. This further highlights the 

importance for determining the behavioural influence ofUBA and boat noise on larva behaviour. 

2.5. Conclusion 

The considerations detailed above indicate that most fish should be able to detect the SCUBA 

noise at considerable distances (Table 4) in all conditions. The present study calculated that re

breather technology could also be detected by fish at considerable distances, with mean SL of 

both SECR and FECR noise potentially being detected by fish> 200 m and 12.5 m, respectively. 

In rough sea conditions FECR should be virtually undetectable by fish (0.3 m) while SECR could 

still be detected by fish up to 7 .0 m away. Consequently, re-breather technology may offer some 

advantages in reducing behavioural artefacts in underwater studies using UBA, however, it may 

still radiate sufficient sound to produce behavioural artefacts in some conditions. These estimates 

are conservative and if we were to relax our detection criterion to equal levels ofUBA source and 

ambient background noise, the detection distances would be halved (6 dB is a factor of four in 

intensity and corresponds to a factor of two in distance for spherical spreading). If FECR was 

available for use, the likely detection distance is such that it would not be possible to effectively 
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observe small larval fish or decapods. Without the ability to determine whether the noise 

produced by UBA is affecting the orientation behaviour of settling stages of fish or crabs it was 

not considered appropriate to use in situ UBA for direct observations of orientation behaviour in 

the field for the research for this thesis. As an alternative, the effectiveness of a behavioural 

assay method (choice chamber) was assessed for the continuing research (Chapter 3). 
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CHAPTER3 

THE DIRECTIONAL SWIMMING 

BEHAVIOUR BY FIVE SPECIES OF CRAB 

POST-LARVAE IN RESPONSE TO REEF 

SOUND 

3.1. INTRODUCTION 

Most coastal decapod and fish species have a dispersive pelagic larval phase that ends with 

settlement into suitable coastal habitat. Recent work has shown that these larvae may actively 

seek out suitable coastal habitat for settlement, by using long distance swimming abilities (Leis & 

Carson-Ewart, 1997; 1999; Fisher et al., 2005), and sensory cues (Kingsford et al., 2002; Leis & 

McCormick, 2002; Montgomery et al., 2006). The sensory abilities of larvae are poorly 

understood, but a number of potential cues that larvae may use to detect suitable settlement 

habitat from a distance (i.e., IOO's of m to km) include ambient underwater sound 

(MacMillian,1992; Popper et al., 2001; Jeffs et al., 2003; Montgomery et al., 2006), 

hydrodynamic cues (Jeffs et al., 2005), celestial cues (Rimmer & Phillips, 1979; Jeffs et al., 

2005), chemical cues (Phillips & Penrose, 1985; Phillips & Mc William, 1986; Aterna et al., 

2002; Kingsford et al., 2002; Jeffs et al., 2005), and magnetism (Phillips & Penrose, 1985; 

Wiltschko & Wiltschko, 1995; Jeffs et al., 2005). 

Compared to other potential cues, such as visual and chemical cues, underwater sound 

theoretically has good prospects as a directional cue for settling larvae because it is transmitted 

long distances in water and is capable of carrying information on direction and habitat quality 
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(Hawkins & Myrberg, 1983; Rogers & Cox, 1988; Kingsford et al., 2002; Montgomery et al., 

2006). Field studies have identified ambient underwater reef sound as a navigational cue for the 

larvae of some temperate reef fish (Tolimieri et al., 2000; 2002) and tropical reef fish (Tolimieri 

et al., 2004; Simpson et al., 2004; 2005a). 

There is also some evidence that the phenomenon may exist among the pelagic stages of some 

groups of coastal crustaceans. Jeffs et al., (2003) compared the overall catches of broad 

taxonomic groupings of crab larvae taken in light traps, deployed in conjunction with and without 

artificial sources of reef sound. This research was unable to control for the possible experimental 

artefacts produced by the use of light to attract crab larvae into the traps. Also, differences in the 

behavioural response of the larvae of individual crab species to underwater sound could not be 

determined using these methods due to difficulties in the taxonomic identification of larvae and 

the enormous natural variability in the catches of larvae. This research approach was also 

inefficient as it required the capture, sorting, identification and counting of many thousands of 

individual crab larvae in order to generate statistically valid comparisons. 

Another study that has attempted to observe orientation in crab larvae in the field was Shanks 

(1995a), who observed directional swimming behaviour in four species ofbrachyuran crabs using 

SCUBA. He found that none of the species tested showed a directional swimming response. 

However, if crabs are orienting to underwater sound as suggested by the results of Jeffs et al., 

(2003) it is possible that any field observations of crab larval behaviour using SCUBA could be 

confounded by the use of this noisy equipment (see Chapter 2). It is therefore, necessary to 

develop a more rigorous experimental behavioural assay for determining the response of crab 

larvae to underwater sound, while providing better control for these possible experimental 

artefacts. The development of a rigorous behavioural assay would also provide a path forward 

for the experimental examination of other aspects of this phenomenon, such as species and 

ontogenetic differences, as well as determining sensory detection thresholds and behavioural 

responses to spectral components of the underwater sound. Modelling studies in fish larvae have 

indicated that these parameters are vital in determining the range from which larvae are able to 

detect settlement habitats and therefore the potential number of larvae that can use this cue for 

settlement (Porch, 1998, Armsworth, 2000). Therefore, the aim of this research was to 

demonstrate the potential for a more rigorous and efficient experimental behavioural assay in the 
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field that was capable of determining whether reef sound influences the directional movement of 

the larvae of individual species of decapod crabs. 

3.2. METHODS 

3.2.1. Study Site and Setup 

Due to the difficulty of controlling sound quality and direction in experimental laboratory 

aquaria, an in situ behavioural assay was conducted at night in the coastal waters in Omaha Bay, 

New Zealand (36° 20' S, 174° 48' E) (Figure 1). The behavioural assay tested the response of 

crab larvae to reef sound using a binary choice chamber made from clear acrylic plastic pipe (1 m 

long, 25 mm diameter) with detachable trap ends (100 mm diameter, 200 mm long) with the end 

covered with 500 µm plastic mesh (Figure 2). Within the central region of the cylinder was a 600 

mm choice arena, while at either end of this arena a clear polycarbonate funnel (connected to the 

trap ends) with a single 8 mm opening provided the means to limit the return of larvae back to the 

arena after they had made a "choice" toward one trap end of the cylinder. Due to the small 

differential in density it can be assumed that the plastic choice chamber was effectively 

acoustically transparent in seawater (Gerber, 1978). Four replicate binary choice chambers were 

aligned in parallel horizontally (0.2 m apart) and suspended at 6 and 8 m below the sea surface in 

18 to 20 m water depth (Figure 3). The choice chambers were suspended within a square frame 

(1.5 m x 1.5 m) made of PVC pipe that was held in position by a buoy and anchor attached to 

each corner. 

This mooring system maintained a north-sound horizontal orientation of the choice chambers, 

which was parallel to the nearest shoreline 3 km away. This ensured that any ambient underwater 

sound, hydrodynamic, or chemical cues from the shoreline would arrive perpendicular to the 

chambers and therefore could not influence the directional choice of the larvae in the binary 

choice chamber. Moorings located 80 m either end of the choice chambers were used to deploy 

an underwater loud speaker (Lubell Labs Inc., LL964; 200Hz - 20kHz, 170 dB re 1 µPa at 1 m) 2 

m below the sea surface (Figure 3). For each experimental event the speaker was randomly 

allocated to one of the two moorings to control for any positional bias in the experimental 
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arrangement. A buoy above the speaker containing a battery, digital sound source and amplifier 

was used to play underwater reef noise through the speaker. The sound recording was made at 

night 200 m offshore of Ti Point Reef, within Omaha Bay (36° 19' S, 174° 48' E) using a 

Sonatech BM 125-2 hydrophone lowered to a depth of 8 m. The signal was passed through a 

purpose built RANRL pre-amplifier to a Sony TCD-D8 digital recorder. 
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75 150 
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Figure 1: Map of study site in Omaha Bay, north-eastern New Zealand. 
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Figure 2: Binary choice chamber design. The choice arena was 600 mm long by 100 mm diameter. Trap ends were 200 mm 

long, with a 500 µm mesh covering the ends. Holding container: when Lifesaver dissolves, the elastic band is released, opening 

the lid of the holding container allowing crab post-larvae to enter the choice arena. Not drawn to scale. 
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To run an experiment event a snorkel diver delivered and attached to the centre of each choice 

chamber a sealed 250 ml clear plastic container with crab larvae. Larvae were released into the 

centre of the chamber about 30 min later when the seal on the holding container was released as a 

result of a dissolving Lifesaver™. Crab larvae were left for a period of 10 hr to make a choice 

after which time the funnels in the choice chambers were plugged and the choice chamber was 

recovered by snorkel diver. The numbers of crab larvae in each compartment were later counted 

in the laboratory. 

Crab larvae for the experiments were caught in a 0.5 mm mesh plankton net towed at night in 

Omaha Bay and then transferred in darkness to the laboratory where they were sorted by species 

(pre-settlement stage) and counted in seawater and then maintained in separate aquaria until they 

were used for the choice chamber experiments the following night. Larvae of the following five 

common coastal crab species (four brachyurans and one anomuran) were used; Plagusia chabrus, 

Notomithrax ursus, Cyclograpsus lavauxi, Hemigrapsus edwardsii, Pagurus spp. Two hundred 

individual larvae of one species were used in each replicate choice chamber, except for P. 

chabrus for which only 50 were used due to limited catches. In addition, two control 

experiments were run where no artificial sound was broadcast from the underwater speaker. 

These controls were only completed for P. chabrus and C. lavauxi with only four replicates for 

each species due to limited availability of larvae. Only pre-settlement stage pelagic larvae were 

used. Each species was tested separately and over three consecutive nights over the first and last 

quarter moon nights between September and December of2005. These lunar periods have 

previously been associated with shoreward orientation in coastal crab larvae on this coast (Jeffs et 

al., 2003). All trials were conducted under similar weather conditions, with less than 10 kts wind 

and no swell. 
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3.2.2. Data Analysis 

The data were analyzed in two ways, by excluding or including the post-larvae that did not make 

a choice by remaining in the central arena of the choice chamber. The behavioural data from 

each replicate choice chamber from one night was recorded as a 'win', if there were greater 

numbers of post-larvae caught in the trap end facing toward the sound than in the opposite end 

and the central arena (Tolimieri et al., 2004; Leis & Lockett, 2005). If the artificial sound source 

had no effect on the directional choice of post-larvae then an equal number of wins and losses 

could be expected. Data from each replicate choice chamber experiment for each species was 

pooled and analyzed to test for differences between animals making a choice towards the sound 

source, away from the sound source, and animals not choosing. If the artificial sound had no 

effect on the choice made by post-larvae then an equal number of larvae would be expected to be 

found in each of the three compartments of the binary choice chamber. Both sets of data for each 

species were analyzed using a one tailed (a = 0.1) chi-square test, on basis of the a priori 

expectation that post-larvae would move towards reef sounds at night (Jeffs et al., 2003). 

3.3. RE SUL TS 

3.3.1. Sound Source 

The sound from Ti Point was typical of evening chorus recordings from elsewhere in New 

Zealand (Tait, 1962; Cato 1980; Tolimieri et al., 2000) (Figure 4). There was a peak in the 

spectra around 1.2 kHz, which is thought to be the sea urchin Evechinus chloroticus feeding (see 

Chapters 4 & 5), while the higher frequency pulses were the snaps of snapping shrimp (Tait, 

1962) (see Chapters 4 & 6). 
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Figure 4: Power level of 10 s recording and spectral content of the recorded Ti Point Reef 

sound, averaged over 10 s, with urchin chorus and snapping shrimp spectral peaks. (A) 

Waveform (B) Spectra 

3.3.2. Experimental Results 

In the two control experiments with no broadcast sound both species failed to exhibit a 

directional choice, with most animals remaining in the central chamber (60% of P. chabrus (P > 

0.1) and 76 % of C. lavauxi (P > 0.1)). By contrast, in the experiments using the artificial sound 

source, the majority of individual post-larvae made a behavioural choice by moving from the 

central chamber towards the sound; only 0 - 25 % (overall mean of 13 ± 1.7 % S.E.) of post

larvae failed to make a choice. 
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All five species of crab post-larvae demonstrated a consistent and significant (P < 0.001) 

response toward the artificial source of reef sound, with all 12 replicates for every species 

producing a win (i.e., more post-larvae choosing to move toward than away from the artificial 

sound source) regardless of the position of artificial sound source (Figure 5; Table 1 ). 
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Figure 5: Overall mean proportion of post-larvae for each species of crab located in each 

compartment of the binary choice chamber at the end of the experiment. Different letters indicate 

significant differences between the means (P < 0.05). 
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Table 1: Results of choice chamber experiments using post-larvae of five species of crab in 

Omaha Bay. Toward/Away refers to the directional choice made by post-larvae with respect to 

the position of the underwater sound system. Wins are occasions when the majority of post

larvae moved toward the artificial sound source for an individual replicate experiment. *** 

signifies P > 0.001. 

Total Total Larvae Proportion 

Species Number Toward/Away/No Responding X Values Wins X Values 

Tested (n) Choice Towards 

Plagusia 
600 389/118/93 3.2:1 13.8*** 12 10.8*** 

chaber 

Notomithrax 
2400 1628/461/311 3.5:1 13.8*** 12 10.8*** 

ursus 

Cyclograpsus 
2400 1364/557/479 2.44:1 13.8*** 12 10.8*** 

lavauxi 

Hemigrapsus 
2400 1373/668/359 2.05:1 13.8*** 12 10.8*** 

edwardsii 

Pagurus spp. 2400 1558/507/335 3.07:1 13.8*** 12 10.8*** 

3.4. DISCUSSION 

There is considerable evidence for the use of sounds emanating from reefs in providing 

orientation cues for settlement stage fish larvae (Tolomieri et al., 2000; Leis et al., 2002; 

Tolimieri et al., 2002; 2004; Simpson et al., 2004; 2005a). By comparison, very few studies have 

examined any aspects of the orientation behaviour of the settling stages of coastal crustaceans. A 

study of the orientation behaviour of four species (Pachygrapsus crassipes; Lophopanopeus 

bellus bell us; Cancer oregonesis; and C. gracilis) of pelagic crab megalopae found that none 

demonstrated a consistent shoreward swimming response (Shanks, 1995a). However, this study 

relied on field observations using SCUBA, which produces high levels of ambient noise which 

would have the potential to prevent an orientation response to natural directional sound cues 
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(Radford et al., 2005 - see Chapter 2). Furthermore, these experiments were conducted during 

daylight hours when the crustacean larvae of many species avoid well lit surface waters, 

presumably to avoid predation (Jamisen & Phillips, 1988; Garrison, 1999; Acosta & Butler, 

1999). Jeffs et al., (2003) used combinations of light traps at night with and without artificial 

sources of reef sound, and found that greater numbers of some pelagic crab stages were attracted 

to light/sound combination traps. Furthermore, the orientation behaviour of the pelagic 

crustacean larvae toward artificial sources of reef sound was modulated by the lunar cycle, being 

evident during the first and last quarter moons. These periods have previously been associated 

with the avoidance of nocturnal predators, selective tidal stream and wind driven transport into 

onshore areas (Shanks, 1995b; Eggleston et al., 1998; Shanks, 1998; Acosta & Butler, 1999). 

Also at this study location the first and last quarter moon periods were associated with incoming 

tides commencing around nightfall, when pelagic crab larvae have been found to re-enter the 

water column in order to use selective tidal stream transport (Olmi, 1991; Christy & Morgan, 

1998). Selective tidal stream transport during these neap tide periods would make directed 

swimming activity of pelagic crustacean larvae more effective, in providing greater horizontal 

movement than during spring tides of the new and full moon periods. 

This current study provided clear evidence of attraction to reef sound of the larvae of five 

common New Zealand coastal crab species, P. chabrus, N ursus, C. lavauxi, H edwardsii, and 

Pagurus spp. The larvae of all five species demonstrated the ability to localize and respond 

toward an artificial source of reef sound, strongly suggesting that acoustic orientation behaviour 

could be widespread among coastal crab species. 

Until relatively recently it was thought that crustaceans have limited ability to detect acoustic 

stimuli because they are more or less the same density as sea water and do not have any gas filled 

spaces such as those associated with pressure detection mechanisms of underwater sound in fish 

(Popper et al., 2001). However, crustaceans have receptors that resemble those of vertebrates 

which are capable of responding to hydrodynamic stimulation, particle motion and possibly 

pressure (Cohen & Dijkgraaf, 1961; Breithaupt & Tautz, 1990; Budelmann, 1992). In particular, 

some decapod crustaceans are equipped with several types of receptors, potentially capable of 

responding to the particle displacement component of underwater sound that would be sufficient 

to provide directional information on sound sources (Popper et al., 2001; Montgomery et al., 
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2006). However, the role of these receptors in detecting underwater sound remains uncertain. 

Several studies have elicited a clear behavioural response to underwater sound in crustaceans 

(Goodall et al., 1990; Jeffs et al., 2003). Goodall et al., (1990), through physiological studies 

have shown that the Norway lobster (Nephrops norvegicus) exhibited a set of postural responses 

to sound at frequencies of 20 - 180 Hz. However, undertaking laboratory experiments with sound 

is hugely constrained by the difficulty of controlling tank and surface reflections and refractions 

of the source sound. Being able to conduct behavioural assays in the free field environment of 

the ocean, such as with the assay technique used in the present study, will provide more reliable 

results and also provides an alternate method to using SCUBA and its potentially confounding 

effects (see Chapter 2). 

It has been previously described in fish and decapods that there is a 180° ambiguity in that fish 

can detect sound but cannot determine the direction it is coming from (Fay & Edds-Walton, 

1997; Montgomery et al., 2006). This was subsequently resolved by Tolimieri et al., (2002; 

2004) who conducted binary choice chamber experiments at sea, but using tropical (Tolimieri et 

al., 2004) and temperate larval fish (Tolimieri et al., 2002). They showed a directed swimming 

response towards replayed reef sound indicating that they could determine sound direction and 

resolve the 180° ambiguity. Subsequently, the present study has showed that five common reef 

species of crab post-larvae can also resolve the 180° ambiguity by showing a directed swimming 

response towards the replayed sound source. As the results showed that the orientation response 

occurred in five species from two sub-orders (Brachyuradae and Anomuradae ), and a range of 

families (Paguridae, Grapsidae and Majidae) it suggests that this behaviour could widespread 

among coastal crab species. 

A number of studies have found that greater numbers of the pelagic stages of some coastal fishes 

and crabs were attracted to light traps with artificial sources of reef sound, compared to light traps 

alone (Tolimieri et al., 2000; Jeffs et al., 2003; Leis et al., 2003; Simpson et al., 2004), however, 

they failed to control for any synergistic effect due to the combination of light and sound 

associated with traps (Montgomery et al., 2006). Also, in a previous study by Jeffs et al., (2003) 

the pelagic crab stages responding to the underwater sound were not identified to species, so the 

possibility of species-specific differences remained undetermined. The limitations of these 

previous research methods have been overcome by the behavioural choice chamber arrangement 
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and allowed the demonstration of orientation responses to underwater sound for individual 

species, free of experimental artefacts due to the use of light sources, and the enormous natural 

variability encountered with light trap catches. Therefore, the behavioural assay provides a 

powerful tool for rigorously examining other key aspects of the response of pelagic crustaceans 

to underwater sound such as; measuring acoustic thresholds for different sound frequencies, 

teasing apart the specific components of the underwater sound that elicit behavioural responses, 

identifying temporal, tidal and developmental changes in sensory ability and behaviour, and 

locating acoustic sensory organs with use of localized ablation techniques, and temporal changes 

in behaviour. 
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CHAPTER4 

DAILY, LUNAR AND SEASONAL 

CHARACTERISTICS OF AMBIENT 

NOISE IN SHALLOW COASTAL WATERS 

OF NORTH-EASTERN NEW ZEALAND 

4.1. INTRODUCTION 

Many coastal invertebrates and fish produce planktonic larvae that undergo development in the 

waters over the continental shelf well away from coastal settlement sites. A potentially critical 

period in the development of these larvae is the migration from the continental shelf waters back 

to their settlement sites on the coast. There are two conflicting theories as to how larvae locate 

suitable settlement habitat. One is that larvae are at the mercy of the hydrodynamic regime and 

consequently the arrival at the coast and subsequent larval settlement occurs at random. The 

more recent theory comes from the discovery that decapod post-larvae (Shanks, 1995a; Jeffs et 

al., 2000; 2005) and some fish larvae (Stobutzki et al., 1994; Leis et al., 1997; Stobutzki, 1997; 

Stobutzki et al., 1997; Stobutzki, 1998; Leis et al., 1999; Fisher et al., 2005) have strong 

swimming abilities. Hence, researchers have suggested that juvenile reef fish migrate back to 

coastal settlement sites by swimming shoreward, following specific orientation cues. 

Recent experimental evidence suggests that underwater sound is used as an orientation cue by 

some pelagic post-larval reef fishes and crustaceans (Tolimieri et al., 2000; Leis et al., 2002; 

Tolimieri et al., 2002; Jeffs et al., 2003; Leis & Carson-Ewart, 2003; Leis et al., 2003; Tolimieri 
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et al., 2004; Simpson et al., 2005a; Montgomery et al., 2006). Underwater sound has the 

potential to act as a long distance orientation cue because it can travel relatively unattenuated 

through the ocean. Ambient sea noise is composed of a combination of acoustic sources (Acosta 

et al., 1997; Cato et al., 2002). Abiotic sources of ambient sea noise in the nearshore 

environment are mostly due to the effect of the wind and waves that produce noise of frequencies 

above 150 - 200Hz. Biotic sound is generated by a variety of marine life involved in 

reproductive displays, territorial defense, feeding or echolocation, and covers a very wide range 

of frequencies (Knudson et al., 1948; Tait, 1962; Wenz, 1962; Cato, 1976; 1992; 1997b; 

McCauley & Cato, 2000; Samuel et al., 2005). 

The physics of sound propagation and, analysis of recordings of ambient underwater sound 

provide some theoretical support for the potential of sound being used as an orientation cue 

(Montgomery et al., 2006). Psychophysical and electrophysiological studies provide evidence of 

the hearing competence of pre-settlement larvae and show that fish and crustaceans may well 

have the sensory capability to use sound to find reefs (Budelmann, 1992; Popper & Fay, 1993; 

Fay & Edds-Walton, 1997; Popper et al., 2001; Popper et al., 2003). Furthermore, behavioural 

experiments have provided some direct evidence that sound is used by these animals to guide 

their movements in relation to reefs. The first behavioural experiment replayed recorded reef 

sound in the vicinity of light traps, which were moored in a bay some distance offshore from any 

reefs (Tolimieri et al., 2000). The light traps associated with the replayed reef sound (180 dB re 1 

µPa at l m) had significantly higher catch rates of the pelagic larvae of triple-fin reef fish 

compared to silent control traps. Two subsequent studies have repeated the experiment in other 

locations and demonstrated the same phenomenon for a wide range of tropical reef fish species 

(Leis et al., 2003; Simpson et al., 2004). The same methods have shown that the phenomenon 

also occurs for some decapod larvae in temperate waters (Jeffs et al., 2003). Further experiments 

using choice chambers have shown that late-stage larval fish and decapods orientate to sound in a 

manner that is entirely consistent with guiding their movement toward reefs as suitable settlement 

habitat (Tolimieri et al., 2002; Tolimieri et al., 2004; Radford et al., in press). Simpson et al., 

(2005a) were able to show that artificial patch reefs constructed of dead coral had higher levels of 

settlement when they were associated with replayed reef sounds compared to patch reefs without 

sound. 
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Despite the potential importance of ambient underwater sound in the orientation and recruitment 

of a wide range of key reef species, very little is known about the temporal variability (i.e. time of 

day, lunar and seasonal) of underwater noise in shallow coastal waters. A daily pattern in 

ambient noise has been observed at two locations in New Zealand (Tait, 1962; Castle, 1974) and 

in some places around temperate and tropical Australia (Cato, 1976; 1978; 1980; 1992; 1997a). 

However, a systematic study of the temporal variability (time of day, lunar phase, seasonal) of 

ambient noise levels from a shallow coastal location has never been reported. Therefore, the aim 

of this study was to examine the temporal variability of ambient noise levels from a coastal 

location in north-eastern New Zealand, and to estimate how this variability might affect the 

distance offshore that larval fish could theoretically detect this noise. 

Snapping shrimp are a ubiquitous source of ambient noise in temperate and sub-tropical waters of 

the world (Everest et al., 1948; Cato, 1976; 1978; Versluis et al., 2000), but their contribution to 

ambient noise has never been quantified despite having the potential to be considerable because a 

single snap can produce 190 - 210 dB re 1 µPa at l m across a broad frequency range 2 - 20 kHz 

(Au & Banks, 1998; Versluis et al., 2000). Therefore, a secondary aim of this was to determine 

how important these animals were in their contribution to ambient sea noise in New Zealand 

waters by determining the temporal variability (i.e., time of day, lunar, seasonal) of their acoustic 

output. 

4.2. Methods 

4.2.1. Study Site 

To assess temporal variation in ambient underwater noise at North Reef, Leigh north-eastern 

New Zealand (36° 15' 45" S, 174° 47' 33" E). Ambient sound was recorded every hour on the 

hour for five minutes over two days during two moon phases (new moon and full moon, where 

moon phase was considered to be 3 days either side of the astronomical event). A preliminary 

study showed that these were the loudest and quietest times of the moon phases. Recordings 

were also taken over the four austral seasons, Summer (December - February), Autumn (March -

May), Winter (June - August), and Spring (September - November). A hydrophone-recorder unit 
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was placed 1 m off the seafloor in 21 - 23 m of water depending on the tide, and 80 m away from 

the margin of the coastal fringing reef. 

4.2.2. Recording System 

The hydrophone-recorder consisted of a calibrated Sonatech BM 216 omnidirectional 

hydrophone ( 10 Hz to 60 kHz flat response) connected to an automated recording system 

contained in an underwater housing. The system consisted of a Unidata Micrologger timing and 

relay unit operating a Sony TCD-D8 digital recorder with a sampling rate of 48 kHz. The 

hydrophone was calibrated by recording a NetMark 1000 acoustic pinger (specifications: source 

level 130 dB re 1 µPa at 1 m, 10 kHz signal, 300 ms pulse length, 4 s repetition rate). The 

recordings were transferred to a PC and analysed using Matlab software with codes specifically 

written for these recordings. Wind speed and direction data was recorded simultaneously every 

hour at the climate station, at the nearby Leigh Marine Laboratory. 

4.2.3. Statistical Analysis 

To determine if variability in wind speeds might exert an influence on the ambient underwater 

sound recordings, the hourly wind speeds (which are an average of wind speeds recorded every 2 

s during that hour) were averaged for the duration of the sampling period for each of the different 

temporal sampling events and compared using ANOV A. 

4.3.3.1. Measured Levels and Snapping Shrimp 

Each 5 min sound recording was divided into 10 s sub-samples within which five were randomly 

selected and broadband measured level (ML) for each was calculated. For each of the five 

randomly selected sub-samples the number of snaps produced by snapping shrimp was estimated. 

This was achieved by setting a threshold level on the raw data and any transient spike less than 

0.2 msec above the threshold was counted as a snap by a shrimp. Time of day was divided into 

four periods; night, dawn, day and dusk. The periods were defined based on light data obtained 

from light measurements taken at the nearby climate station at the Leigh Marine Laboratory 

Climate Station. Night was defined as having no light (0 MJ m-2 h-1); Dawn and Dusk was 
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defined as having less than 1.2 MJ m-2 h-1 of light; and Day as having greater than 1.2 MJ m-2 h-1 

of light. For each period the ML and number of snaps were averaged and analysed using a 

general linear mixed model with weighted means. Covariance parameter estimates were 

calculated for the auto-regressive error structure ARH( 1 ), to account for the repeated nested 

factor (Day(Moon Phase*Season)). These analyses enabled comparisons in the mean ML data 

and the number of snaps to be made among Time of Day, Moon Phase and Season. Significant 

differences between individual pairs of means were determined using Tukey's tests. All data 

were analysed using SAS software and presented as the statistical mean ± the standard error of 

the mean. 

4.3.3.2. Power Spectra 

Power spectra were generated using Fast Fourier Transformation (FFT) analysis of 10 s samples, 

which were randomly selected and smoothed with an 11 point triangular window. Data was high 

pass filtered to l 00 Hz to remove any effect of surface waves and any 50 Hz interference. The 

parameters of importance from the power spectra were peak frequency (the frequency with the 

highest power level), peak power (the power level at the peak frequency), and the dB gain (peak 

power level - average power level). Data was analysed for normality and homogeneity of 

variance using the Kolmogorov-Smimov and Bartlett's test, respectively. Data that were normal 

and with homogeneous variances were then analysed using ANOV A. 

4.2.4. Estimates of Transmission Range 

The mean broadband ML recorded in new moon and full moon periods in summer and winter, 

were used to estimate the distance at which the directional sound from a reef would be detectable 

by fish above typical omnidirectional ambient noise (A) levels encountered in the sea. The 

estimates are conservative because the open ocean ambient noise might also be directional which 

would make it easier for fish to distinguish the reef noise. A typical ambient noise level was 

calculated by averaging the lowest 10 ambient measured levels recorded during the day-time over 

both moon phases, which equated to 90 dB re 1 µPa. Because a reef is not a point sound source 

the standard formulae for spherical and cylindrical spreading for sound cannot be used. Spherical 

spreading ignores reflection of sound at surface and bottom. Cylindrical spreading includes 
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reflections but ignores attenuation. Actual spreading will be between these two limits. 

Therefore, the data was modeled first using the conventional cylindrical and spherical spreading 

methods (using the reef as a point source) and then compared those values with cylindrical 

spreading from the reef (linear source). For our recording taken at 80 m from the reef an 

additional 20 dB at source on the reef was calculated based on cylindrical spreading from the 

reef. (pers comm. C. Tindle). For purposes of comparison we can assume that directional reef 

noise will be just detectable when its noise power is the same as the ambient noise power. This 

assumption leads to the following equations for spherical and cylindrical spreading from the 

measured level (ML) to calculate the range (R) at which the fish are theoretically likely to be able 

to detect the underwater noise above ambient background noise (pers comm. C. Tindle): 

ML - A + 20 = 20 log 10 (R) Spherical 

ML - A + 20 = l 0 log 10 (R) Cylindrical 

4.2.5. Calculation of Particle Displacement 

After establishing an estimate of how far offshore the noise from a reef will propagate we can 

then consider if the sound is likely to be able to be detected by fish. The best evidence for the 

detection of particle displacement for a fish (A) has been reported in plaice at 3 x 10-11 m (Sand & 

Karlson, 2000). To determine how far offshore the particle displacement from an 800 Hz signal 

would be detectable to larval fish and decapods assuming they are as sensitive as plaice the root 

mean square (rms) pressure (p) was calculated using p = pcroA (Radford et al., 2005), where p, c 

and ro are density of sea water, sound speed and angular frequency, respectively. From this dB 

level (L) was calculated using the relationship L = log10 (p/pO) where pO is the reference pressure 

(10-6 Pa). Using ML and the reef sound propagation model for cylindrical and spherical 

spreading, the distance offshore an 800 Hz signal could be detectable to larval fish and decapods 

with similar hearing sensitivity to plaice was estimated. This assumes that for a fish to determine 

the direction of the reefthe received level from the reef needs to be higher than the hearing 

sensitivity threshold of the animal, but also greater than, or equal to, the ambient omnidirectional 

noise level at the fish. 
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4.3. Results 

4.3.1. Wind Speeds 

Wind speeds were similar between both Moon Phase (F 1,190 = 0.27, P = 0.6), among Seasons 

(F3,1ss= 1.21, P = 0.7), and the interaction (Moon Phase*Season) (F3,i 81 =0.81, P = 0.1). 

Therefore, wind was eliminated as the cause of any differences in ML of recorded ambient sound 

(Table 1). Sea swell conditions were also not considered to have affected the recordings because 

all recordings were taken in conditions of less than 0.5 m swell (http://www.swellmap.com). 

Table 1: Average hourly wind speeds (ms-1) for each moon phase and season. 

Moon Season Wind Speed (ms-) ± S.E. 

New Moon Summer 3.81 0.18 

Full Moon Summer 2.56 0.14 

New Moon Autumn 4.50 0.68 

Full Moon Autumn 4.44 0.56 

New Moon Winter 2.91 0.50 

Full Moon Winter 3.85 0.75 

New Moon Spring 4.29 0.05 

Full Moon Spring 3.39 0.74 

df F Value P Value 

Moon (M) 1,190 0.27 0.61 

Season (S) 3,188 1.21 0.65 

S*M 3,181 0.81 0.14 

4.3.2. Measured Levels 

Measured levels (Figure 1) varied significantly between the Time of Day (F3,24 = 74.99, P < 

0.001), Moon Phase (F1,8 = 512.78, P < 0.001), and Season (F3,8 = 283.78, P < 0.001). 
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Figure 1: Measured levels (dB re 1 µPa) for North Reef during the new and full moons for (A) 

summer; (B) autumn; (C) winter; (D) spring. •=new moon, o =full moon. 
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Dusk was the loudest time of the day, followed by dawn, night and day, which were all 

significantly different from each other. The loudest time of the year was the new moon during 

summer (143 ± 4 dB re 1 µPa) and was significantly louder than the new and full moon phases of 

any other season. The quietest time of the year was the full moon during winter (95 ± 1 dB re l 

µPa). Overall, summer was the loudest time of the year and significantly louder than autumn 

winter and spring, which were similar. There was a significant interaction between 

Season*Moon Phase (F3,8 = 27.61, P < 0.001), while Season*Time ofDay (F9,24 = 1.58, P = 

0.177), Moon Phase*Time of Day (F3,24 = 1.95, P = 0.148) and Season*Moon Phase*Time of 

Day (F9,24=1.48, P=0.211) were not significant (Table 2). All the new moon phases during all the 

seasons were significantly louder than their respective full moon phases for the same seasons. 

The measured levels on the new moon periods in autumn, winter and spring were similar, and the 

same pattern existed for the full moon periods during the same seasons. The difference between 

new moon and full moon measured levels was greatest in summer (20 dB re 1 µPa), with the 

smallest difference observed during winter (8 dB re l µPa). 

4.3.3. Snapping Shrimp 

The number of snaps produced by snapping shrimp (Figure 2) exhibited significant differences 

forthe Time ofDay (F3,8 = 62.4, P < 0.001), Moon Phase (Fl,8= 112.9, P < 0.001) and Season 

(F3,8 = 81.6, P < 0.001). Snapping shrimp produced significantly more snaps during dusk than 

any other time of the day and they produced significantly more snaps during the new moon 

compared to the full moon. In winter, there were significantly fewer snaps produced compared to 

the other three seasons. All the interactions also exhibited significant differences, Season*Moon 

Phase (F3,8 = 28.8, P < 0.001), Moon Phase*Time of Day (F3,24 = 32.3, P < 0.001), Season*Time 

of Day (F9,24= 16.2, P < 0.001) and Season*Moon Phase*Time of Day (F9,24= 5.0, P < 0.001) 

(Table 2). Snapping shrimp produced significantly more snaps in summer during dusk on the 

new moon than in any other season and moon phase (Figure 2). The dusk periods during 

summer, autumn and spring for the new moon (3134 ± 747 snaps/10 s; 859 ± 764 snaps/10 s; 909 

± 776 snaps/10 s, respectively) and full moon (579 ± 378 snaps/10 s; 8 ± 6 snaps/10 s; 12 ± 5 

snaps/10 s, respectively) had significantly more snaps compared to night, dawn and day periods. 

However, the number of snaps during dusk and dawn for both the moon phases were similar in 

winter, but was significantly higher than during night and day. 
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Figure 2: Mean number of snaps of snapping shrimps in l 0 s for North Reef during the new and 

full moons for (A) summer; (B) autumn; (C) winter; (D) spring. •=new moon, o =full moon 

(Note the different ordinate scales). 
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4.3.4. Choruses 

Overall, there was an increase in the ML for the frequency range 100 - 24000 Hz from 9 am to 

10 pm (Figure 3). There was an increase in the power level for this frequency range from day 

time into dusk, followed by a slight decrease from dusk to night, with another increase from night 

to dawn. At dawn, the overall power level in this frequency range returned to daytime levels. 

During the dawn and dusk periods there was also an increase in power in the frequency range 500 

- 2000 Hz. At around 800 Hz there was a peak in acoustic power that was always present being 

observed every hour of the day and night, (Figure 3) for both moon phases and every season. 

This then becomes integrated into the dawn and dusk choruses. 

There was a dusk chorus observed every night over all the seasons, and over all moon phases 

(Figure 4 ). The lower and upper limits of the frequency of these choruses varied significantly 

over season and moon phase and was responsible for the significant interaction (Season*Moon 

Phase) in the ANOV A analyses (Table 3 and 5). The peak frequency in the power spectra's 

ranged from 804 ± 8.4 Hz for the new moon during summer to 1798.4 ± 85.6 Hz for the full 

moon during summer, and this difference in frequency was statistically significant. The peak 

power was significantly higher during the summer on the new moon (111.6 ± 1.6 dB re 1 µPa2 I 

Hz) than the lowest peak during winter on the full moon (73.2 ± 1.8 dB re 1 µPa2 I Hz). Both, the 

largest and smallest changes in dB gain were observed in summer during the new moon (30.0 ± 

1.2 dB re 1 µPa2 I Hz) and full moon (13.0 ± 1.6 dB re l µPa2 I Hz), respectively 

A dawn chorus was observed over both moon phases and during all seasons (Figure 5). The 

frequency band width of the chorus significantly differed between seasons (Table 4 and 5). The 

peak frequency of the dawn chorus during full moon was significantly lower (795.6 ± 5.6 Hz) 

compared to summer full moon phases (1519.6 ± 15.2 Hz). Peak power was significantly higher 

during the summer new moon phase (94.6 ± 0.8 dB re 1 µPa2 I Hz) than observed during the 

autumn full moon (52.8 ± 0.8 dB re 1 µPa2 I Hz). The dB gain of the dawn chorus was 

significantly greater during the full moon in spring (24.4±0.9 dB re l µPa2 I Hz) than the smallest 

dB gain of 6.6 ± 0.5 dB re 1 µPa2 I Hz during the autumn full moon. 
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Table 2: Results from the generalised linear mixed model analysis on measured level and 

number of snapping shrimp snaps. 

Effect df F Value P Value 

ML Snaps ML Snaps ML Snaps 

Season (S) 3,8 3,8 283.7 81.6 < 0.001 < 0.001 

Moon Phase (M) 1,8 1,8 512.7 112.9 < 0.001 < 0.001 

Diurnal (D) 3,24 3,24 74.9 62.4 < 0.001 < 0.001 

S*M 3,8 3,8 27.6 28.8 < 0.001 < 0.001 

S*D 9,24 9,24 1.5 16.2 0.177 < 0.001 

M*D 3,24 3,24 1.9 32.3 0.148 < 0.001 

S*M*D 9,24 9,24 1.4 5.0 0.211 < 0.001 

Covariance 

Parameter Estimate 
ARH(l) P Value 

ML Snaps ML Snaps ML Snaps 

Day (M*S) 0.1 0.13 2.2 2.8 <0.05 < 0.05 
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Table 3: Parameters of interest from the power spectra from the dusk choruses. Peak Frequency 

= the frequency with the highest power level. Peak Power = the power level at the peak 

frequency. dB gain= difference between peak power and the ambient power level. 

Peak Frequency Peak Power dB Gain 

(Hz) (dB re 1 µPa2 I Hz) (dB re 1 µPa2 I Hz) 

New Moon 804 ± 8.4 111.6 ± 1.6 30.0 ± 1.2 
Summer 

Full Moon 1798.4 ± 85.6 76.8 ± 2.0 13.0 ± 1.6 

New Moon 1211.6 ± 24.3 90.6 ± 0.8 27.6 ± 0.8 
Autumn 

Full Moon 1197.8 ± 33.4 76.2 ± 1.2 20.2 ± 0.8 

New Moon 797.l ± 8.1 79.4 ± 1.2 20.6 ± 0.9 
Winter 

Full Moon 813 ± 6.5 73.2 ± 1.8 17.4 ± 0.5 

New Moon 1204.2 ± 9.0 85.6 ± 2.1 20.6 ± 1.0 
Spring 

Full Moon 1200.6 ± 7.9 77.8 ± 0.8 19.4 ± 0.5 

Table 4: Parameters of interest from the power spectra from the dawn choruses. Peak 

Frequency = the frequency with the highest power level. Peak Power = the power level at the 

peak frequency. dB gain= difference between peak power and the ambient power level. 

Peak Frequency Peak Power dB Gain 

(Hz) (dB rel µPa2 I Hz) (dB re 1 µPa2 I Hz) 

New Moon 799.0 ± 3.3 94.6 ± 0.8 17.2±0.4 
Summer 

Full Moon 1519.6 ± 15.2 73.0 ± 0.5 12.8 ± 0.6 

New Moon 794.0 ± 5.4 76.2 ± 0.6 12.5 ± 0.5 
Autumn 

Full Moon 798.8 ± 5.4 52.8 ± 0.8 6.6 ± 0.5 

New Moon 795.6 ± 5.6 78.0 ± 1.1 14.8 ± 0.6 
Winter 

Full Moon 799.0 ± 2.6 75.4 ± 0.8 17.0±0.8 

New Moon 1204.0 ± 23.0 83.5 ± 0.9 24.4 ± 0.9 
Spring 

Full Moon 1241.4 ± 20.0 75.4 ± 1.1 17.2±0.7 
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and full moons for (A) summer; (B) autumn; (C) winter; (D) spring. Black Line= New Moon; 

Red Line = Full Moon. 
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Figure 5: Power spectra of the dawn chorus (dB re lµPa2 I Hz) for North Reef during the new 

and full moons for (A) summer; (B) autumn; (C) winter; (D) spring. Black Line= New Moon; 

Red Line = Full Moon. 

53 



Chapter 4: Daily, lunar and seasonal characteristics of ambient noise in shallow coastal waters of 
north-eastern New Zealand. 

Table 5: Results from general linear model analysis on the dusk and dawn chorus parameters. 

df 

Peak Frequency Dusk Dawn 

Season (S) 3 3 

Moon Phase (M) 1 1 

SxM 3 3 

Peak Power 

Season (S) 

Moon Phase (M) 

SxM 

dB Gain 

Season (S) 

Moon Phase (M) 

SxM 

3 

1 

3 

3 

1 

3 

3 

1 

3 

3 

1 

3 

Dusk 

173.3 

174.9 

172.9 

46.9 

208.0 

36.0 

8.9 

101.9 

24.2 

F Stat 

4.3.4. Sound Propagation and Particle Displacement 

Dawn 

886.5 

530.3 

449.3 

174.7 

497.7 

65.0 

87.7 

61.7 

18.3 

P Value 

Dusk 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

Dawn 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

< 0.001 

Measured levels from a reef during dusk for the new moon in summer was estimated to be 

detectable by larval fish or crustaceans above that of an omnidirectional ambient background 

noise at 3.9 km for spherical spreading and 200 km for cylindrical spreading (Table 6). These 

distances were considerably shorter for winter, with the sound being detectable up to 12 km for 

cylindrical spreading. During the full moon in summer the dusk noise level was estimated to be 

detectable by fish up to 200 km and during full moon in winter significantly shorter at 1.9 km for 

cylindrical spreading. For spherical spreading the distances reef sound would be detectable 

above ambient background noise on the new and full moon during winter and full moon during 

summer were not considered because the reef model was violated. 
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Table 6: Estimated distances at which underwater sound produced during the dusk chorus in 

summer and winter on new and full moon likely to be detectable to fish. 'Detectable to fish'= 

distance at which the chorus can be detected by fish and crustaceans above general ambient 

background noise. * values that violate the reef model assumptions (pers.comm. C. Tindle). 

New Moon Full Moon 

Spreading Type Summer Winter Summer Winter 

Spherical (km) 3.9 0.1 * 0.35* 0.04* 

Cylindrical (km) 200 12 200 2.0 

The best behavioural evidence for sensitivity of hearing generalists is for the cod and plaice, 

which show greatest sensitivity to particle motion of 3.0 x 10-11 m (Sand & Karlsen, 2000; 

Montgomery et al., 2006). For all times of the day during the summer new moon there is a large 

difference between the upper (256 km) and lower limit (1 - 8 km) of a fish to be able to detect an 

800 Hz signal. During summer on the full moon these differences are much less, except for dusk, 

where the difference is even greater. Autumn and spring full moon periods seem to be the times 

that fish are not able to detect the 800 Hz signal at large distances compared to any other season 

and moon phase. During the full moon the upper and lower limits of the ability of fish to detect 

the 800 Hz signal were much less compared to the new moon periods (Table 7). 
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Table 7: The distance (km) an 800 Hz signal would be detectable to hearing generalist fish with 

similar hearing sensitivity to that reported in plaice 3 x l 0-11 m (Sand & Karlson, 2000). S = 

Spherical spreading (lower limit of sound propagation); C =Cylindrical spreading (upper limit of 

sound propagation). 

Night Dawn Day Dusk 

Moon 
Season s c s c s c s c 

Phase 

New Moon 1.5 256 2 256 l 256 8 256 
Summer 

Full Moon 0.042 16 0.18 32 0.042 16 0.5 256 

New Moon 0.092 8 0.18 32 0.1 8 0.5 256 
Autumn 

Full Moon 0.023 0.5 0.031 1 0.023 0.5 0.1 8 

New Moon 0.092 8 0.125 16 0.062 4 0.18 32 
Winter 

Full Moon 0.03 1 0.062 4 0.031 1 0.062 4 

New Moon 0.092 8 0.18 32 0.092 8 0.375 128 
Spring 

Full Moon 0.023 0.5 0.046 2 0.023 0.5 0.092 8 

4.4. Discussion 

Ambient underwater noise at North Reef, north-eastern New Zealand, shows significant diurnal, 

lunar, and seasonal variation. Over 24 hours, the day is the quietest time followed by night, then 

dawn, with dusk being the noisiest. There is both a dusk and dawn chorus, with the dusk chorus 

being significantly louder than the dawn. Over the lunar month, reef noise during the new moon 

period is significantly louder than the full moon period. Seasonality also significantly affects the 

power of ambient noise, with summer being significantly louder than autumn, winter and spring. 

Snapping shrimp were an important source of biotic sound and exhibited significant diurnal, 

lunar and seasonal variation in their sound production. There were significantly more snaps 

produced during dusk compared to day, night and dawn. The new moon had significantly more 

snaps compared to the full moon. Seasonally, there were significantly greater numbers of snaps 
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( ~ 10 times more depending on the time of day and moon phase) produced during summer than 

any other season. 

4.4.1. Power Levels and Choruses 

Light intensity between the new and full moon can vary by 3 - 4 orders of magnitude (Erkert, 

1977; Munz et al., 1977) and many nocturnally active animals alter their behaviour and activity in 

relation to the changing light of the lunar cycle. Two major selective forces have been used to 

explain these responses; either change in predation risk or in prey availability (Lang et al., 2006). 

However, the moon phase can affect these animals differently depending on whether they are 

predators, prey or both. For instance, the snapping shrimp is both a prey and predator species. 

They show a strong lunar activity rhythm and produced significantly more snaps during the new 

moon period, when there is the least amount of illumination. This could be due to the shrimp 

communicating, reduced risk of predation by visual nocturnal predators, and/or reduced risk of 

being detected by their prey. 

The most ubiquitous biological component of ambient noise is the snapping shrimp, since it is 

evident throughout the world in shallow, warm waters, usually in depths of less than 60 m and 

latitudes less than about 40° (Knudson et al., 1948; Everest et al., 1948; Fish, 1964). The shrimp 

responsible belong to the genera Alpheus spp. and Synalpheus spp. (Fish, 1964). Large numbers 

of shrimp can produce a sizzling or crackling sound, in the frequency range 2 - 12 kHz, a 

characteristic seen in shallow waters around both Australia (Cato, 1976; 1978; 1992; 1997a) and 

New Zealand (the present study). The present research showed that snapping shrimp form a large 

part of the elevated levels of noise during dusk, dawn and night, with the power levels in the 

frequency range 2 - 12 kHz increasing above that of the ambient background noise. The noise in 

this bandwidth was significantly louder in the summer compared to winter. This could be a result 

of the water being the warmest during summer. As these animals are poikilotherms and there is 

less predation pressure under darker conditions, the shrimp are likely to be more active during 

periods with both warmer water temperatures and low light (i.e., new moon during summer). As 

the water cools progressively after summer, activity levels probably decrease as does the 

frequency of snapping. Source levels of a single snap by a snapping shrimp can be as loud as 190 

- 210 dB re 1 µPa2 at 1 m (peak to peak) in the frequency range 2 - 15 kHz (Everest et al., 1948; 
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Au & Banks, 1998; Versluis et al., 2000). Consequently, as snapping shrimp can occur in large 

numbers on the seafloor, they will most often be the dominant biological source of noise in the 

frequency band of 2 - 15 kHz 

The term dusk or dawn chorus is used to describe the combined ambient noise produced when 

large numbers of individual crepuscular animals are producing sounds during these periods. 

Dusk and dawn choruses were observed for all 24 hour periods recorded during all the seasons. 

Different choruses have been found to have different diurnal, seasonal, geographic and spectral 

characteristics (Knudson et al., 1948; Fish, 1964; Fish et al., 1972; Cato, 1978; 1992). This 

current research is no exception with the intensity and band width of the choruses varying 

between seasons. Dusk and dawn choruses vary in intensity and dominant frequency band for 

North Reef, with the highest intensities occurring during summer and the lowest in winter. One 

previous study on ambient underwater noise at Great Barrier Island, New Zealand, also observed 

a dusk chorus (Tait, 1962). Although, Tait (1962) never looked at seasonal variation, the findings 

of the present research confirm his results that the chorus occurred on dusk and ceased 

approximately 1 - 2 hr after sunset. 

A number of studies on ambient underwater noise around Australia have shown the presence of 

choruses (Cato, 1978; 1992). The choruses were observed in the frequency band of 

approximately 400 Hz to approximately 5 kHz and lasted for a few hours. The most consistent 

time of occurrence was immediately after sunset, although some choruses were observed 

immediately before sunrise and around midday. The bandwidth of the choruses reported in this 

research ranged from 450 Hz to 2 kHz. The somewhat reduced bandwidth of the choruses 

observed in this study could possibly be due to there being less noise producing fish in New 

Zealand's temperate waters compared to the tropical waters of Australia where Cato (1976; 1978; 

1992) conducted his studies. The noise increase for dusk choruses above daytime ambient levels 

is on average about 20 dB for North Reef during summer. This is consistent with Australian 

choruses where Cato (1992) observed on average an increase of20 dB during the dusk chorus. 

Early research in New Zealand tentatively identified the source of the dawn and dusk choruses to 

be the sea urchin Evechinus chloroticus (Castle, 1974; Castle & Kibblewhite, 1975). Castle 

(1974) suggested the urchin test could act as a Helmholtz resonator that would be capable of 
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amplifying feeding noises produced by individual urchins. He calculated that an urchin with a 

mean diameter of 55 mm could theoretically produce a noise at a frequency of 1600 Hz, a 70 mm 

urchin a frequency of 1250 Hz, and a 110 mm urchin 800 Hz. However, further research is 

required to experimentally demonstrate that E. chloroticus is actually an important biotic acoustic 

source (see Chapter 5). Urchins are nocturnally active animals (Nelson & Vance, 1979; Jones & 

Andrew, 1990; Hereu, 2005) that are frequently preyed upon by nocturnal and diurnal predators. 

It is possible that the smaller increase in the power level observed during the dusk chorus 

between the new and full moons was due to the small urchins remaining in their crevices during 

the full moon because they become more susceptible to visual predators. 

There was a peak in acoustic power at 800 Hz evident throughout the entire set of recordings for 

every hour recorded during all the moon phases for every season. There was also a secondary 

peak in the power spectra between 1400 - 1800 Hz which is persistent at dawn and dusk. Both of 

these acoustic peaks become integrated into the dawn and dusk choruses. This is not a common 

occurrence in the acoustics literature and subsequently has only been reported by one other 

researcher. Cato (1978) observed the same phenomena in the West Pacific Ocean and the Timor 

Sea around Australia. Considering the details above, it is possible that the different sized urchins 

caused the two spectral peaks. As large urchins are not predated upon with the same intensity as 

medium and smaller urchins they may remain active during the day causing the sustained 800 Hz 

peak while at dusk the other urchins become active causing the second peak and the subsequent 

amalgamation of the two peaks. 

4.4.2. Sound Propagation and Larval Settlement 

In tropical coastal ecosystems it is well known that larval fish settlement is temporally variable 

with the greatest larval settlement generally occurring around the time of the new moon during 

summer (Robertson et al., 1988; Victor, 1991; Thorold et al., 1994; Caselle & Warner, 1996; 

Dufour et al., 1996; Sponaugle & Cowen, 1996; Lozano & Zapata, 2003; Mcllwain, 2003). 

Robertson et al., (1988) surveyed isolated artificial reefs at dawn and dusk, removing all fish 

found at each visit and observed that 93% of new recruits captured were found at dawn. This 

indicates that virtually all settlement occurred at night. For temperate waters, Milicich (1986) 

showed that settlement of the leather jacket, Paraki scaber around the Leigh coast in northern 
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New Zealand was greatest in summer immediately after the new moon. Other studies in New 

Zealand have shown that the abundances of larval reef fish are in greatest abundances in the 

water column during spring and summer (Kingsford & Choat, 1985; Kingsford, 1992; 

Tricklebank et al., 1992). 

There are several theoretical explanations for the commonly observed pattern of larval settlement 

during the night in the summer months. One theory involves the availability of a suitable and 

abundant food source in the water column. Fish larvae swim large distances from the continental 

shelf to locate suitable settlement habitat on the coast (Leis, 2006). It has been proposed that the 

availability of food in the water column during fish larval period in the plankton is essential for 

sustaining larval health at settlement and promoting bigger growth of larvae (the 'bigger is better' 

hypothesis - Miller et al., 1988; Bailey & Houde, 1989). It is thought that during summer the 

abundance and quality of food in the water column is at its premium compared to any other time 

of the year. Consequently, larvae can replenish their energy stores during the swim back to 

suitable settlement habitat, and promotes faster growth. Therefore, they will be the first to reach 

juvenile habitat and metamorphosis into the juvenile form effectively reducing the period that 

they are exposed to planktonic predators (the 'stage-duration' hypothesis -Leggett & Deblois, 

1994). 

It has been assumed that the rate of predation on coral reefs is non-uniform through a 24 hr 

period (Danilowicz & Sale, 1999). During dawn and dusk, there is often a quiet period where 

there are few fish evident above the reef, which led to the hypothesis that predation is most 

intense during these periods (Hobson, 1972; Helfman, 1986; McFarland, 1991). Furthermore, the 

observation that larvae of most reef fish and decapods settle at night (Doherty & Williams, 1988; 

Robertson et al., 1988; Booth et al., 1991) led to the hypothesis that larvae settle during this time 

to avoid the diurnal visual predators (Leis, 1991; Victor, 1991). These two hypotheses gave rise 

to the theory that higher predation during the day was one of the main evolutionary driving forces 

for reef fish to settle at night (Leis, 1991; Victor, 1991; Danilowicz & Sale, 1999). 

The present study has shown that during summer the sound cue is greatest, due to it being 

transmitted further offshore than at any other time of the year. The ability of fish to detect this 

sound relates to their hearing abilities which are classified by hearing modalities as either hearing 
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generalists (less sensitive) or specialists (more sensitive) (see Chapter 2). However, the majority 

of the reef fish species that are observed around reefs in New Zealand are hearing generalists, 

where particle displacement is the measure of the acoustic stimulus (Fay & Megala Simmons, 

1999; Radford et al., 2005; Montgomery et al., 2006). The present research has shown that an 

800 Hz sound peak during summer new moon could feasibly be detected by hearing generalist 

fish species between l - 256 km away from the reef during all times of the day. During the other 

seasons and moon phases the difference in the upper and lower limits of the ability for a fish to 

detect an 800 Hz signal are reduced (0.023 - 32 km) except for the new moon phase during 

autumn and spring dusk periods. This highlights the limits of using sound propagation models 

and the need to gather rigorous experimental data rather than relying on simplified models. 

However, these results should be interpreted with caution as the sound results were obtained from 

a temperate environment and draw on the wealth of knowledge from tropical systems because the 

same data from temperate systems is not available. Nevertheless, the availability of the acoustic 

cue should be given consideration when determining which factors are important for determining 

and interpreting what is driving the evolutionary settlement patterns that have been observed for 

many temperate and tropical reef fish. 

4.5. CONCLUSION 

The present research has identified very large temporal variation (diurnal, lunar and seasonal) in 

underwater ambient noise in a shallow coastal location that is due to biotic sound sources. Dawn 

and dusk choruses were a consistent feature of the acoustic environment of North Reef. 

Snapping shrimp were identified as a major contributor to these choruses and based on the 

theoretical calculations urchins have also bee attributed as a major source. It has been calculated 

that the dusk chorus during summer has the potential to travel considerable distances offshore, as 

much as 256 km. On this basis it was calculated that larval fish have the potential to detect 

ambient underwater noise in summer during all times of the day at over 50 km offshore and 

potentially as far as 256 km. Increased larval settlement has been observed during the new moon 

immediately after sunset during summer and this was the time of the year when ambient 

underwater sound was loudest. Therefore, this seasonal and lunar phase variation in acoustic 
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power in shallow coastal waters could potentially be as important as all the other evolutionary 

theories driving these commonly observed patterns of larval settlement. 
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CHAPTERS 

RESONATING SKELETONS OF 

FEEDING SEA URCHINS ARE A MAJOR 

SOURCE OF COASTAL CHORUSES 

5.1. INTRODUCTION 

There is growing evidence of the ecological importance of underwater sound in structuring 

marine communities by providing vital orientation and warning cues for animals, and as a 

means of communication (McCauley & Cato, 2000; Stocker, 2002; Simpson et al., 2005a). 

For example, recent research has demonstrated that nocturnal underwater sound emanating 

from reefs provides an orientation cue for the recruiting stages of reef fishes and crabs 

swimming toward settlement habitats (Stobutzki & Bellwood, 1998; Tolimieri et al., 2000; 

Leis et al., 2002; Tolimieri et al., 2002; Simpson et al., 2004; Tolimieri et al., 2004; Jeffs et 

al., 2005; Leis & Lockett, 2005; Simpson et al., 2005a). While the noises of many individual 

coastal fishes and mammal species have been recorded, the major biotic sources of ambient 

underwater sound have generally not been identified. In particular, it is unclear what animals 

are responsible for the dramatic increases in ambient underwater sound pressure immediately 

after dusk and before dawn, which is a feature of coastal reef ecosystems in many parts of the 

world. For example, it is unknown what organisms are the source of underwater dusk 

choruses which increase ambient sound levels by as much as 20 - 30 dB in the temperate 

waters of Australia, New Zealand, California and the tropical waters of Australia and the 

Bahamas (Cummings et al., 1964; Fish, 1964; Fish & Cummings, 1972; Cato, 1978; D'Spain 

et al., 2006). It has been suggested that the feeding activities of sea urchins could be a 

possible source of the chorus due to their ubiquitous presence in most temperate reef systems 

(Tait, 1962; Cato, 1978). The disparity in the large overall power level of the dusk chorus 

versus the relatively small size of the urchins has led some researchers to speculate that the 

urchin feeding noises could be amplified by their calcareous skeleton acting as a resonance 

chamber (Castle & Kibblewhite, 1975; Cato, 1977). Urchin skeletons have suitable physical 
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dimensions to act as a Helmholtz resonator, i.e., an enclosed volume of fluid with an external 

aperture, allowing oscillations of fluid through the aperture to entrain the enclosed fluid, to 

oscillate in sympathy (Cato, 1977). If this proposition is correct, then urchins with different 

sized skeletal tests should amplify feeding noises at different resonant frequencies. 

The aim of the research presented in this chapter was to determine whether urchin tests are 

acting as resonators in a manner such that feeding urchins could be a major biological source 

of dawn and dusk choruses on temperate reefs in New Zealand. 

5.2. METHODS 

5.2.1. Study Site 

The Leigh Marine Laboratory is located in north-eastern New Zealand (36° 15' 47" S, 174° 

46' 33" E) next to a marine reserve encompassing a 6.5 km length of rocky reef coastline 

typical of a temperate marine environment (Morton & Miller, 1973). 

5.2.2. Field Methods 

Urchins of a range of sizes (31 - 90 mm test diameter) were collected from the study site by 

divers on SCUBA. The urchins were measured and five urchins were randomly selected from 

each of six different size classes; 31 - 40 mm, 41 - 50 mm, 51 - 60 mm, 61 - 70 mm, 71 - 80 

mm and 81 - 90 mm. Urchins were held in two outdoor 1500 L tanks (1.8 m diameter x 0.65 

m deep), which were supplied with flow-through ambient seawater at 13 - 14° C (Figure 1). 

Urchins were fed the kelp, Ecklonia radiata, once a week to maintain their normal 

metabolism. To stimulate natural urchin feeding on a rock surface, an artificial diet adapted 

from Hay et al., (1998) (1 g freeze dried Ulva sp., 0.3 g agar, 18 ml water) was painted onto 

weathered concrete cobblestones (210 x 210 mm) and set in a refrigerator. The night before 

being recorded, five urchins were removed from the holding tanks and each urchin was placed 

into a separate experimental tank of similar dimensions to the holding tank and allowed to 

recover from the disturbance. After dusk, when the urchins became active they were placed 

onto the feed-coated cobblestones and then five 2 min acoustic recordings were taken of each 

urchin grazing on the cobblestones. Five urchins in each of the six size classes were recorded 

in this manner over the period of 10 July 2006 to 12 August 2006. 
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Figure 1: Tanks used for housing and recording the urchins. 

The urchin grazing noises were recorded with a calibrated SQ03 wideband omnidirectional 

hydrophone (Sensor Technology Limited), with a flat response curve from 10 Hz - 60 kHz. 

The hydrophone was calibrated by recording a NetMark 1000 acoustic pinger (specifications: 

source level 130 dB re 1 µPa at 1 m, 10 kHz signal, 300 ms pulse length, 4 s repetition rate). 

The hydrophone was suspended in the tank and maintained at a distance of 10 cm away from 

the urchin and 1 cm above the cobblestone. The hydrophone signal was recorded on a Sony 

TCD-D8 digital recorder with a sampling rate of 48 kHz. After making sound recordings of 

grazing, feeding activity by the urchin was verified by examining the Aristotle' s for the 

presence of food material in the Aristotle's lantern (Figure 2). The digital recordings were 

transferred to a PC and analysed using Matlab software with codes specifically written for 

these recordings. 
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Figure 2: Urchin (34 mm test diameter) showing the artificial diet inside the opening of the 

Aristotle's lantern. 

5.2.4. Underwater Sound Recordings 

To assess daily variation in ambient underwater noise, recordings were taken during the new 

moon (3 d either side of the astronomical event) during Spring (September-November) at 

North Reef, Leigh, north-eastern New Zealand (36° 15' 45" S, 174° 47' 33" E), a site close to 

where the experimental urchins were sampled. A hydrophone-recorder unit was placed 1 m 

off the seafloor in 21 - 23 m of water depending on the tide, and 80 m seaward of the margin 

of the coastal fringing reef. 

The hydrophone-recorder consisted of a calibrated Sonatech BM 216 omnidirectional 

hydrophone ( 10 Hz to 60 kHz flat response) connected to an automated recording system 

contained in an underwater housing. The system consisted of a Unidata Micrologger timing 

and relay unit operating a Sony TCD-D8 digital recorder with a sampling rate of 48 kHz 
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taking a 5 min recording every hour, on the hour. The hydrophone was calibrated by 

recording a NetMark 1000 acoustic pinger (specifications: source level 130 dB re l µPa at l 

m, l 0 kHz signal, 300 ms pulse length, 4 s repetition rate). The recordings were transferred to 

a PC and analysed using Matlab software with codes specifically written for these recordings. 

5.2.5. Data Analysis 

5.2.5.1. Urchin Resonant Frequencies 

From each of the five 2 min recordings from each urchin, one randomly selected grazing 

event was analysed for peak frequency (frequency of greatest power) which is likely to 

correspond to the resonant frequency of the urchin test should it be operating as a Helmholtz 

resonator. If the urchin test is acting as a Helmholtz resonator, the resonant frequency should 

be proportional to the reciprocal of the urchin test diameter (l/D). Therefore, the relationship 

between urchin test diameter and recorded resonant frequency was compared by regression 

analysis. Due to the nature of conducting a regression analysis on replicated data, an 

adequacy of fit test was also conducted (Zar, 1999). A Student's t-test was used to compare 

the resulting slope of this regression line with the slope of a regression line for urchin test 

diameter and the theoretical resonant frequency for an ideal Helmholtz resonator (Cato, 

1977). 

5.2.5.2. Chorus Analysis 

Power spectra were generated using Fast Fourier Transformation (FFT) analysis of 10 s 

samples, which were randomly selected and smoothed with an 11 point triangular window. 

For the purposes of this present study, data from recordings taken every second hour have 

been presented because visual comparison of graphed frequency/power spectrum of the 

hourly recordings showed that two hourly recordings adequately represented the overall 

temporal pattern of the reef. 
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5.3. RESULTS 

5.3.1. Urchin Resonant Frequencies 

A typical waveform of a single scrape for the recorded urchins consisted of a clear peak of 

power at a frequency of 900 Hz (Figure 3). An 83 mm urchin produced 6 oscillations in 

0.007 s which equates to 1 oscillation in 0.00116 s or a frequency of 860 Hz in a single 

feeding scrape (Figure 3). This corresponded to the recorded power spectrum with a resonant 

frequency close to 900 Hz. The sonogram (Figure 4) of the same segment of data shows that 

the acoustic power of urchin feeding is also centred around 900 Hz. Another example shows 

that a 42 mm test diameter urchin produced 7 oscillations in 0.004 s, which equates to 1 

oscillation in 0.00057 s or a frequency of 1754 Hz in a single feeding scrape. This 

corresponded to the resonant frequency of 1650 Hz identified from the recorded power 

spectrum (Figure 5). 

Across a full range of urchin sizes, there is an inverse relationship between urchin test 

diameter and peak frequency (resonant frequency) (Figure 6). The largest urchin that was 

recorded (88 mm) had a mean resonant or mean peak frequency of 822 ± 70 Hz and the 

smallest urchin (31 mm) had a mean resonant or mean peak frequency of 2765 ± 45 Hz. 

Regression analysis of the 150 feeding events (30 recorded urchins) showed that the vast 

majority (85 %) of the variability in recorded mean resonant frequency of grazing urchins 

could be explained by the reciprocal of the urchin test diameters (1/D) (r2 = 0.85, y = 106192x 

- 319. 71 ). With the adequate of fit test showing the regression was also a linear fit to the data 

(F = 1.2, P > 0.05). There was no difference between the slopes of this regression lines for 

observed resonant frequencies and theoretical Helmholtz resonant frequencies (r2 = 0.99, y = 

91083x-42.84) (t14s = 1.45, P > 0.05). 

5.3.2. Chorus Recordings 

Overall, there was a rise in the power level in the frequency band 100-24,000 Hz from 10 

am to 7 pm. There was a marked increase in the power in frequency range 500 - 3000 Hz at 

dawn (15 dB re 1 µPa2 I Hz) and dusk (25 dB re 1 µPa2 I Hz) (around 7 am and 7 pm, 

respectively) with the highest intensity between 700 - 1500 Hz (Figure 7). At dusk there was 
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also a substantial rise in the frequencies of 3000 - 6000 Hz (10 dB re 1 µPa2 I Hz). During 

the entire 24 h period there was a consistent peak in the power at 800 Hz. 
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Figure 3: A) the wave form of a typical scrape by an urchin with an 83 mm diameter test 

grazing on the cobblestone B) corresponding power spectra of the waveform showing the 

resonant frequency (900 Hz). 
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5.4. DISCUSSION 

The present results suggest that the sea urchins' feeding sound resonating in their calcareous 

skeletons accounts for the evening chorus in the frequency range 700 - 2000 Hz. The unique 

frequency signature and its power produced by urchins during the chorus has the potential to 

be an important source of habitat information for marine organisms listening to this sound 

from distant locations. Calculations would suggest that an urchin evening chorus would have 

the potential to be detected by larval fishes and crustaceans at significant distances off shore, 

i.e., up to 200 km offshore (Chapter 4). 

Urchins are keystone species in many coastal ecosystems around the world which have been 

under significant harvesting pressure in recent years for their roe (Andrew et al., 2002). 

Positive identification of E. chloroticus as the source of the dawn and dusk chorus opens up 

opportunities for passive acoustic monitoring urchin populations and hence could provide 

information relevant to reef ecosystem health. 

In addition to direct fishing pressure, coastal urchin populations have been dramatically 

affected by trophic cascades resulting from harvesting of predators in some locations (Shears 

& Babcock, 2003; Guidetti, 2006). Based on our evidence, these changes in urchin 

populations will result in changes in ambient underwater sound levels and quality which 

could have a knock-on effect on larval fish and decapods settlement. Reductions in urchin 

populations could lead to declines in fish biomass and diversity, or alternatively, replaying 

urchin feeding noises in the vicinity of depleted reefs could provide management options to 

enhance larval settlement and coastal fisheries. 

5.5. CONCLUSION 

This was the first study to directly record the feeding noises of the sea urchin, E. chloroticus 

and determine the resonant frequencies produced, which correlated to Cato's (1977) 

Helmholtz model of the urchin test. The resonant frequencies produced by E. chloroticus 

feeding behaviour also lie directly within the frequency band of the dawn and dusk chorus, 

which is observed internationally. These results indicate the potential importance of coastal 

urchin populations as a major contributor to the nocturnal underwater choruses appearing to 

play a key role influencing recruitment to coastal reef communities of ecologically and 
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economically important groups, such as fishes, crabs and lobsters. These important 

recruitment processes may be affected by changes in coastal choruses due to recent, dramatic 

changes in urchin populations in many coastal nations due to harvesting (Andrew et al., 2002) 

and subsequent effects of trophic cascades. Understanding of the biological basis of these 

urchin choruses opens new opportunities for novel methods of passive survey and monitoring 

of coastal ecosystems. 
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CHAPTER6 

SPATIAL PATTERNS OF AMBIENT 

UNDERWATER NOISE IN NORTH-

EASTERN NEW ZEALAND 

6.1. INTRODUCTION 

Ambient underwater noise is suspected to be important in guiding some pelagic larval fish and 

decapods to settlement habitats on coastal reefs (Tolimieri et al. 2000; 2002; 2004; Simpson et al. 

2005a; 2005b; Jeffs et al. 2003; 2005; Montgomery et al. 2006; Radford et al. 2007). For 

example, Simpson et al. (2005a) showed that the settlement of some species of larval fish on 

experimental patch reefs were affected by the presence and frequency range of underwater sound 

broadcast from these reefs. While the overall extent to which reef noise influences the natural 

settlement of reef organisms is unknown, it is possible that spatial variation in ambient 

underwater sound could contribute to the large amount of spatial variability observed in larval 

settlement (Doherty 1991; Doherty & Fowler 1994; Caselle & Warner 1996). It would be logical 

for larval settlers to remotely respond to differences in underwater sound if the sound reliably 

represented differences in the coastal settlement habitat at their source. However, it is not known 

whether different habitats that would be encountered over the spatial scale of a larval settler 

(kilometres) are producing different sounds. It might be expected that ambient sounds would 

vary with differences in coastal habitat type because a major component ofreef noise is usually 

generated by resident animals, such as snapping shrimp, fishes and urchins, that vary in 

abundance in relation to habitat (Cato 1978; 1992; Radford 2007). While there have been a few 

previous studies of spatial variation in ambient underwater sound in shallow coastal waters, none 
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to our knowledge have determined whether coastal habitats on the spatial scale encountered by a 

larval settler (kilometres) are producing different sounds. 

Therefore, the aim of this present study was to describe any differences in the gross character 

(temporal variation, spectral composition and power level) of ambient noise emanating from 

three types of habitat on a temperate coast (macroalgal dominated rocky reef, urchin barren rocky 

reef and sandy beach) that were all located only a few kilometres apart. The a priori prediction is 

that ambient underwater sound power spectra from different locations and habitat types will 

reflect the E. chloroticus population structure. In addition, it is likely that location and habitat 

type will also affect the noise produced by snapping shrimp. 

6.2. METHODS 

6.2.1 Study Site 

To assess spatial variation in ambient noise, recordings were taken during August to October 

2006 on the first and last quarter moon phases at eight locations around the Leigh coast, north

eastern New Zealand (Figure 1 ). There were three habitat types; Habitat type one - macroalgal 

dominated rocky reef sites (R), which were located within the Cape Rodney Okakari Point 

Marine Reserve (CROPMR), Schiels Pool (Rl); Waterfall Reef (R2); Onespot Reef (R3); Habitat 

type two - urchin dominated rocky reef sites (U), which was located outside the CROPMR, Rusty 

Ladder (Ul ); Nordic Reef (U2); Matheson' s Bay (U3); Habitat type three - sand beach sites (B), 

an open embayment which was enclosed by rocky headlands, Omaha Beach (B 1) and an open 

sandy beach, Pakiri Beach (B2). These were based on a habitat map created by Leleu et al., 

(2006). The hydrophone setup was placed 1 m off the seafloor in approximately 15 - 18 m of 

water depending on the tide, which equated with the system being 50 m away from the reef for 

the reef sites, 2 - 3 km away from the nearest reef for Omaha Beach and 6 km from the nearest 

reef for Pakiri Beach. 
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Figure 1: Map of the eight study sites; (Rl) Schiels Pool; (R2) Waterfall Reef; (R3) Onespot 

Reef; (Ul) Rusty Ladder; (U2) Nordic Reef; (U3) Matheson's Bay; (Bl) Omaha Bay; (B2) Pakiri 

Beach. Cape Rodney Okakari Point Marine Reserve is marked with a dotted line. 

6.2.2. Recording System 

The hydrophone setup consisted of a calibrated SQ03 wideband omnidirectional hydrophone 

(Sensor Technology Limited), with a flat frequency response curve over the range of 10 Hz - 60 

kHz. The hydrophone signal was recorded on a Sony TCD-D8 digital recorder with a sampling 

rate of 48 kHz. The recorder was controlled by a Unidata relay module which was set up to 

operate the recorder for 5 min every hour on the hour for 24 h. The hydrophone was calibrated 
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by recording a NetMark 1000 acoustic pinger (specifications: source level 130 dB rel µPa at 1 

m, 10 kHz signal, 300 ms pulse length, 4 s repetition rate). The digital recordings were 

transferred to a PC and analysed using Matlab software with codes specifically written for these 

recordings. Wind speed was recorded simultaneously every hour at the nearby Leigh Laboratory 

Climate Station. 

6.2.3. Urchin Density and Size Structure (Undertaken By N. Shears, University of 

California, Santa Barbara) 

Comparisons of urchin populations were made between three sites inside and three sites outside 

the Cape Rodney Okakari Point Marine Reserve (CROPMR) in April 2006 (Figure. 1). At each 

site five l m2 quadrats were placed haphazardly at depths between 4 - 6 m (below ML WS) in the 

range where E. chloroticus are typically most abundant (Shears & Babcock 2003). The test 

diameter of each urchin (> 10 mm) was measured to the nearest 5 mm as well as whether each 

urchin occupied a crevice (cryptic) or openly grazed the substratum (exposed). 

6.2.4. Statistical Analysis 

6.2.4.1. Wind Speeds 

To determine if variability in wind speeds might exert an influence on the ambient underwater 

sound recordings, the hourly wind speeds (which are an average of wind speeds recorded every 2 

s during that hour) were averaged for the different sites and compared using ANOVA. 

6.2.4.2. Power Levels and Snapping Shrimp 

Each 5 min sound recording was divided into 10 s sub-samples within which five were randomly 

selected and broadband measured level (ML) for each was calculated. For each of the five 

randomly selected sub-samples the number of snaps produced by snapping shrimp was estimated. 

This was achieved by setting a threshold level on the raw data and any transient spike less than 

0.25 msec above the threshold was counted as a snap by a shrimp. Time of day was divided into 
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four periods; night, dawn, day and dusk. These four periods were defined by using ambient light 

measurements taken at the Leigh Marine Laboratory Climate Station. Night was defined as 

having no light (0 MJ m·2 h"1); Dawn and Dusk was defined as having less than 1.2 MJ m·2 h-1 of 

light; and Day as having greater than 1.2 MJ m·2 h·1 of light. For each time of day the ML and 

number of snaps were averaged and analysed using a general linear mixed model with weighted 

means. These analyses enabled comparisons in the mean ML data to be made among Time of 

Day and Habitat which were fixed effects. Time of Day and Habitat were also nested within the 

random effect of Site (Littell et al., 1996; McCullagh & Searle, 2001 ). Significant differences 

between individual pairs of means were determined using Tukey' s tests. All data were analysed 

using SAS and presented as the statistical mean ± the standard error of the mean. 

6.2.4.3. Power Spectra 

Power spectra were generated using Fast Fourier Transformation (FFT) analyses of the randomly 

selected 10 s samples which were smoothed with an 11 point triangular window. Data was high 

pass filtered to 100 Hz to remove any effect of surface waves and any 50 Hz interference. Power 

spectra plots were generated to compare dusk and dawn choruses between sites. 

6.3. RESULTS 

6.3.1. Wind Speeds 

Wind speeds were similar among the times for which the underwater sound recordings were 

taken for each of the Sites (F7, 160 = 1.0, P = 0.546), therefore, wind could not be the cause of any 

differences in power levels of the recorded ambient sound (Table 1 & 2). Sea swell conditions 

were also not considered to have affected the recordings because all recordings were taken in 

conditions ofless than 0.5 m swell. 
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Table 1: Average hourly wind speeds (ms-1) for each site during each recording period. 

Site Wind ±SE 

Schiels Pool 3.84 0.16 

Waterfall Reef 2.98 0.45 

Onespot Reef 4.34 0.35 

Rusty Ladder 2.99 0.17 

Nordic Reef 3.36 0.42 

Matheson's Bay 2.56 0.27 

Omaha Beach 3.08 0.33 

Parkiri Beach 3.75 0.54 

Table 2: Results of the ANOVA for the wind speed data. 

df F Value P Value 

Site 7,160 1.0 0.546 

6.3.2. Power Levels 

Measured levels (Figure 2) varied significantly among Sites (Habitat) (5.4, P < 0.05), Habitat (F2, 

5 = 104.5, P < 0.001), and with Time ofDay (F3, 15 = 16.1, P < 0.001) (Table 3). The beaches, 

Omaha and Pakiri were significantly quieter than all of the reefs, and the two beaches produced 

recordings with similar power levels. All of the U habitat sites, Rusty Ladder, Nordic Reef and 

Matheson's Bay were similar, but were significantly louder than Schiels Pool. Waterfall Reef 

was the loudest R habitat site and was significantly louder than Schiels Pool and was similar to 

Onespot Reef. Daily average measured levels for the U habitat sites (144 ± 1 dB re 1 µPa) were 

significantly louder than R habitat sites (138 ± 2 dB re 1 µPa), which in turn were significantly 

louder than B habitat sites (109 ± 1 dB re 1 µPa). Overall, dusk was the loudest time of day and 

ranged from 109 ± l dB re lµPa to 159 ± 1 dB re 1 µPa for Pakiri Beach and Rusty Ladder, 

respectively. This was followed by dawn, then night, with the day being the quietest (100 ± 1 dB 

re l µPa to 139 ± 1 dB re 1 µPa for Pakiri Beach and Nordic Reef, respectively). There was also 

a significant interaction between Time of Day* Habitat (F6,15 = 8.7, P < 0.01) with U habitat sites 
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being significantly louder during dusk, than both the R and B habitat sites. The R habitat sites 

were significantly louder than the B habitat sites during dusk. During the other three times of day 

(day, dawn and night) measured levels were similar to each other for both the Rand U habitat 

sites, however, these were significantly louder than the same time of day for the B habitat sites. 

6.3.3. Snapping Shrimp 

The number of snaps produced by snapping shrimp (Figure 3) exhibited significant differences 

for Site (Habitat) (8713.2, P < 0.05), Habitat (F2,5 = 13.3, P < 0.001), Time of Day (F3,15 = 27.4, P 

< 0.001) and the interaction Time of Day* Site (F6,15 = 4.2, P < 0.05) (Table 3). Schiels Pool had 

significantly more snaps produced by snapping shrimps than any other site. Nordic Reef, Rusty 

Ladder and Matheson's Bay had similar numbers of snaps, but were significantly less than 

Waterfall Reef and Onespot Reef, which were similar. The B habitat sites, Omaha and Pakiri had 

similar numbers of snaps, however, this was significantly less than any of the Rand U habitat 

sites. Significantly more snaps were recorded at R habitat sites during dusk, ranging from 1200 -

2300 snaps/10 s than at U habitat sites and B habitat sites (ranging from 665 - 1250 snaps/IO s for 

U habitat; 270 - 340 snaps/10 s for B habitat). All reef sites during dawn, night and day had 

similar numbers of snaps. There were significantly more snaps produced by snapping shrimp 

during dusk than any other time of day regardless of site, while during dawn, night and day, 

snapping shrimp produced similar numbers of snaps for each site. 
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Figure 2: Measured levels (dB re 1 µPa) for (A) R habitat sites; (B) U habitat sites; (C) B habitat 

sites. 
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Table 3: Results from the generalised linear mixed model analysis on measured level and for the 

number of snapping shrimp snaps. * = P<0.05; ** = P < 0.01; *** = P < 0.0001. 

Factors Power Snaps 

Time of Day (T) f3,1s = 16.l *** f3,1s = 27.4*** 

Fixed Effects Habitat (H) F2,s = 104.5*** F2,s = 13.3** 

T*H F6,1s = 8.7** F6,1s = 4.2* 

Covariance Parameter Site (Habitat) 5.4* 8713.2* 

Estimates for Random 
Site (Habitat*Time of Day) 0.0001 0.0001 

Effects 
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Figure 3: Mean number of snaps of snapping shrimps in 10 s for (A) R habitat sites; (B) U 

habitat sites; (C) B habitat sites (Note different ordinate scales between reef sites and beaches). 
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6.3.3. Choruses 

Waterfall and Onespot Reefs both had a significant but smaller rise in the frequency band 500-

2000 Hz during dusk compared to Schiels Pool (Figure 4A). However, Waterfall Reefhad a 

significant rise in power in the frequency band 100 - 1000 Hz, but Schiels Pool and Onespot 

Reef did not. Onespot and Waterfall Reefs had an additional rise in power in the frequency band 

6000 - 9000 Hz, whereas Schiels Pool had an additional rise in the frequency band 2000 - 8000 

Hz. Urchin barren habitat sites, Rusty Ladder, Nordic Reef and Matheson's Bay also had a 

significant rise in the frequency band 500 - 2000 Hz (Figure 4B), however, Rusty Ladder and 

Nordic Reef dusk chorus were significantly louder than Matheson's Bay. Both, Rusty Ladder 

and Nordic Reef showed a secondary frequency peak in power at 700 Hz before the main 

frequency peak in power at 1000 Hz. While the other U habitat site and all three R habitat sites 

had one frequency peak in power between 1200 - 1600 Hz. The rise in power level in the 

frequency band for Rusty Ladder and Nordic Reef was significantly greater than what was 

observed for any of the R habitat sites (on the order of 10-20 dB re lµPa2 I Hz). Omaha Beach 

had a dusk chorus with a significant rise in power in the same frequency band as the R and U 

habitat sites, which was similar to Matheson's Bay. However, Pakiri Beach did not exhibit a 

significant rise (Figure 4C). Rusty Ladder, Nordic Reef, Waterfall Reef and Onespot Reef also 

observed a secondary rise in the spectrum of the dusk chorus between 6000 - 9000 Hz. 

All the Rand U habitat sites (Schiels Pool, Waterfall Reef, Onespot Reef, Rusty Ladder, Nordic 

Reef and Matheson's Bay) exhibited a dawn chorus, with a rise in power in the frequency band 

500-2000 Hz (Figure 5A). All these sites observed a secondary peak in power at approximately 

700 - 800 Hz before the main peak at 1200- 1600 Hz. Rusty Ladder, Nordic Reef, Waterfall 

Reef and Onepsot Reef exhibited another peak in the frequency spectrum at 8000 Hz, where as 

Schiels Pool and Matheson's Bay did not. However, the increase in power at these frequencies 

was not as large as the dusk chorus. For the urchin barren habitat sites (U habitat sites), the dawn 

chorus at Matheson's Bays was significantly quieter than Rusty Ladder and Nordic Reef (Figure 

5B). There was no dawn chorus observed for both the B habitat sites (Omaha Beach and Parkiri 

Beach) (Figure 5C). 
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6.3.4. Urchin Size Frequency and Density (data from Nick Shears, UC Santa Barbara) 

The size-frequency and density of urchins within the CROPMR were significantly different to the 

sites outside the reserve and they were also different from each other (Figure 6 & 7). Schiels 

Pool has few large (76 - 90 mm) and medium (36 - 70 mm) size urchins, with more smaller and 

cryptic (10 - 30 mm) urchins (Figure 6A). Waterfall Reefhad the full range of sizes of urchins, 

however, they were not in high densities (Figure 6B). Onespot Reef has fewer cryptic urchins 

with higher densities of larger urchins (Figure 6C). Rusty Ladder had the highest densities and 

largest urchins out of all the sites (Figure 7 A). Nordic Reef had few cryptic and large urchins and 

higher densities of medium (51 - 70 mm) size urchins (Figure 7B). There were high densities of 

cryptic and larger urchins at Matheson's Bay (Figure 7C). Overall, outside the reserve there are 

higher densities of urchins compared to inside the reserve and the urchins tended to be larger in 

size outside the reserve. 
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Figure 6: Density by size class (m-2) for the sea urchin Evechinus chloroticus at (A) Schiels 

Pool; (B) Waterfall Reef; (C) Onespot Reef. 
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Figure 7 Density by size class (m-2) for the sea urchin Evechinus chloroticus at (A) Rusty 

Ladder; (B) Nordic Reef; (C) Matheson's Bay. 

89 



Chapter 6: Spatial patterns of ambient underwater noise in north-eastern New Zealand 

6.4. DISCUSSION 

6.4.1. Choruses 

To my knowledge this is the first study to observe differences in underwater sound levels over 

small geographical scales (over a few kilometres) and associated with localised differences in 

habitat type. Sound emanating from different gross habitat types during dusk and dawn was 

significantly different, with reef habitat significantly louder than soft sediment habitats. The 

power spectra of the sites (Waterfall Reef and Onespot Reef; Rusty Ladder and Nordic Reef) 

within 2 km of each other were similar, however, as the distance between sites increased beyond 

2 km some differences were observed. Overall, there was a difference observed between habitat 

types. Urchin barren habitat sites (U) were significantly louder than macroalgal dominated reef 

sites (R), and these were significantly louder than beach habitat sites (B). Two of the U habitat 

sites, Rusty Ladder and Nordic Reef, were significantly louder over the entire frequency range 

compared to all the other reef sites, but were similar to each other. Schiels Pool (R site), Rusty 

Ladder, Nordic Reef and Matheson's Bay (U sites) all exhibited a significant rise in intensity at 

dusk in the frequency range 500 - 2000 Hz, whereas Waterfall Reef and One spot Reef (R sites) 

did not, with levels up to 20 dB greater than normal ambient levels at each site. 

There is a possibility that gross habitat type can be conveyed within ambient underwater noise. 

In understanding the cause and nature of the biological and physical composition of the choruses, 

or in the presence or absence of them, would give greater insight as to what information is 

contained within these signals. A variety of biological choruses have been observed at large 

spatial scales in tropical waters of the Timor Sea, the east Indian Ocean, and the west Pacific 

Ocean near Australia, with most energy between 400 - 4000 Hz and maximum spectrum levels 

up to 30 dB above normal background noise (Cato, 1978). Wyllie (1971) also observed choruses 

in the Coral, Solomon and Bismarck Seas. Cato (1992) has suggested that the diversity of the 

habitats could provide significant geographical variation within the choruses. The present study 

investigated two gross habitat types over small spatial scales, and showed that in reef versus soft 

sediment habitat, there was a difference in the presence and amplitude of the choruses. 

Therefore, indicating that gross habitat type can be conveyed within ambient underwater noise, 

which then could possibly providing larval fish and decapods with habitat information. 
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The gross reef habitat type was split into two further habitat types, including three rocky reef sites 

dominated by macroalgae (R sites) with low urchin densities, (Figure 6) and three rocky reef sites 

dominated by urchins (U sites) with significantly higher urchin densities (Figure 7). The soft 

sediment gross habitat type was split into two beach sites (B sites), one, an open sandy beach and 

the other an embayment with rocky reefs on the headlands. The spatial variation of the choruses 

can be expected to depend on the presence of certain animals or the behaviour of the animals in 

relation to sound production and this study has shown this with the sea urchin and snapping 

shrimp. Between these sites there were only subtle differences in the dusk power spectra 

(choruses). Within the macroalgae sites (R habitat sites) the intensity of the choruses were 

significantly lower in the frequency range 500 - 2000 Hz (urchin feeding frequencies - see 

Chapter 5) than the U habitat sites. After further diving and observations of Schiels pool I 

decided that it had been incorrectly classified, thus the reason for this site having a significant 

dusk chorus. Schiels pool is more complex with urchins were hidden in deep, dark crevices 

during the day, coming out during the night where high densities of a range of size classes have 

been observed on the reef (pers. obs.; pers. comm., A. Jeffs, NIWA). The Pakiri Beach site did 

not exhibit any rise in power in the 500 - 2000 Hz frequency band, however, Omaha Beach did 

have a significant rise in intensity for the frequency band 500 - 2000 Hz. This was unexpected as 

there is no hard structure where there could be high densities of urchins within 2.5 km of this site, 

indicating the source of the noise is coming from over 2.5 km away or there is potentially another 

source of noise in the vicinity. All three of the urchin dominated reef sites had dusk choruses, 

and there were subtle differences among the different sites. Rusty Ladder and Nordic Reef had 

very similar dusk choruses with both these sites having high densities of medium to large urchins. 

While Matheson's Bay had a higher peak frequency (1600 Hz oppose to 1000 Hz) compared to 

Rusty Ladder and Nordic Reef sites, which was a reflection of the urchin population (low 

densities of medium to large urchins and higher densities of smaller urchins). 

Although there is some indication that the dusk chorus is related to the presence, size structure 

and densities of urchins the relationship is not strong. A possible reason for this weak 

relationship could be that the urchin survey methods misrepresent the densities of smaller urchins 

as they are more cryptic within the CROPMR, where the macroalgae sites were located. This is 

supported by Shears and Babcock (2002) who reported in their study that there were significantly 

more cryptic urchins within the CROPMR than outside where the majority of urchin barren sites 
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were located. Another reason could be due to the survey methods only sampling a narrow depth 

range 6 - 8 m even though urchins are known to occur in high densities at other depths, e.g. high 

densities of large urchins have been observed at 10 - 12 m off North Reef, a site within a few 

hundred metres off Schiels Pool (pers. obs.). A further explanation could be due to the ability of 

sound to travel large distances in water with little attenuation (Rogers & Cox, 1988; Medwin, 

2005) and the spatial scales in this study may have been too small to correlate differences 

between different reef habitat types, dusk choruses, urchin densities and size structure. However, 

an ability to determine underwater sound directionality would help discriminate which noise is 

originating from which specific reef. Such an ability would also help determine how important 

underwater sound is for larval fish and decapod orientation. 

6.4.2. Snapping Shrimp 

Another source of variation within the data was due to the most ubiquitous sound producing 

animal in marine temperate waters, the snapping shrimp (Fish, 1964; Cato, 1992; Au & Banks, 

1998; Cato & McCauley, 2002). Snapping shrimp dwell in a range of habitats from shallow 

bays, estuaries to rocky and coral reefs (Au & Banks, 1998). Fish (1964) has stated that total 

output of sound by snapping shrimp is influenced by the size of the shrimp bed, time of day (see 

Chapter 4) along with other factors. Assuming that the number of snaps estimated from sound 

recordings broadly indicates the number of Alpheus spp. and Syalpheus spp. present on and 

around the reef, the macroalgae habitat type had significantly more snaps than urchin dominate 

reefs and beach habitats. Therefore, indicating that the number of snapping shrimps could be a 

determinant of habitat type. Studies have shown that macroalgae habitats are more diverse and 

complex than urchin barren habitats due to there homogeneous nature (Simenstad et al., 1978; 

Taylor, 1998; Behrens & Lafferty, 2004; Graham, 2004; Tuya et al., 2006), suggesting that the 

macroalgae sites provide better habitat structure for snapping shrimp by either providing a more 

suitable environment for shelter or providing habitat that has a more abundant food source. 

Subsequently, this can lead into using the numbers of snaps produced by snapping shrimp for 

providing habitat information. Wanatabe et al., (2002) has used a similar procedure and 

examined the use of the numbers of snaps produced by snapping shrimp as an environmental 

monitoring tool. They showed that the number of snaps produced at an unpolluted habitat was 
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significantly greater than a polluted site. Therefore, the results of the present research highlight 

the potential use of passive acoustics as a tool for monitoring habitat quality. 

6.5. CONCLUSION 

The results of this study showed there was significant variation in chorus sound levels among 

small geographical scales and the differences can be explained by gross habitat types. It further 

implies that E. chloroticus is the likely source of the dawn and dusk chorus observed in temperate 

marine waters in north-eastern New Zealand, because the subtle differences observed in the 

power spectrum of the different sites showed a weak relationship to the urchin population 

structure. Sites that had high densities of large urchins had significantly higher power levels in 

the frequency band 500 - 2000 Hz (Rusty Ladder and Nordic Reef), and sites that had higher 

densities of smaller urchins, had a frequency band that skewed towards the higher frequencies 

(Matheson's Bay). Habitat type also effected the number of snaps produced by snapping shrimp, 

with significantly more snaps produced in the more diverse and complex macroalgal habitat type 

than the homogenous, urchin habitat type. Therefore, indicating the potential use of passive 

acoustics as a tool for monitoring habitat quality. Understanding the spatial coherence (i.e. 

directionality of the signals) is imperative as it will identify whether the noise being recorded is 

emanating from the reef in question, opposed to sound emanating from other reefs further away. 

Teasing these differences apart is important as the directional component of reef sound sources 

has already been demonstrated to be of great importance in larval orientation toward suitable 

settlement habitat. 
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CHAPTER 7 

GENERAL DISCUSSION 

Able (1996) provided a useful reminder that animal orientation systems are complete 

with interacting mechanisms and are highly flexible. Although sound may be a prime 

candidate for long distance orientation to reefs, ifthere are other cues available, they are 

also likely to be used. There is good evidence of vision and chemosensory information 

being used in habitat selection at close range. To locate suitable reefs form long 

distances, the ideal is to have sensory information that indicates the direction, distance 

and quality of potential reef settlement sites (Montgomery et al. 2006). There are two 

groups of cues; one, innate cues where the compass has to be set regularly by the cue 

such as, magnetic, celestial, polarised light; and two proximate cues where the cue can be 

directly followed such as, vision, chemical, hydrodynamic and sound. 

There is limited evidence for the use of magnetic and celestial cues for long distance 

orientation by larval fish and crustaceans however, there use by other animals has been 

well documented. For example, the initial movement of turtle hatchlings is directed to 

the lowest brightest part of the horizon, and once this offshore orientation is initiated, it is 

maintained by a magnetic sense (Lohmann & Lohmann, 1996). It is also well known that 

a wide variety of insect species can derive long distance directional information from 

celestial cues via tracking the movements of spectral, intensity, and polarisation gradients 

of celestial light sources (Rossel & Wehner, 1984; Horvath & Varju, 1997). There is 

some evidence that juvenile spiny lobsters posses an ability to detect and orient using 

magnetic fields, and parts of their bodies retain ferromagnetic material (Lohmann, 1984; 

Boles & Lohmann, 2003; Jeffs et al. 2005). Overall, there is no real evidence for the use 
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of these cues for long distance orientation of larval fish and crustaceans, but given their 

importance elsewhere in the animal kingdom make these candidate mechanisms. 

Besides the potential use of celestial cues (sun, moon and star compass) and polarised 

light for directed orientation, it is difficult to imagine vision as being a useful long 

distance orientation cue to locate reefs. However, given the compression of the above

water visual field into Snell's window, it is possible that elevated land masses could be 

seen from some distance offshore, particularly on calm days (Montgomery et al. 2006). 

Larval fish and crustaceans have a highly developed chernosensory ability and it appears 

to play a key role in their settlement behaviour. However, much of this information 

comes from experiments conducted at small spatial scales (Sweatman, 1988; Elliot et al. 

1995; Lecchini et al. 2005a; 2005b) or local nursery areas in estuaries (Forward et al. 

2003; Keller et al. 2003), and its relevance to large scale patterns is unknown. The use of 

olfactory cues at large spatial scales has its limitations. In a moving fluid environment, 

water currents carry the cue and this means that the olfactory approach comes from 

upstream, which would be energetically demanding than approaching from downstream 

(Armsworth, 2000; Armsworth et al. 2001 ). It is more complex than this, taking into 

account turbulence and tidal currents, olfactory search is a difficult task based on 

olfactory cues alone (Montgomery et al. 2006). Olfactory cues will break into patches 

within eddies and a gradient search strategy traps the searcher within the eddy system 

heading in the wrong direction. Despite these problems there is some evidence that larval 

fish and crustaceans can use chernosense at larger scales (several to many kilometres). 

The most well known example is for adult salmon using chernosensory abilities to 

returning to there natal streams for reproduction (Cury, 1994; Dittman et al. 1996). 

Baker and Montgomery (2001) have shown that migrating whitebait species 

preferentially select water that has been exposed to adults, and horning on pheromones 

released by adults would be an effective way for juveniles to locate suitable settlement 

habitat. Kingsford (1997) has shown that Islands can produce strong chemical signals 

that larvae might use to orient shoreward. At One Tree Reef during low tide ponds 

develop within the lagoon, then on flood tides, this warmer chemically rich water exits 
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the lagoon providing a strong chemical signal up to 4 km away from the Island. 

Subsequently, providing an olfactory plume with useful information at considerable 

distances from the shore and behavioural experiments suggest that presetlement larvae 

preferred the lagoon water (Atema, 1996; Atema et al. 2002). There is little evidence 

suggesting that larval crustaceans can use chemosense for long distance orientation. 

However, it has been suggested that subtle changes in water chemistry may trigger 

metamorphosis in final stage phyllosomes and provide some guide towards the coast 

(Phillips & Mc William, 1986). 

The direction of ocean swell presents one potentially useful hydrodynamic orientation 

cue (Lewis, 1979). Large waves require sufficient fetch to develop, therefore, they must 

move onshore as opposed to offshore and also tend to refract towards the shore because 

of friction in shallow waters near the land (Tait, 1962). There is no direct evidence that 

larval fish can detect ocean swells or use onshore currents for long distance orientation 

(Montgomery et al. 2006). As for crustaceans larvae it is well known that they have the 

ability to use wind driven ocean currents for long distance orientation and also use 

selective tidal stream transport for short distance migration up estuaries (Forward et al. 

1997; Queiroga & Blanton, 2005; Queiroga et al. 2006). Carcinus maenus and 

Callinectes sapidus have been shown to use onshore wind driven transport as a long 

distance orientation cue to locate coasts (Forward et al. 1997; Queiroga et al. 2006). 

Wave surge has also been implicated in the long distance orientation behaviour of adult 

spiny lobsters Panulirus argus and Panulirus guttatus moving around benthic reef 

habitats (Walton & Hemkind, 1977; Lozano-Alvarez et al. 2002). 

Underwater sound is now considered to be the strongest candidate for use as a long 

distance orientation cue for larval reef fish and decapods (Simpson et al., 2005a; 

Montgomery et al., 2006). As a result there is currently a strong and growing 

international interest in the role of underwater sound in structuring coastal fish and 

decapod communities. Experimental evidence for this claim has been hard to secure due 

to the virtual impossibility of controlling sound in experimental aquaria, and difficulties 

of conducting field experiments (Akamatsu et al., 2002; Montgomery et al., 2006). 
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Consequently, most of the recently published research in this area has been undertaken in 

the field. These studies have used a variety of field techniques such as, in-situ 

observation techniques using SCUBA (Shanks, 1995a; Leis et al., 1998; 2000; 2003), 

comparing larval collections taken from light traps associated with and without a sound 

source (Tolimieri et al., 2000; Jeffs et al., 2003; Simpson et al., 2004), and using binary 

behavioural choice chambers (Stobutzki & Belwood, 1998; Tolimieri et al., 2002; 2004; 

Leis & Clarke, 2005). 

Research efforts into the role of underwater sound in pelagic post-larval orientation have 

been hampered by a lack of understanding of ambient underwater sound in shallow 

coastal environments. This lack of information is due to the considerable logistic 

difficulties reliably recording and analysing these sound patterns. There is also a lack of 

knowledge about the temporal (daily, lunar and seasonal) and small scale spatial 

characteristics of underwater sound. As a result, one of the main aims of the present 

research was to identify the dominant temporal and spatial characteristics of a shallow 

coastal environment. This study revealed that there were large daily, lunar and seasonal 

variations in underwater sound. Measured levels of underwater sound emanating from 

the reef were significantly louder in summer during dusk on the new moon which 

corresponds to the time when the highest numbers of larval fish and decapods settle. 

During dusk in summer over the new and full moon, it was estimated (cylindrical 

spreading) that underwater reef sound could be distinguishable above ambient 

background noise at approximately 256 km from the coast. These results highlight the 

importance that underwater sound could play as a long range orientation cue. The 

quietest time of the year was winter during the full moon, with the reef model unable to 

estimate any difference in the level of reef sound above ambient background noise ( < 500 

m). This time of the year is also when there is very little larval settlement. Therefore, 

daily, lunar and seasonal patterns in underwater sound provide one possible explanation 

for the observed patterns of larval settlement observed in temperate and tropical marine 

environments. The present study thus highlights the daily, lunar and seasonal 

characteristics of ambient underwater sound that would allow it to be used as an 

orientation cue for pelagic post-larvae. 
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Determining the biological sources of ambient underwater noise will assist our 

understanding of its origins and potentially provide the opportunity for remote sensing of 

reef communities. In New Zealand's temperate marine waters snapping shrimp are the 

only known underwater sound producing animal (other than transient whale and dolphin 

sounds), which cause a rise in power in the frequency band 2 - 20 kHz (Everest et al., 

1948; Au & Banks, 1998; Versluis et al., 2000). However, there was a much greater rise 

in another frequency band 500-2000 Hz observed in coastal areas of New Zealand. It 

has been assumed that the animal producing this sound was the sea urchin Evechinus 

chloroticus (Castle, 1974; Castle & Kibblewhite, 1975; Cato, 1977; 1978; 1992). To 

determine experimentally if this animal was a significant producer of underwater noise in 

this frequency range direct recordings were made of the feeding noises of individual E. 

chloroticus held in captivity. Evechinus chloroticus were successfully induced to feed 

and analysis of the feeding sounds showed that large urchins (83 mm test diameter) 

produce a resonant frequency at 900 Hz and smaller urchins ( 42 mm test diameter) had a 

resonant frequency of 1650 Hz. This indicates that E. chloroticus is likely to be 

responsible for the elevation in the 500 - 2000 Hz frequency band of the dusk chorus and 

therefore one of the main sound producing animals in marine temperate waters of New 

Zealand along with snapping shrimp. This discovery may also have international 

significance because similar rises in the same frequency band have been reported from 

other parts of the world - Bahamas (Fish, 1964), Australia (Cato, 1978), and the 

Californian Bight (D'Spain et al., 2006). All of these studies have speculated that the 

source of this noise was the sea urchin based on Cato's (1977) Helmholtz model. 

The discovery that E. chloroticus is one of the dominant sound producing organisms has 

significant ecological implications. The frequency range of the feeding noises that E. 

chloroticus produce falls into the frequency range that the majority of fish are most 

sensitive to, i.e., 100- 5000 Hz (Myberg, 1996; Kenyon et al., 1998; Popper, 2003). 

Therefore, the sound produced by urchins feeding on a reef has the potential to create a 

directional signal that could be heard by larval fishes some distance offshore. Dramatic 

changes in urchin populations are commonly associated with trophic cascades (Paine, 

1980; Polis et al., 2000) and such changes could greatly affect the sound level and the 
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spectral content of noise emanating from reefs. This in tum could reduce the detection of 

affected reefs by larval fish and decapods, and thereby reduce their numbers settling at 

the reef. For example, when the Cape Rodney and Okakari Point Marine Reserve 

(CROPMR) was established in 1978 the reefs were devoid ofmacroalgae and dominated 

by E. chloroticus (Shears & Babcock, 2002; 2003). Since the establishment of the 

CROPMR the reefs have slowly shifted from being dominated by the grazing activities of 

E. chloroticus to being dominated by the large brown macroalgae Ecklonia radiata. This 

was a result of a trophic cascade thought to be an indirect effect of increased abundance 

of predators of macroalgal grazers, such as urchins and gastropods (Shears & Babcock, 

2003). Consequently, these benthic ecological changes may alter the noise emanating 

from these reefs which in tum could alter the recruitment of larval fish and decapods. 

As a result of trophic cascades within the CROPMR the sites outside the CROPMR 

(urchin dominated reef habitat) had higher densities of urchins and the present study 

showed that sound levels in the frequency band 500 - 2000 Hz varied in a predictable 

way with respect to these urchin populations. Sites that had lower urchin densities had 

significantly lower power levels in the 500 - 2000 Hz frequency band (up to 10 dB) 

compared to sites with higher urchin densities. These results suggest that the reduction in 

the population of urchins as associated with trophic cascades on this coastline may cause 

a decline in the overall levels of sound production. To have a better understanding of 

these linked ecological effects would require a better understanding of urchin noise 

production across reefs with a range of urchin densities and habitat types, as well as 

corresponding data on the patterns of settlement of larval fish and decapods from the 

reefs. 

One of the important implications of this study is that it indicates that sound plays a 

critical role in the larval life-history phase of fish and decapods. This would mean that 

any disruption to this role, such as anthropogenic sound, would have serious 

repercussions. Due to the increased development of the world's coastline and the need 

for renewable energy the sources of anthropogenic sounds in shallow coastal water 

environments have increased by several orders of magnitude in some places (Jasny et al., 
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2005). Consequently, there is great concern about the possible effects of this 

anthropogenic sound pollution on larval fish (Popper, 2003; Popper et al., 2004a) and 

decapods (Christian et al., 2003). These deleterious effects could include, auditory 

masking and the possibility that high intensity sounds damaging hearing organs. Of 

particular concern is that most sources of anthropogenic noise are within the most 

sensitive hearing range (100- 5000 Hz) of the majority ofreeffish and decapods 

(Budelmann, 1992; Myrberg, 1996; Kenyon et al., 1998; Popper, 2003; Jasny et al., 

2005). Auditory masking is when biologically irrelevant sounds prevent an animal from 

hearing the biologically relevant sounds (Popper et al., 2004a). An example of this was 

the occurrence of uncharacteristically high rate of capture of pueruli (post-larvae) of the 

rock lobster Jasus edwardsii on the seawater intake of the New Plymouth power station 

(Booth, 1989). A likely explanation for this was that the larvae were using the 

anthropogenic acoustic cue emanating from the power station (Jeffs et al., 2005), which 

was masking any biologically relevant sounds. Of potential major concern are the 

increased anthropogenic sounds in the vicinity of tropical and temperate reef systems 

because larval fish and decapods of many species spend part of their life offshore away 

from the reefs before they settle. Recent evidence suggests that larval fish (Tolimieri et 

al., 2002; 2004; Leis & Lockett, 2005; Simpson et al., 2005a) and decapods (Radford et 

al., in press - Chapter 3) use reef sounds to locate reefs and that these larvae are likely to 

orientate to regions with higher sound levels. Therefore, coastal sources of 

anthropogenic sounds could possibly interfere with natural settlement patterns of larval 

fish and decapods. 

As natural energy resources become limiting, the need to develop new sources of 

renewable energy is increasing, with industrialised countries planning on constructing 

large sea-based wind farms (Wahlberg & Westerberg, 2005; Madsen et al., 2006) and 

underwater power turbines driven by tidal currents (http://www.crest-energy.com). One 

of the major issues associated with these is whether or not underwater sounds emanating 

from these structures would affect larval fish and decapods. Wahlberg and Westerberg 

(2005) have shown that noise emanating from wind farms depends on the number of 

turbines, wind speeds and the type of seabed, and they have recorded sound levels in the 
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frequency band 100- 1000 Hz being in the order of 100- 140 dB re 1 µPa Hz-Yi. They 

also showed that the detection distance· to wind farms for three species of fish, Carasius 

auratus (goldfish), Gadus morhua (cod), and Salmo salar (Atlantic salmon) ranged from 

0.4 and 25 km at wind speeds of 8 to 13 ms· 1, respectively. This shows that noise from 

these wind farms is well within the hearing range of different species of fish and that it 

can be heard at considerable distances offshore. Therefore, any biologically relevant 

sounds that these animals are using to orientate toward settlement habitat could possibly 

be masked and alter where larvae settle. It would be of interest to compare larval 

settlement on wind farms to that of sites on the coast. If there were more larvae settling 

on the wind farms compared to the coast it could possibly indicate a possible masking 

effect of natural underwater sound by the wind farms. 

Another concern with the development of renewable resources is their construction, 

which involves pile driving and hydraulic hammers. Although the construction is short 

term compared to the long term operation of the generators, the noises emitted during 

construction are higher in intensity and could possibly cause long term hearing loss in sea 

creatures. Research on the impact of anthropogenic noise on non-mammalian species, 

and particularly fish (Enger, 1981; Hastings et al., 1996; McCauley et al., 2003) and 

decapods (Christian et al., 2003) is limited. McCauley et al., (2003) has shown that the 

ears of fish, Pagrus auratus exposed to an operating air-gun (source level 203.6 dB re 1 

µPa) at distances of 5 - 400 m sustained extensive damage to their sensory epithelia as 

was apparent by ablated hair cells. The damage was severe and affected fish showed no 

sign of healing or replacement of damaged epithelial cells up to 58 days after exposure. 

Christian et al., (2003) showed that an operating air-gun (broadband sound levels of 201 

- 227 dB re 1 µPa) had no obvious effects on the snow crabs, Chionoecetes opilio, 

hearing structures or overall health. Furthermore, they suggested that further work be 

undertaken on vigorous females. However, to date there has been no studies on the effect 

of anthropogenic sounds on the hearing of the larval stages of these animals. Therefore, 

if the source levels of the activities involved in creating these structures were similar, 

then it is quite possible that there would be some damage caused to the hearing of settling 
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fish or decapods. This in tum could affect their ability to locate suitable settlement 

habitat. 

7.1. FUTURE DIRECTIONS 

7.1.1. Ability of Larvae to Detect Ambient Underwater Noise 

Recent research has shown that a number of organisms (fish [Tolimieri et al., 2002; 2004; 

Leis & Lockett 2005] and decapods [Jeffs et al., 2003; Radford et al., in press - Chapter 

3]) can orientate to underwater sound. In particular, choice chamber experiments 

suggests these organisms can respond positively to replayed reef noise over very short 

distances(< 1 km), however, the overall importance of underwater sound in long distance 

orientation is yet to be determined. Some important questions that need to be answered 

are; 

• How far offshore do animals use the sound cue? 

• Are other cues beside sound involved in onshore orientation? 

• How reliable is the sound cue? 

• Can information on habitat features actually be discriminated remotely from 

underwater sound? 

• What components of the underwater sound are these organisms responding to? 

• How do these animals determine the 180° ambiguity of underwater sound? 

• What are the acoustic sensory organs of decapods and how do they function? 

It is going to be logistically very difficult to determine how far offshore these animals are 

orienting to the sound cue. However, a possible experiment that could be undertaken is 

an expansion of the Stobutzki and Bellwood (1998) study. They used binary choice 

chambers orientated perpendicular (toward/away) to the shore and observed a response of 

larval fish to natural cues between 30 - 250 m from the reef edge at Lizard Island. This 

could be expanded to observe response at various distances offshore, e.g., 1, 2, 5, 10, 20, 

40 km offshore. 
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The development of a choice chamber that records data simultaneously as it occurs (i.e., 

automated) rather than the current technique of counting of individual animal subjects the 

morning after deployment (i.e., manual) could increase the speed in which results are 

obtained. Such experimental apparatus would provide the opportunity to explore other 

aspects of the orientation behaviour, such as the speed of the behavioural response, and 

assist in identifying the components of the underwater sound to which the animals 

respond. There would be various experimental achievements with this new chamber: 

• Gain behavioural threshold data for larval fish and decapods by experimentally 

determining the response by larvae to different sound intensities for specific 

frequencies, enabling threshold curves to be developed. 

• Study the time of settlement. The present binary choice chamber method allows the 

determination of whether the larvae respond to the cue but not what time during the 

night they are responding. The automated choice chamber would log the time of 

the response and which direction. 

• Determine iflarvae can detect specific components of the sound spectrum, i.e., 

different habitat information. Reef recordings can be filtered so only the specific 

features of the sound spectrum of interest are maintained. For example, sound 

recordings can be band pass filtered for sea urchin noise 500 - 2000 Hz and 

replaying this back to the animals and observing a response would indicate that the 

animals could detect urchin noise. This would give direct evidence that certain 

animals can respond to certain types of habitat information. 

There is still relatively little known about the sensory systems that decapod larvae use to 

detect underwater sound. Decapods have a wide variety of sensory structures that have 

attracted considerable research interest, but their sensory organs and sensitivity are still 

poorly understood (Popper et al., 2001; Jeffs et al., 2005). It is known that the crustacean 

statocyst operates in a similar manner to the fish otolith in responding to underwater 

sound (Budelmann, 1992; Popper et al., 2001; Jeffs et al., 2005; Montgomery et al., 

2006). Lovell et al., (2005) were the first researchers to use auditory brainstem response 

(ABR) on an invertebrate and showed that the shrimp, Palaemon serratus use the 
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statocyst to detect sound and that this species has an auditory sensitivity between 100 -

3000 Hz. This has only been shown for one species and needs to be expanded using 

different species of decapods to show the generality of the response. However, the 

statocyst in juvenile spiny lobster, J. edwardsii is structurally different to that of the 

adults (Sekiguchi & Terazawa, 1997; Jeffs et al., 2005). Therefore, it is imperative to 

extend our knowledge of how larval decapods detect underwater sound and how sensitive 

their sensory structures are. This will give researchers better insight into the importance 

of underwater sound as a long distance orientation cue for larval decapods. 

Radford et al., (2005 - Chapter 2) has shown that SCUBA generated a large amount of 

underwater noise and that it is well within the hearing range of hearing generalist fish. 

Knowing that fish can hear SCUBA, there needs to be a greater appreciation of how these 

fish behave and react to SCUBA divers. 

7.1.2. Determining Urchin's are Conclusively Responsible for the Chorus 

It is now known that E. chloroticus can produce feeding noises in the correct frequency 

of the dawn and dusk choruses, but there is still no direct evidence that E. chloroticus can 

produce the noises in sufficient intensities to produce these choruses. To demonstrate 

this conclusively, a field experiment would need to compare sound recordings from a reef 

before and after all urchins were removed. If the 'urchin removed' power spectrum did 

not show a dusk chorus in the 500 - 3000 Hz frequency band, it would show that urchins 

are the source of the dawn and dusk chorus. Due to the nature of sound propagation in 

water (Roger & Cox, 1988; Bass & Clarke, 2003; Medwin, 2005), the recordings of the 

above experiment could potentially detect urchins on a reef some distance away (over 

kilometre away). Therefore, another potential experiment would involve using a 

directional hydrophone system, to record an isolated reef inhabited by a population of sea 

urchins. Through the subsequent data analysis the direction and location of specific sized . 

urchins could be determined. Following this, all the urchins would be removed from the 

isolated reef and another recording taken. The corresponding sound analysis should 

exhibit no urchin feeding noise signatures emanating from the isolated reef where the 
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urchins were removed. Once proved that sea urchins produce the dawn and dusk chorus 

it would be useful to understand if the power spectrum differed between reefs with 

different densities and population size structures of urchins (see Chapter 6). The 

subsequent sound analysis would then need to show that the differences in the recorded 

choruses correlated with differences in urchin densities and size frequencies. For 

example, ifthe urchin population of the recorded reef had higher densities of small 

urchins (30- 50 mm size range), then peak frequency of the dusk chorus would be 

expected to be at higher frequencies (1500 - 2000 Hz) and vice versa for reefs with high 

densities of larger urchins (700 - 1000 Hz). These experiments would provide 

conclusive evidence that urchins are a major source of ambient underwater noise in New 

Zealand and highlight the potential use of passive acoustics for monitoring urchin 

populations. 

7.1.3. Ambient Underwater Noise 

The present research has given us a greater understanding of the daily, lunar, seasonal 

and geographic variation in underwater ambient noise around the Leigh coastline. This 

research needs to be expanded by describing the patterns of underwater ambient noise 

around other parts of the New Zealand coastline. Hence, gaining a clearer perception of 

underwater ambient noise and whether the results of this present study can be generalised 

to other locations. 

The present study has shown that underwater sound has certain characteristics that make 

it suitable as a long range orientation cue, such as daily, lunar and seasonal patterns 

correlating to settlement patterns of larval fish and decapods. It has also shown that 

larval decapods can detect underwater sound direction and resolve the 180° ambiguity. 

However, studies have yet to prove experimentally that underwater sound from reefs 

retains a directional component out to the distances which are required for it to be a 

useful long range orientation cue. This can be achieved by using recent advances in 

directional hydrophone technology which will facilitate directional sound measurements 

at various distances offshore from reefs. These new hydrophones also have 
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accelerometers which are capable of measuring particle displacement simultaneously 

with sound pressure. This is important because the majority of fish and decapods are 

most sensitive to particle displacement (hearing generalists), but there have been no field 

measurements of particle displacement to date. 

7.2. CONCLUSION 

Overall, the results of this study indicate that SCUBA and other underwater breathing 

apparatus should not be used as an in situ observation tool unless there is consideration 

given to the possible effects of noise on the results or until it is proven that the noise 

emitted by the apparatus has no effect on the behaviour of larval fish and decapods. This 

is the first study to show that decapod post-larvae can determine the direction of an 

underwater sound source. Ambient underwater sound has large fluctuations in daily, 

lunar and seasonal outputs that could quite possibly enhance its potential as a long range 

orientation cue and influence the pattern of response by larval organisms. Together these 

results have important ecological implications for the way larval fish and decapods 

migrate and orientate to the coast which will subsequently enhance their settlement 

success. The important discovery that E. chloroticus is a major sound producing animal 

in temperate marine waters could have significant implications for how larval fish and 

decapods use the sound field as an orientation cue. Evechinus chloroticus could provide 

a signal that is easily distinguishable above ambient background noise and provide 

migrating larval animals with information about distant habitats. The feeding noises 

produced by E. chloroticus also show daily, lunar and seasonal patterns that are highly 

correlated to the settlement behaviour patterns of larval fish. Therefore, there is a real 

possibility that underwater sound is the major long range orientation cue that these 

animals are using. In conclusion, the results of the present study have greatly helped our 

understanding of the role of underwater sound in orientation of post-larval fish and 

decapods. 
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