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ABSTRACT 

Effect of Anthropogenic Noise on Reef Macroinvertebrates (Lambis lambis and 

Tridacna maxima). 

Michelle-Nicole Havlik 

  

Boat noise has been shown to distract and cause harm to many marine organisms. Most 

of the study effort has been focused on fish & marine mammals, even though 

invertebrates represent 99% of all living organisms, both terrestrial and aquatic. The 

small amount of studies conducted on invertebrates have demonstrated a clear 

negative correlation between anthropogenic noise pollution and invertebrate well-

being. The small giant clam Tridacna maxima and the spider conch Lambis lambis are 

two invertebrate species which play key roles in coral reef ecosystems, and are little 

studied for the effects of noise disturbance. If their behaviour is significantly affected by 

boat noise, this could cause a knock on effect on the rest of the reef ecosystem. T. 

maxima functions as prey to many fish species, contributing up to 9% of the reef’s 

calcium carbonate budget, as well as playing a role in nutrient cycling. L. lambis is 

essential prey for molluscivore snails and certain elasmobranchs, and through its 

herbivorous feeding, helps to keep filamentous algae levels low. Moreover, coral reefs 

are reliant on the biological sound primarily created by invertebrates, such as snapping 

shrimp, to attract larvae from the pelagic environment for settlement. During 

experiments conducted in February 2020 in the Red Sea, Daily Diary Monitoring (DDMT) 

smart tags were used to measure the reactions of T. maxima and L. lambis respectively 

during underwater playback of boat noise compared with ambient reef sound. It was 
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found that both T. maxima and L. lambis exhibited behavioral changes during the boat 

noise treatment. The implications of this study is that individuals of L. lambis and T. 

maxima may spend energy averting the invisible "threat" of boat noise, rather than 

feeding and/or photosynthesizing, in the case of T. maxima. If this hinders the 

acquisition of food/production, the whole reef ecosystem may be compromised in a 

knock-on effect from these producers and primary consumers. As boat noise is 

prevalent on inshore Red Sea reefs, shown by a 24-hour acoustic analysis of a patch reef 

sound pressure levels (SPL), invertebrates might be affected on a large scale in the Red 

Sea. 
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1. Introduction 

1.1. Sound and Marine Life 

Sound propagates faster and farther underwater than in air, and farther than other 

sensory cues (such as light or chemical clues) underwater (Urick, 1983). As a result, 

marine fauna has evolved sensitivity to sound over a wide range of frequencies. Most 

most marine invertebrates, fishes, and reptiles are sensitive to frequencies below 2 kHz, 

while marine mammals have a much wider hearing range (Coffin et al. 2004). While 

sound pressure can be detected by many marine organisms, the sound-receiving organs 

that first evolved in aquatic life forms were based on particle motion, which occurs due 

to both hydrodynamic flows and oscillation of water molecules generated by sound 

propagating in water. 

  

Much of our knowledge on the origin(s) and evolution of hearing has been acquired 

from land mammals and birds. Hearing in primitive life forms, such as jellyfish and other 

invertebrates, has either not been investigated or only recently been described (Sole et 

al. 2016).  Hair cells as a mechanosensory receptor for hearing appeared very early in 

evolution (Coffin et al., 2004), evolving from invertebrate statocysts, which detect 

gravity and vibrations underwater, to fish ears, which are likely to perceive sounds of 

relatively low frequency (<1 kHz). Impedance-matching structures, or tympanic middle 

ears, appeared independently in reptiles, birds and mammals (Manley, 2000), increasing 

the overall sensitivity of hearing to exceed, in some mammals, 50 kHz. In toothed 

whales, the middle ear evolved to receive sound passing through the fatty tissues in the 
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jaws, an effective means of conduction. Further changes in the pressure-sensing ears 

occurred as reptiles and mammals returned to the ocean (Tolstoy et al., 2004).  

 

Marine invertebrate hearing is considered an understudied topic (Murchy, 2019). As of 

yet, no studies have examined the hearing capacity of the two Red Sea mollusc species 

addressed in this thesis, Lambis lambis, and Tridacna maxima, however the latter has 

been recently tested for reaction to boat noise in Mo’orea, French Polynesia (Doyle et 

al., 2020) (See section 1.4 & Discussion).  

 

With sound as a highly effective form of sensory communication underwater, the 

reliance of organisms on it for survival in the ocean is troubling, when faced with the 

prospect of continuously increasing levels of human noise and interference, which may 

interfere with their capacity to use sound as a sensorial clue effectively (Wenz, 1962; 

Harding et al, 2020). 

1.2. The Soundscape of the Anthropocene Ocean 

Soundscapes, defined as “ambient sound in terms of its spatial, temporal, and frequency 

attributes, and the types of sources contributing to the sound field” (Pijanowski, 2011), 

are changing rapidly throughout the ocean. Massive declines in the abundance of 

sound-producing animals, due to hunting, fishing and other anthropogenic pressures, 

are reducing the number of natural biological contributors to ocean soundscapes 

(hereafter biophony). In parallel, anthropogenic sound sources (hereafter anthrophony) 
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have increased dramatically in number and level, altering natural sound levels, while 

anthropogenic climate change is altering the contribution of geophysical sources, such 

as sea ice and storms, to marine soundscapes (hereafter geophony). As a result of these 

processes, the soundscape of the Anthropocene ocean is fundamentally different from 

that of pre-industrial times and continues to change rapidly with expanding human 

impacts and altered climates (Duarte et al., in pub). 

  

In contrast to the long-standing recognition of the effects of anthropogenic sound in 

terrestrial systems (Pijanowski, 2011), impacts on ocean soundscapes have received 

relatively limited attention. This neglect percolates in reviews of cumulative stressors 

(Halpern et al, 2008; Boyd et al, 2011) and drivers of global change in the ocean (Duarte, 

2014; Levin et al., 2015), as well as in scientific assessments (Ingeman et al., 2019) and 

policy frameworks (UNCBD, UNCLOS, UN SDGs) aimed at improving ocean conservation 

and sustainability. Given the rapid pace of change in ocean soundscapes, there is an 

urgent need to understand and mitigate human impacts on ocean soundscapes as a 

necessary foundation for a healthy ocean. 

 

A recent metanalysis (Harding et al, 2021), showed the focus of studies on the effect of 

anthropogenic noise on marine life has been largely on marine mammals & fish, and 

very little has been investigated on invertebrates, birds, and reptiles, despite these 

playing key roles in ecosystem functioning. However, the limited existing knowledge 

suggests that impacts occur in these understudied animals (Mooney et al., 2019; 
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Murchy et al. 2019). It is integral we catch up research in this area, and as Harding et al. 

(2019) note, the field would benefit from longer-term measures of the fitness costs 

associated with noise exposure, to gain better understanding of the ecosystem-level 

effects of noise. 

 

Shipping and boat vessel noise is a particularly ubiquitous and persistent source of 

anthropogenic noise (Howe et al., 2019). Under exposure to boat noise, marine 

organisms have been shown to change behaviors and physiological factors. For example, 

Orcas adjust their call when exposed to boat noise, causing increased effort and 

expenditure of energy (De Clerck et al., 2019), and in shrimps, mating behaviour 

favoured weaker individuals and metabolic rate, changing population trends and 

genetics (Ruiz-Ruiz, 2019). 

 

Since sound is used by most aquatic species for communication & navigation, it is critical 

that the effect of human noise continues to be assessed. Compared with other 

pollutants, noise is relatively easy to mitigate, as removing the source of the noise is an 

immediate solution unlike the persistance in most forms of pollution. Projects such as 

DOSITS (Vigness-Raposa et al. 2019) aim to collate information and inform policy makers 

to avoid detrimental effects of anthropogenic noise pollution. Mitigation efforts such as 

improved route planning for shipping lanes, retrofitting of old propellors, as well as low-

frequency bubble curtains surrounding underwater mining and construction, are all 
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examples of management looked to become adopted by policy in the near future 

(Duarte et al, 2021). 

1.3. The Red Sea Soundscape 

The Red Sea has one of the most extensive coral reef systems in the world, flanking a 

narrow, deep central channel, which represents the main shipping lane across the Red 

Sea. A typical coral reef soundscape will be dominated by snapping shrimps (family 

Alpheidae), and usually present a diurnal pattern with a dawn and dusk chorus, these 

being the times when fish are most actively communicating, and a ramping up of 

invertebrate activity during dark hours (Cagua et al, 2013; Bertucci et al, 2015; Gordon 

et al, 2018). 

 

As one of the busiest shipping lanes in the world, it is clear that a recent change in the 

Red Sea soundscape must have occurred. With an average passage of an average of 50 

large cargo ships per day, among other smaller craft, between the northern connection 

to the Mediterranean, the Suez canal, and the southern opening to the Gulf of Aden, 

noise levels can be estimated to increase similarly to other parts of the world where 

shipping is present (Alahmadi, 2019).  

 

 Despite being one of the largest reefs systems globally, the soundscape of the Red Sea 

remains understudied with only two studies mentioning acoustics in the Red Sea, and 

neither focusing on shipping noise (Cagua et al, 2013; Dawoud et al, 2016) rather on diel 
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biological patterns, in the context of bathymetry affecting acoustic telemetry tagging, 

and predicting effects of pile-driving construction on marine mammals in Jeddah, Saudi 

Arabia. Currently no estimation of shipping noise exists for the Red Sea, as in other parts 

of the world frequented by shipping vessels (e.g. Farcas et al, 2020). 

 

 

Although shallow coastal reefs are projected to be the most affected, due to extended 

reach of sound in water, this shipping noise may negatively affect down to the fragile, 

low-light upper-mesophotic reefs (Lin et al., 2021) masking communication of species, 

and interrupting navigation of larvae (Vermeij et al, 2010; Gordon et al, 2018).  Whereas 

impacts of noise, such as that resulting from boat engine, on fish behavior in reef 

ecosystems has received some attention (Holles et al., 2013; McCormick et al., 2018), 

the impacts on reef invertebrates remain understudied.  Among reef invertebrates, 

snapping shrimps have received the greatest attention, because of their prevalent 

contribution to coral reef soundscapes (Lillis et al, 2017; Lillis & Mooney, 2018).  Yet, 

coral reefs contain a large number of invertebrates, as it is indeed, an invertebrate-

dominated ecosystem, which have received no or limited attention.  For instance, 

species such as the giant clam, Tridacna sp., a major contributor to IndoPacific reefs 

(Van Wynsberge et al, 2016) and the spider conch, Lambis lambis, have received limited 

attention.  
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1.4. Previous Studies of T. maxima and L. lambis and Human-induced Noise 

 

Tridacna maxima 

The tropical small giant clam Tridacna maxima, has the widest range of all Tridacnidae 

species, extending from East Africa to the Central Pacfic (Van Wynsberge et al., 2015) 

and common in the Red Sea (Vine, 1986; Rossbach, 2019). The first population estimate 

of the Saudi Arabian coast was conducted in 2020, finding 0.17 (±0.37) individuals per 

m–2. This species is vulnerable to fishing pressure, traditionally harvested for its mantle 

meat and large shells for decorative purposes, however due to lack of reporting and 

information, T.maxima is still listed as a species of “least concern” (IUCN, 2016).  

Tridacnidae are considered as ecosystem engineers, providing food, shelter and reef 

building services through calcification. For the overall mean calcium carbon budget of 

Red Sea coral reef communities, Tridacninae (the sub-family of giant clams) have an 

estimated average contribution of 0.7%, with a potential to contribute up to 9% 

(Rossbach et al, 2020). Due to Tridacnidae’s unique mixotrophic nature, and relationship 

with symbiotic algae within its mantle providing calcification, they are reliant on light for 

growth (Rossbach et al., 2019, Van Wynsberge et al., 2016).  Tridacnidae can perceive 

light/shadow through eye-spots located along the margin of the siphon, inside the 

mantle tissue (Dehaudt et al.. 2019; Wilkens, 1986; Land, 2003), which allows 

recognition of predation, and triggers mantle retraction and closure (Fig. 1). The usual 

manner a species of Tridacnidae is predated upon is small nips off the mantle from 

piscivorous fish such as Scaridae and Labridae (Land, 2003). A recent study on T.maxima 
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showed individuals also protectively close when exposed to UV-B, showing the clams 

possess the ability to gauge environmental factors in deciding to spend energy for self-

preservation (Rossbach et al., 2019). As well as relying on symbiotic algae, T. maxima 

are also sessile filter feeders, therefore this ability of correct interpretation of danger is 

integral (Wilkens, 1986). Although no bivalves have been thought to produce noise for 

communication, the sound produced by movement is quantifiable (Ubirajara Gonçalves 

de Melo et al., 2019).  

T.maxima has recently been tested in terms of reaction to low frequency boat noise, as 

an individual stimulus, as well as in combination with water flow (Doyle et al, 

2020).  This research, conducted in 2020, found that the clams responded to the sound, 

flow, and their combination by increasing frequency of mantle retractions, and 

simultaneous water jetting from the exhalant siphon (an anti-predator response), 

proposing boats as a potential stressor. Mantle retractions are the precursor to full shell 
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closure (Fig 1.). 

 

Figure 1. Movement of T. maxima in response to threats. 

 

The delay, or latency, to close the shell fully, or reemerge the mantle was not changed 

with the effect of sound alone. However, when exposed to both stimuli simultaneously, 

T. maxima increased their latency to close, continuing to stay open for a longer period 

of time (Doyle et al, 2020). This suggests the clams were potentially distracted, 

perceiving the sound and flow in an additive way, suggesting that they are especially 

vulnerable to unavoidable marine noise pollution (Doyle et al, 2020). 

  

A meta-analysis of shipping noise on invertebrates found negative effects, especially in 

Gastropoda (Murchy et al, 2019).  For Bivalvia, this analysis consisted of two studies 
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(Charifi et al, 2017; Jolivet et al., 2016). The first showed oysters transiently closing their 

valves at low frequencies similar to those emitted by boat engines (energy, 0.02 ms-2 at 

122 dBrms re 1 μPa, maximum sensitivity from 10-200 Hz) (Charifi et al, 2017). In the 

second, larval settlement was triggered in blue mussels under boat sounds (Jolivet et al., 

2016), accounting for a “positive” effect being found. However, this pre-mature 

settlement might cause the larvae to settle in an inappropriate environment, exposed to 

potentially unfavorable conditions (Jolivet et al., 2016).  

 

Lambis lambis Studies 

The Spider Conch Lambis lambis is a large strombid mollusc (Family: Strombidae), 

growing up to 29cm in length, with coarse transverse ridges and seven “spider-like” 

protrusions of varying length from the base of the shell length (Berg, 1974; 

MolluscaBase eds., 2020). It can be found on reef flats, and in mangroves, widely 

distributed in tropical and subtropical zones from the Red Sea to the South Pacific (Vine, 

1986). The exterior color varies significantly, ranging from white-brown, based on 

habitat, and the interior lip is a rich pink, orange or purple (Richmond, 1997). 

Strombidae feed using a long flexible tube called a siphon, extending from its anterior 

side, which draws water over the osphradium in the mantle cavity, an organ which 

assists respiration, and also detects scents, distinguishing between food, predators and 

mates (Heller, 2015). Their flexible eye stalks are frequently subject to attack by fish, 

however they are able to regrow them (Heller, 2015). To feed, the oral region extends 

significantly into a muscular snout containing a radula, for scraping algae (Heller, 2015). 
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L. lambis filter and graze on substrate detritus including micro- and macroalgae, 

performing an ecosystem role in reducing algae levels (Heller, 2015). Its main predators 

are other predatory snails, such as the dart-shooting cone snail, eagle rays, and nurse 

sharks (Berg, 1974).  Unlike most other molluscs, L. lambis along with its family 

Strombidae, do not glide slowly along the substrate, but rather use their muscular foot, 

and modified, pointed operculum to propel forward in leaps, requiring a high degree of 

strength and coordination (Fig. 2). L. Lambis are sexually dimorphic, with males having 

two anterior digitations protruding towards the rear of the conch, whereas these point 

towards the front in females (Oxley, 2011; Berg, 1974).  The current population of L. 

lambis in the Red Sea is not known, however being a shallow-water dweller, and prized 

in the Red Sea area for its flesh and shell, it is in risk of over-fishing. The oldest 

documented case of use came from the excavation of prehistoric sites on the Sinai 

Peninsula, where 6000 year old skeletons on the Sinai Peninsula, wearing bracelets 

carved from the shell of L. lambis, as well as other ritual offerings made from the shell 

(Heller, 2015). The current Bedoun of Sinai believe the shell to be a cure for impotence 

(Heller, 2015), increasing the risk of over-exploitation, potentially parallel to the plight 

of to many species worldwide, such as Manta and Mobula rays fished for their gill-rakers 

for use in Chinese medicine.  

 



 22 

 

Figure 2. Locomotion of L. lambis across sand, showing tracks from locomotion (blue 

arrow) and direction of travel (green arrow). The typical movement is shown from 

stationary (1), to (2) pushing up with the strong operculum, to come forward and back 

down (3). This is also applicable to a rubble surface that it frequently inhabits.  

 

The large, robust nature of the shell of L. lambis means it travels further than smaller 

species with each leap, however it makes fewer leaps/minute (Berg, 1974). In most 

cases Strombidae move using their muscular foot stretching and contracting in leaping 

actions, but when posed with a threat, such as the scent of a molluscivore dart-shooting 

cone snail, L. lambis will perform Escape Locomotion (Fig. 2) (Heller, 2015), moving 

much faster than regular movement, due to a greater number of leaps per minute made 

(Berg, 1974). 
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2. Objectives 

2.1. Aims 

Here we contribute to our understanding on the soundscapes of Red Sea coral reefs, 

and responses of invertebrates to anthropophony by (a) characterizing the soundscape 

of a reef in the Central Red Sea, and (b) determining whether the rate and degree of 

animal movement directly responds to the disturbance of anthropogenic, represented 

by boat noise. I investigate the response using movement tags to boat noise through 

controlled experiments playing back pre-recorded undisturbed, ambient reef 

soundscapes (i.e. ambient treatment), and pre-recorded fishing boat movements (i.e. 

boat treatment). 

Hypotheses:  

1. Boat noise affects the movement ecology of the target species.  Expected 

outcome: Boat playback will have significantly different movement counts to 

Ambient playback. 

1.1 For L. lambis, the conch will move slower, and therefore less 

movement should be present during the Ambient treatment, and more in 

the Boat treatment, when escape locomotion is utilized.  

1.2 For T. maxima, there should be less movement during the Boat 

treatment, versus the Ambient treatment.   
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2. The degree of movement (VeDBA) will be significantly different between Boat 

and Ambient playbacks. 

2.1 For L. lambis degree of movement will be larger during boat playback, 

as the sound will be perceived as a threat. 

2.2. Methods 

Red Sea Reef soundscape measurement  

A 24-hour “snapshot” from a Red Sea reef soundscape was created using the program 

PAMGuide (in Matlab), the analysis calibrated according to the hydrophone 

specifications (end-to-end) to create a Broadband Sound Pressure Level (SPL) graph, 

identifying chorus and influencing sounds. A continuous recording from a SoundTrap 

ST300 placed on the outer reef at 20m, from the 23-24/08/2019 was used for analysis, 

allowing for a 24 h spectral view of a summer day, during the waning gibbous moon 

phase. The program Raven Pro (1.6) was also used to confirm the biological or 

anthropogenic nature of certain sound signatures. A healthy reef soundscape is usually 

dominated by snapping shrimp (Lillis and Mooney, 2018) making a very evident pattern 

of dawn and dusk chorus. This chorus may vary in parts of the world, and varies 

between seasons and moon cycles (Radford et al, 2014; Staaterman et al, 2014), usually 

presenting highest SPL in the summer. It is also important to note that different parts of 

a reef will present different sound signatures. Shark Reef where the recording was taken 

has been used for many ongoing studies at KAUST for its high density of reef fish and 

corals, and is considered a healthy patch reef, unique for its proximity to shore, but 



 25 

surrounded by relatively deep water (50-100m). The outer reef was chosen for 

recording to have a preliminary overview on frequency of passing shipping and 

fishing/recreational boat noise, as the reef is close to a primary shipping lane into King 

Abdullah Economic City, and frequented by local fishermen.   

 

Study sites 

CEEs were conducted on the sheltered sides of Abu Shosha (22°18'13.74"N, 39° 

2'51.79"E) (30/1/2020 - 13/2/2020), Tahla North (22°16'44.97"N, 22°15'24.77"N) 

(19/2/2020 - 5/3/2020) (Fig. 4) in the Red Sea, off the coast of Thuwal, Saudi Arabia. 

Reefs were selected for proximity to coastline for ease of access, presence of Tridacna 

maxima, Lambis lambis, and shallow areas where these species were present. Suitable 

areas were located along the reef crest where T. maxima clams were accessible, and 

within ~3-5 m of a sandy sea-floor. L. lambis were collected from the nearby reef crest, 

with one tagged per sound trial where possible. These two reefs were also exposed daily 

to local fishing boat traffic. 

 

Experimental design - Controlled Exposure Experiments (CEEs) 

As both species are diurnal, all experiments were held during the day (Between 7:00 

a.m. - 2:00 p.m.).  
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Figure 3. Measuring Lambis lambis (male) tagged with the DDMT (prior to wrapping with 

balloon). Size of specimens used were always between 25-30cm.  

 

Firstly, animals were tagged with Daily Diary Movement Tags (DDMT) (Fig. 3) animal 

movement tags which were calibrated and set the morning of the experiment, and 

sealed in a small waterproof container, with a total of 40 individuals tagged (T. maxima 

and L. lambis respectively) and 40 experiments were conducted. The DDMT (Wildbyte 

Technologies) is a small, electronic “smart” tag (In waterproof box: ~3cm x 3cm x 4cm) is 

powered by a 3.6 V lithium battery, and records multiple parameters of animal 

movement at infra-second rates, such as triaxial acceleration of an animal (Wilson et al., 

2008, Walker et al., 2015). Its small size allows it to be attached directly to the animal, in 

this case the shell of T. maxima and L. Lambis, with minimal hindrance of natural 

movement. For analysis, the vector of dynamic body acceleration (VeDBA) is recorded 

by the tag (calibrated pre-deployment, and can be used as a suitable proxy for 

movement-based power, and energy expenditure (Wilson et al., 2019; Wilson et al., 

2020). When a tag is immobile, the vectorial sum will always equal 1 g (the Earth’s 
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gravitational field), however, VeDBA is seen to be negligible in animals for slow 

movements (Wilson et al. 2020). Nonetheless, will show differences between 

movement states. Higher or lower values are given with movement, as the recorded 

acceleration will be superimposed on those values given by the Earth’s gravitational 

field. The VeDBA values, are calculated by the DDMT program, using the equation: 

VeDBA = (DAx2 + DAy2 + DAz2)0.5, where “A” is acceleration, and the “D” denotes the 

dynamic acceleration calculated given subtraction of the smoothed acceleration data 

from the raw, and the x, y, z represent the orthogonal axes (Wilson et al., 2020). 

 

The DDMT recorded information also allows specific movements to be discerned, by 

using tri-axial magnetometry (from a solid-state compass).  Tags were attached with 

epoxy putty, underwater in the case of T. maxima and on the boat for L. Lambis. After 

primary flooding of a few tags, they were consequently placed inside latex balloon 

casings, before affixing with epoxy putty. Putty was chosen for ease of removal from the 

animal, causing only an imperceptible effect on the shell, and causes minimal stress 

(Wilson & McMahon, 2006). After the experiments, individuals were returned close to 

location of origin.  

 



 28 

 

Figure 4. Experimental design of Controlled Exposure Experiments (CEE), showing 

Lambis lambis conch and Tridacna maxima clam with DDMT tags, trial treatments, 

replicates and locations. 

 

In the case of the bivalve T. maxima, the DDMT was placed on one side of the clam, to 

detect change in opening of the T.maxima valve. For L. Lambis, it was placed on the 

proximal flat portion of the shell, before the flared outer-lip. In both cases, it was found 

that it was most effective to gently scrub off algae to create a surface for the epoxy to 

adhere to. 
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L. Lambis was then placed in the location along the reef selected for the trial, below T. 

maxima (Fig. 4). The maximum amount of trials achievable per day were 4. Two trials 

were run simultaneously to each other, on the same reef, placed approximately 50 m 

apart, with one using boat playback, and one completely ambient (control), as this 

maintained enough distance to ensure playbacks were not audible in the other 

experiment (confirmed using the program Raven pro (1.6) to inspect respective 

hydrophone recordings).  

 

Hydrophones were placed ~50 cm away from the T. maxima, the same distance from 

the speakers as the animal. UW30 (Lubell) underwater speakers, paired with an 

amplifier (M033N, Kemo) were used for the CEEs. These were swum from the boat and 

suspended 1 m off the seafloor with weights. A large amount of slack was left in the 

rope, connecting the speakers to a buoy with the power source to minimize sound 

interference from waves (Fig. 4). Play-backs consisted of one 1 h track of ambient noise, 

followed by 1 h of boat track (randomised to ensure the same boat track wasn’t played 

twice in succession near the same location), and the ambient treatment (2 h of ambient 

reef playback) and are described in the next section. Before playback begun, a boat-

track was briefly played to check the set-up was properly functioning. Once the two 

simultaneous trials were completed, tags were removed and returned to the boat, along 

with the speakers. Hydrophones were moved to the next location, approximately 20 m 

from the previous, and an opposite sound treatment selected (boat or ambient). 
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In total 40 CEE experiments were conducted (Ambient treatment: 17, Boat treatment: 

23) involving 40 tagged individuals of T. maxima and L. Lambis, respectively. 

 

Playback tracks 

Recordings of 3 different local boats (with engines of 200W or more) were first made, 

with the hydrophone placed at 3 m on the reef, and the boats passing within 10 m or 

less over the hydrophone at a continuous speed, approaching from 100 m away. These 

boats were chosen as typical representations of water-craft the local T. maxima and L. 

lambis in the area will come into contact with. A minimum of three separate boat 

recordings for separate play-back tracks (within the boat treatment) were important to 

ensure the resulting reaction was not due to a certain individual boat sound, but boat 

noise in general.  A Soundtrap ST300 hydrophone (HP) was used (and consequently 

throughout the rest of the experiment for recording) at a sampling rate of 96 kHz, with a 

high pre-amp gain (to increase sensitivity of measurements), and a TASCAM hand-held 

recorder. Tracks were edited and assembled on the computer with the audio editing 

program Audacity. Three one-hour ambient playback tracks were made (A1, A2 & A3) 

using five 1:15 (m:ss) ambient recordings, as well as three one-hour tracks with boat 

passes using three 1:15 (m:ss) from the three separate boats (B1, B2, B3), again to 

ensure variety within treatments. For each ambient track, two alternating ambient clips 

were concatenated and looped using 2 s linear crossfades. For each boat track, we 

alternated between boat passes and ambient clips, to minimize any “jolting” effect in 

the playback, resulting in 25 total boat passes during one playback session. All tracks 
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were bandpassed with 150-2000 Hz filters, anticipating speaker limitations and 

expected hearing of the study species (based on other mollusk sensitivities, e.g. Charifi 

et al, 2016). Ambient and boat tracks were normalized to the same sound levels, to 

ensure the original sound levels are not hidden confounding factors, rather the sound 

signatures themselves. Before CEEs commenced, the soundfield of playbacks was 

analyzed with measurements from acceleration sensor (M20, Geospectrum), to 

ascertain perceived pressure received by the organisms. The geometric mean rms SPL 

(100-1600 Hz) of the boat playbacks was *~130* dB re 1 μPa and of the ambient 

playbacks *~100* dB re 1 μPa (fig. 1 SPL overtime & fig. 2 PSD). A customized R script 

was used to analyze 1.15 minute recordings of the playbacks to define characteristics. It 

was found in most cases as expected due to attenuation of sound from the speakers, 

the trial playbacks mimicked the same SPL and PSD signatures, at slightly lower levels 

(Fig. 5. and 6.).  
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Figure 5. Median Sound Pressure Levels over the 1:15 min underwater recording of the 

boat vs. the measured playback during the trials (using UW30 underwater speakers, and 

ST300 hydrophone). Boat 1-3 are three separate boat recordings of 3 different boats. 

Ambient 1-4 represents the 4 ambient recordings of the reef, vs. the recordings of their 

underwater playback.  

 

Most marine life, including invertebrates primarily perceive sound, using particle motion 

rather than SPL. In addition to SPL, monoaxial particle acceleration was measured using 

a calibrated triaxial accelerometer (M20-040; sensitivity 0–3 kHz; Geospectrum 

Technologies, Dartmouth, Canada) connected to a digital field recorder (Zoom F8 field 
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recorder, sampling rate 48 kHz, Zoom Corporation, Tokyo, Japan), according to Nedelec 

et al. (2016). All recording levels were calibrated using a 1 kHz pure sine wave signal of 

known voltage recorded in-line with an oscilloscope. For analysis, 20 s of motorboat 

passes from the three different boats (KAUST1, KAUST2, KAUST5) used in the 

experiments were appended together into a single recording, 20 s from each of three 

different ambient recordings were similarly appended into a single recording, and 20 s 

from each of three different recordings of the control treatment (i.e. playback of 

ambient sound). The recordings were analysed with the paPAM acoustics analysis 

package using MATLAB v 2016a (Nedelec et al. 2016) (Fig. 6).  

 

 

Figure 6. Spectral content of control and boat noise recordings, as well as the ambient 

conditions in the field. Median power spectral densities (n = 3) of all conditions are 
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shown, as well as the ambient conditions in the field. 5th and 95th percentiles are shown 

in light colours. FFT length = 44.1 kHz, Hamming evaluation window, 50 % overlap. 

 

Statistical analysis 

R (v 3.6.2) studio was used for analysis of the data. For the differences in movements 

between hours for L. lambis and T. maxima, for differences between the control and 

treatment within the same experiments, Wilcoxon non-parametric paired test was used, 

where the pairs compared were  be the frequency of movements of the hour 1 

acclimation (Ambient) and the frequency of movements for hour 2 (Ambient control, or 

Boat) of the same experiment. A non-parametric test of significance was also used 

(Krusal-Wallis).  

3. Results 

 3.1 Patch Reef Soundscape of the Central Red Sea 

A 24 h snapshot analysis of a healthy reef showed the presence of a dawn and dusk 

chorus, dominated by invertebrates, mainly snapping shrimp, as verified using the 

software Raven, and comparison to literature (Lillis and Mooney, 2018). This chorus 

increased the sound pressure levels (SPL) approximately 3 dB (re 1 μPa) at dawn 

(6:21am) and dusk (18:50pm) (Fig. 7). Boat presence was seen both during the day and 

night, present for most of the night (in total ~10 h) as opposed to about 5 h during the 

day, typical of local fishing patterns. However, the boats during the day employed the 
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use of a sonar echo-sounder, or “fish-finder”, at one point greatly increasing the 

maximum SPL by 23 dB (120 dB re 1 μPa - 143 dB re 1 μPa).  

 

 

Figure 7. Broadband Sound Pressure levels (SPL) of a healthy reef (Qita al Gersch, also 

known as Shark Reef) over 24 hours during the summer (moon phase: Waning gibbous), 

showing the typical dawn and dusk chorus (yellow lines), and contributions to rising SPL 

by boats (in red squares) as measured by ST300 hydrophone at 20m. Calibrated and 

calculated in Matlab using PAMGuide according to hydrophone specifications. 

Oscillogram shows maximum and minimum SPL in decibels (dB) for the period of time in 

dark blue, including the dawn and dusk chorus, elevated sound levels at night due to 

higher invertebrate activity, and spikes in sound levels caused by boats (red squares). 

The levels of sustained dB increase is attributed mainly to invertebrates such as 

snapping shrimp, responsible for the high frequency snaps. While fish may ramp up 



 36 

their communication during dawn and dusk, overnight they vocalise less, evidenced by a 

reduction found in the commonality of lower frequencies compared to the day time 

(Bertucci et al, 2015). The second box in red showing especially high dB level in sound 

pressure is fish finder echo sounder activity (see Fig. 2, A, B, and D).  

 

Further inspection of the sound characteristics (using the program Raven Pro 1.6.) 

revealed the sound masking properties of the boat engines, across all frequencies, but 

especially in the low frequencies (1-10 kHz), important for communication in marine life 

(Nedelec et al, 2016). It is clear even the sound from snapping shrimp and low frequency 

band of fish vocalizations (Fig. 8, A) is overlapped by the sound of the boat engine, and 

echo sounder (Fig. 8, B, D). A shallower inshore reef, characterized by less coral cover 

and fish population, was compared (Fig. 8, C) and it was interesting to note sound 

pressure was equal. This may be due to the reflection of sound on the shallow, sandy 

bottom (10 m) increasing perceived SPL.  
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Figure 8. Spectrogram Images (made with Raven Pro 1.6) of individual sounds taken 

from the 24 h Broadband SPL measurement in Fig. 7, with the lighter blue representing 

higher intensity of sound (in dB). The x-axis shows time in m:s, and the y-axis is 

frequency up to 40 kHz. (A): Healthy reef during the day (Qita al Gersch – 23/08/20 - 

10:30:00 (visible above in Fig. Broadband levels) - aqua lines are representative of 

crackle of snapping shrimp, (B): Acoustic smog created by a large boat engine, 

approximately 50-100 m from hydrophone at 20 m depth – 23/08/20 - 10:30:00, plus 

small dots are the end of its sonar/fish finder (C): A detailed view of the snapping shrimp 

transient acoustic events from (A), responsible for much of the sound pressure 

levels (D): A detailed view of the fish finder in use closer to the hydrophone.  
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3.2 Movement frequency for L. lambis and T. maxima 

Analysis of the Daily Diary Monitoring Tags (DDMT) showed an interesting trend 

between the two treatments, and the first hour of control ambient playback. The first 

hour of Ambient playback (Ambient Hour 1) was meant for the animals to return to a 

normal rhythm after handling, before being exposed to the treatment. It was thought 

that a threat evasion response would initially be evident. Both L. lambis and T. maxima. 

L. lambis, made the most movements in the first hour (Ambient Hour 1), and continued 

similarly with slightly fewer movements during the Ambient treatment (Hour 2) (Fig 9). 

However, movement was suppressed during the first half hour for the boat playback 

treatment (Boat Hour 2). They then seemed to habituate and proceeded to make more 

movements, leading to small differences towards the end of the experiment.  
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Figure 9. Average cumulative curves plot of Lambis lambis movement counts, measured 

by the Daily Diary Monitoring Tags (DDMT), with movement count vs minute of the 

experiment. Ambient (Hour 1) is the first hour for both treatments, intended as a 

behavioural control after handling of L. lambis. Ambient (Hour 2) and Boat (Hour 2) 

were played in the second hour of the experiments. Error bars show Standard Error 

(±SE). 

 

To assess moving frequency, T. maxima’s closing movement was used for further study 

rather than opening movements. Due to the gradual nature of the clam’s opening 

movement it was difficult to determine when this was occurring from the DDMT data 
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alone. Originally it was intended to also measure the opening aperture with magnetic 

flux, and a magnet was placed on each clam opposite the DDMT tag, however as the flux 

was not constant, this parameter was not able to be used. The closing movement was 

determined visually in the Daily Diary Movement Monitoring software program (DDMT 

Trace, 2018). Significant differences between treatments were found at 10 and 15 

minutes (P=0.021 and 0.035 respectively), and it’s worth to note that 55 minutes was 

within close range of acceptance (P=0.078). 

 

 

Figure 10. Average cumulative curves plot of T. maxima closing movement counts, 

measured by the Daily Diary Monitoring Tags (DDMT), with movement count vs minute 

of the experiment. Ambient (Hour 1) is the first hour for both treatments, intended as a 
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behavioural control after handling of T. maxima. Ambient (Hour 2) and Boat (Hour 2) 

were played in the second hour of the experiments. Significant differences between 

treatments were found at 10 and 15 minutes (P=0.02 and 0.04 respectively), with 55 

minutes within close range of acceptance (P=0.08). Error bars show Standard Error 

(±SE). 

3.3 Vector of Dynamic Body Acceleration (VeDBA) 

VeDBA was extracted by the Daily Diary Monitoring Tag (DDMT) program, measuring 

VeDBA using triaxial accelerometry, a proxy for energy expenditure. The average VeDBA 

was highest in the first hour of ambient playback at 0.0287 g (SE ± 0.007) (Ambient H1, 

Fig. 11), followed by the Boat playback, at 0.0240 g (SE ± 0.009), then the second hour of 

ambient control playback at 0.0226 g (SE ± 0.01). Statistical analysis showed significant 

difference between the treatments (Kruskal Wallis, P=0.00021, df=2, chi-

squared=16.854) further found to be between all treatments by Dunn’s post-hoc test 

(Ambient (hour 2) and Boat: P=0.0055, Ambient (Hour 1) and Boat: P=0.0010).  
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Figure 11. Average Vector of Dynamic Body Acceleration (VeDBA) (g) as measured by 

the Daily Diary Monitoring tag (DDMT) on L. lambis, over one hour of playback (within 

the two hour treatment) for Ambient Hour 1 (0.0287 g, SE ± 0.007), Ambient Hour 2 

(0.0226 g, SE ± 0.01) and Boat treatment (0.0240 g, SE ± 0.009). The Ambient H1 is the 

ambient recording played for the first hour, to allow conch to resume natural activity 

after tagging. Ambient (H2) and Boat treatment (H2) were played in the second hour, 

respectively. Error bars show Standard Error (±SE). 

3.4 Movement direction of L. lambis 

Still photographs taken with a GoPro before and after experiments of L. lambis were 

visually analysed for directionality (the conch moved forward, other, or stayed 

stationary), directionality in reference to the main reef (towards the reef, away from the 

reef, stationary) and whether or not they found shelter (reached shelter, stopped next 
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to it, stayed in open) (Fig. 12). From 23 L. lambis individuals, 36.4% stayed stationary, 

27.3% moved forward, and 36.4% moved either backwards or sideways. From the 

individuals taking the fastest, easiest movement forward, 50% were in the boat 

treatment, and 50% were in the ambient. As conches are visual creatures, it was 

thought they may direct themselves towards the biggest shelter available, the main 

reef, however only 36% moved towards the reef, 27% moving away, and 36.4% 

stationary. From those that moved away from the reef (potentially a stress response), 

again 50% were in the boat treatment as well as the ambient. Finally, we noted whether 

the conch reached shelter, where 30.4% stopped next to it, only 17.4% reached shelter 

and 52.2% stayed in the open. Of the individuals out in the open, 45.5% of these were in 

the boat treatment, and 54.5% were in the ambient treatment.  
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Figure 12. Proportions showing the analysis of movement directionality of L. lambis, 

showing (A) Direction moved by conch, whether directly forward, other (sideways, 

backwards etc), or staying stationary, (B) The playback treatment of the individuals 

moving only forwards, (C) The direction in relation to the main reef, either away, 

towards or staying stationary, (D) The playback treatment of conches which moved 

away from the main reefs protection, (E) Whether the conch reached shelter, stopped 

next to cover, or stayed out in the open, and (F) what playback treatment they received 

if they stayed out in the open.  
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3.5 Statistical analysis of responses to experimental soundscape playback 

For all analyses, R (v 3.6.2) was used. Data was first analysed for normality and variance. 

Once deemed irregular, a Kruskal-Wallis ranks sum test was used to analyse the 

movement frequency data, which showed a difference between treatments in both 

species tested, between the Ambient habituation hour (Ambient Hour 1/H1) Ambient 

control (Ambient Hour 2/H2) and Boat (Boat Hour 2/ H2) treatments, increasing towards 

the end of the Boat treatment for T. maxima, and decreasing for L. lambis respectively. 

For L. lambis (Fig. 9) however, no significant difference was found between the 

treatment groups at any of the five minute time points.  

For T. maxima, also tested with the Kruskal-Wallis rank sum test, significant difference 

was  

found in frequency of movements (Fig. 10) with Kruskal Wallis at 10 mins,  (P = 0.02, chi-

squared = 7.70, df = 2) with post-hoc analysis showing Ambient (Hour 1) to be unique, to 

Ambient (Hour 2) and the Boat treatment (Hour 2) (P=0.05, Dunn test, LSD test) as well 

as 15 mins: (chi-squared = 6.69, df = 2, P = 0.04), Ambient 1 is unique (However Dunn’s 

post hoc and LSD test found no difference, P=0.09). The time point of 55 mins, was 

found to be close to significant difference (P = 0.08, chi-squared = 5.09, df = 2). 

 

Differences in Vector of Dynamic Body Acceleration (VeDBA) for L. lambis movements, 

also using the Kruskal-Wallis test, was found significantly different between the 

playback treatment groups (P=0.0002, df=2, chi-squared=16.85), between all treatments 

by Dunn’s post-hoc test (Ambient (Hour 2) and Boat (Hour 2): P=0.005, Ambient (Hour 
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1) and Boat (Hour 2): P=0.001). The Kruskal Wallis test was chosen for the unevenly 

distributed data (as tested in R; ggplot). One outlying value was found, but when 

removed it did not affect the results of the tests for normal distribution and variance 

(Levene’s, Shapiro-Wilk’s tests). 

4. Discussion 

4.1 Soundscapes of Red Sea reef ecosystems 

This study provides a snapshot view into the soundscape, or acoustic fingerprint of an 

inshore Red Sea reef in the Saudi Arabian Central Red Sea. A soundscape is the 

combination of all sonic sources in an area, either geological, biological, or human 

created (Pijanowski, 2011). Marine soundscapes are a relatively new area of study and 

currently no Red Sea reefs other than the one presented here have been characterized. 

However, in comparison to other tropical reefs, the small inshore reef presents similar 

attributes. A pronounced dawn and dusk chorus is present (Initially described by Cato 

(1978), on the Great Barrier Reef), and consists of a combination of a ramping up of 

nocturnal invertebrate activity, and the tendency for fish to increase low frequency 

communication before coming to rest during the night. The invertebrate activity is 

mainly accounted for by snapping shrimp, with bubbles erupting at the fast snaps of 

their claw-tips creating the well-known crackling of a reef soundscape. This chorus 

increased SPL levels from 105 dB (re 1 μPa) by approximately 3 dB (re 1  μPa) at dusk, 

which ramped down again after dawn. A soundscape study on the U.S. Virgin Islands, at 

three reefs, measured between 5-14 m, analysis of the SPL between the range 2-20 kHz 
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(the baseline spectrum for acoustic analysis), the lowest SPL values varied between 

three reefs at 108-112 dB (re 1 μPa) and at the peak, between 111-115 dB (1 μPa) 

(Kaplan, 2015).  

 

The study of underwater soundscapes is a rapidly growing pursuit, as sound underwater 

is gaining recognition as one of the most integral parts of all marine organism 

communication & navigation (Pijanowski, 2011), though earlier studies began around 40 

years ago (Cato, 1978). Reproducible standard methods for recording are also being 

developed to estimate biodiversity, or health of reefs using hydrophones to produce 

recordings overtime (Elise et al, 2019; Staaterman et al, 2017). These periodic 

recordings can give key insights to the health of a reef habitat, whereby higher quality 

reefs are significantly louder, and have a higher load of acoustic events (transient 

sounds, such as snapping shrimp) (Piercy et al. 2014), and provide an option for 

monitoring reef health that is easier than most modalities to deploy over large scales 

and time periods. This presence of a typical reef sound signature is important, as sound 

will propagate over longer distances, attracting larvae for settlement to the reef 

(Gordon et al., 2018; Vermeij et al., 2010). It is clear that habitat degradation causes a 

sharp decline in the acoustic strength and propagation of this signature, reducing the 

probability of repopulation by settlement of larvae (Gordon et al., 2018; Butler at al., 

2018). The effect can potentially be reversed, with a novel conservation method found 

to be successful in attracting larval and juvenile species of fish with playing back healthy 

sounds on the reef (Simpson et al., 2004; Gordon et al., 2019). The application of this 



 48 

might benefit inshore reefs of lower quality in the Red Sea. Concern has already been 

raised about the vulnerability of inshore reefs, such as the study reef, Abu Shosha, with 

some key indicators marking susceptibility to pressures. For example, inshore reefs of 

the study area (Thuwal) have a higher coverage of turf algae and abundance of a 

symbiotic algae-farming herbivore, the damselfish Stegastes nigricans, and higher rates 

of coral mortality and disease has been associated with the presence of this duo (Khalil 

et al., 2017). There is a unique opportunity to conduct long term studies of these 

vulnerable reef ecosystems, which are in close proximity to a major shipping zone, and 

investigating multiple stressors to marine life. 

 

Finally, anthropogenic noise in the ocean continues to rise worldwide. Open ocean 

ambient noise levels have increased approximately 3.3 dB per decade between 1950-

2007, in conjunction with global economic trends, and are predicted to continue to 

increase (Frisk, 2012). A shipping lane with such a volume of ships per year as the Suez 

Canal Red Sea connection to Europe and Asia (17,000 ships; Alahmadi, 2019) must be 

characterised (as in Farcas, 2020), in order to understand the effects this is potentially 

having on marine life and coastal reef ecosystem drivers already under pressures from 

climate change and pollution, and allow for mitigation measures to be put into place. 

The results presented in this thesis on behavioural changes of invertebrates in response 

to boat noise add to an already large body of evidence that boat noise is a threat we 

must work to manage. 
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Both the Spider Conch Lambis lambis, and the Giant Clam Tridacna maxima changed 

their behaviour under conditions altered by playback of small outboard motor boat 

noise, on a small near-shore reef. Reef ecosystems are particularly vulnerable to sound 

pollution, relying on sound cues for navigation by larvae of fish and coral to populate an 

area (Gordon et al. 2018; Vermeij, 2010). This will become increasingly critical as the 

incidence of coral bleaching, and coral die-offs become more common with climate 

change, as well as over-fishing continuing on local reefs (Khalil et al., 2013). As inshore 

reefs, Abu Shosha and Tahla are already susceptible to pressure from bleaching (Khalil 

et al., 2013). The preliminary soundscape results of an inshore reef of the Central Red 

Sea, near Thuwal, Saudi Arabia (Fig. 7) show high prevalence of boat noise over a 24 h 

period, increasing sound pressure level as recorded by a hydrophone 20m below the 

surface, on occasion by up to 20 dB (re 1 upa), making it evident these reefs are 

candidates to consider for monitoring of the effects of combined anthropogenic 

influences.  

 

4.2 Lambis lambis and boat playback 

As we combine the information from movement frequency, and VeDBA as given by the 

DDMT we can see a change in the behavior, potentially explained by the effect of boat 

noise. Visual, tactile and chemical sensory modalities are used most commonly by L. 

lambis in detection of food, predators and mates (Heller, 2015). Acoustic pressure does 

not affect these modalities directly (Walsh, 2017), but none-the-less acoustic inference 

has shown to influence these behaviours in an indirect way (Roberts et al., 2019).  



 50 

 

The movements of L. lambis are leisurely when travelling for foraging and sifting the 

substrate for algae and detritus, and increasing in pace and intensity of movement when 

evading a threat (escape locomotion) (Berg, 1974). After handling for tagging, and 

placing, the VeDBA measured in the first hour, where only ambient playback occurred 

across all treatments for acclimation, was significantly higher (Fig 12., 0.029 g, SE ± 

0.007, P<0.05), and more movements were made during this time period (Fig. 9), both 

indicating “escape locomotion”. In the following hour, the specimens exposed to the 

Boat playback on average stifled their movement in the first 20 minutes. The calculation 

of the Vector of Dynamic Body Acceleration (VeDBA) gave a key insight into energy 

expenditure, and therefore potential stress levels of L. Lambis. Previous research has 

shown L. lambis will increase the intensity of movement (shown in Fig. 2) in “escape 

locomotion” when posed with a threat such as the predatory cone snail, shark or 

octopus (Berg, 1974; Heller, 2015). In accordance with available knowledge, this implies 

the boat playback treatment appeared as a stressor. Average VeDBA was the highest in 

the first hour (0.0287 g, Fig. 11), presumably responding to the “threat” of being 

removed from the water and tagged. By the second hour of ambient playback 

treatment, however, the average VeDBA had lowered by 0.006 g to 0.023 g. In the boat 

playback treatment however, VeDBA was significantly higher than the Ambient second 

hour (0.024 g) (Fig. 11). Although this difference seems very slight, for a slow-moving, 

small organism such as the conch it is more significant than one which is large and fast-

paced (Wilson et al., 2020). Dujon et al. (2019) describe the ODBA of the Caribbean 
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queen conch (Strombus gigas), another member of the Strombidae family with similar 

behavioural patterns to L. lambis. ODBA is highly comparable with VeDBA, measuring 

the Overall Dynamic Body Acceleration, simply based on the absolute dynamic 

acceleration values, from the three acceleration axes summed together (Wilson et al., 

2006). They found an ODBA of 0.05 g as a mean over a full cycle of movement, and 

maximum values often <0.1 g.   

 

The visual nature of the invertebrates was indicative of the behaviour noted, where 

during the second hour of Ambient playback (Ambient Hour 2), with no threat 

perceived, they continued to move. There is potential that the conches tested at the 

Tahla site may have been moving more during the boat treatment, as they were more 

accustomed to a low frequency signature of waves crashing directly above them, on the 

“dead” reef flat near the outer edge of the reef open to the ocean, therefore none 

remained stationary. The origin of sound direction is probably not perceived by 

invertebrates (Sole et al., 2013) but the low pressure could have created confusion. 

 

4.3 Shelter/Movement direction of L. lambis 

Most of the individual L. lambis were collected from under or next to shelter created by 

the main reef structure, therefore visually locating and seeking shelter was thought to 

be a potential natural response. However, from the individuals analysed by GoPro 

(n=23), 52.2% remained out in the open, and from these 45.5% of these were in the 

Boat treatment, and 54.5% were in the Ambient treatment (Fig. 12). It is possible that 
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during the day L. lambis is less cautious of predation by larger creatures such as 

elasmobranchs (typically crepuscular/nocturnal predators), therefore it would be 

interesting to repeat the experiment at dusk or night, when activity may be completely 

different. It is also possible this part of the Red Sea is not as heavily populated by these 

predators, as evidence from the potential of over-fishing from two years of local fish 

market sampling (Spaet & Berumen, 2015). L. lambis may also bury itself in the sand, 

however this behaviour was not noted. No difference was found in movement between 

the sexes (Konzewitsch et al., 2020) as was also found in the Red Sea (Supplementary, 

Table 2.).  

4.4 Tridacna maxima and boat playback 

Similarly to L. lambis, the first hour of ambient habituation after tagging, found an 

increased frequency of closing movements of T. maxima, insinuating a predator 

response (Land, 2003).  Only one other study has exposed T. maxima, or indeed, any 

Tridacnidae, to controlled noise. T. maxima were filmed, and exposed to boat noise, an 

aquatic pump (to simulate water flow from a boat engine), and these in conjunction 

(Doyle et al., 2020). To the presence of the speaker and aquatic pump (before playback 

or applied flow) the clams presented more mantle twitches (the precursor to closure) 

than without, concurrent with the increase of full closures in the Control Exposure 

Experiment of this thesis. Doyle et al., (2020) then proceeded to rub along the mantle of 

the clam with a pencil eraser to stimulate closing, and measure latency to close under 

the separate treatments, with the clams becoming slower to close fully, only under both 
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sound and flow combined, indicating the distracting potential of sound disturbance. This 

theory has been shown in other marine organisms such as the Caribbean hermit crab, 

which allowed an object to approach more closely under playback of noise, as well as 

flashing lights, than an object with just noise (Chan, 2010). Biological significant 

differences were perceived visually plotting cumulative curves (Fig. 10), but statistical 

difference was only found at 10 & 15 minutes between the habituation Ambient (Hour 

1) control, and two treatments. If indeed the results presented in the cumulative curve 

were accurate, the Boat treatment (Hour 2) caused the clam to produce more closing 

movements than the Ambient control (Hour 2). This could be a clear indicator that boat 

noise on its own poses as a stressor to the clam, inspiring more protective movements, 

though no visual threat is immediately present. The implications of this have potential 

to disrupt the energy balance of the clam, closing more frequently under boat noise, 

reducing time for both filter feeding and photosynthesising. It would be interesting to 

further test this theory in a similar way to both Doyle et al. (2020) and Chan (2010), 

adding another stimulator such as an object to produce a visual cue, or lights.  
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APPENDICES 

Appendix A – Supplementary materials 

Table 1. Study of movement direction of Lambis lambis, recording position at the end of 

the treatment, and sex.   

Experiment 

Moved 
forward 
orientation 
(F) or other 
(Z) or 
stationary (x) Treatment 

Towards reef 
(T), away 
from main 
reef structure 
(A) or 
stationary (S) 

Reached Shelter 
(R), stayed in 
open (O) or next 
to cover 
(N)(<20cm away) 

More developed 
(bigger) 
protrusions (B), 
less developed 
protrusions (L) Male/Female 

5 F A T N B F 

7 x B S O B M 

8 Z B A R L ? 

9 Z A T O B F 

10 x A S O L ? 

11 x A S O B M 

12 x B S O L ? 

13 x B S O B F 

14 F A A N B ? 

27 x B3 S O B F 

28 Z A2 T R B M 

29 F A1 A O B M 

30 F B1 T N L F 

31 x A2 S O L F 

32 F B2 A N L F 

33 x B3 S O L M 

34 Z A3 T N L M 

35 F B1 A O L M 
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36 Z A-NA ? R M M 

37 Z B1 T R L F 

38 Z A3 A O M F 

39 Z B2 T N M F 

40* ? B3 T N M ? 

 

 

 

 

 

Table 2. Summary statistics for T. maxima movement frequency, showing minute, 

average minimum value, first quartile, median, mean, third quartile and maximum value 

for the given time point.  

Playback Treatment minute minimum 1st qu. median mean 3rd. Qu max 

Ambient (Hour 1) 0 0 0 0 0 0 0 

Ambient (Hour 1) 5 0 0 0 0.3333 0.75 3 

Ambient (Hour 1) 10 0 0 1 1 2 5 

Ambient (Hour 1) 15 0 0 1 1.733 3 6 

Ambient (Hour 1) 20 0 0 1.5 2.1 3.75 6 

Ambient (Hour 1) 25 0 0 2 2.3 4 7 

Ambient (Hour 1) 30 0 0 2 2.533 4 7 

Ambient (Hour 1) 35 0 0.25 2.5 2.7 4.75 8 

Additional Notes: 
15-26 = no data, due to corrupted footage on SD 

1-35 = Abu Shosha 

35-39 = Tahla Reef 
40 = information from sketch, GoPro out of battery 
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Ambient (Hour 1) 40 0 0.25 3 2.967 4.75 12 

Ambient (Hour 1) 45 0 0.25 3 3.067 5 12 

Ambient (Hour 1) 50 0 0.25 3 3.3 5 12 

Ambient (Hour 1) 55 0 0.25 3 3.867 6 14 

Ambient (Hour 1) 60 0 0.25 3 4.033 6.75 16 

Ambient (Hour 2) 0 0 0 0 0 0 0 

Ambient (Hour 2) 5 0 0 0 0.1818 0 1 

Ambient (Hour 2) 10 0 0 0 0.2727 0 2 

Ambient (Hour 2) 15 0 0 0 0.3636 0.5 2 

Ambient (Hour 2) 20 0 0 0 0.3636 0.5 2 

Ambient (Hour 2) 25 0 0 0 0.3636 0.5 2 

Ambient (Hour 2) 30 0 0 0 0.4545 1 2 

Ambient (Hour 2) 35 0 0 0 0.6364 1 3 

Ambient (Hour 2) 40 0 0 0 0.7273 1 3 

Ambient (Hour 2) 45 0 0 0 0.7273 1 3 

Ambient (Hour 2) 50 0 0 0 0.8182 1.5 3 

Ambient (Hour 2) 55 0 0 0 0.8182 1.5 3 

Ambient (Hour 2) 60 0 0 0 0.9091 2 3 



 63 

Boat (Hour 2) 0 0 0 0 0 0 0 

Boat (Hour 2) 5 0 0 0 0.2105 0 2 

Boat (Hour 2) 10 0 0 0 0.4211 1 6 

Boat (Hour 2) 15 0 0 0 0.6316 1 3 

Boat (Hour 2) 20 0 0 0 0.8947 1 7 

Boat (Hour 2) 25 0 0 0 1.263 1.5 9 

Boat (Hour 2) 30 0 0 0 1.368 1.5 10 

Boat (Hour 2) 35 0 0 0 1.526 1.5 11 

Boat (Hour 2) 40 0 0 1 1.789 2.5 12 

Boat (Hour 2) 45 0 0 1 2 2.5 12 

Boat (Hour 2) 50 0 0 1 2.526 4 14 

Boat (Hour 2) 55 0 0 1 2.579 4 15 

Boat (Hour 2) 60 0 0 1 2.632 4 15 
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Table 3. L. lambis summary statistics for movement frequency, showing minute, 

minimum value, first quartile, median, mean, third quartile and maximum value for the 

given time point.  

Playback Treatment minute minimum 1st qu. median mean 3rd. Qu max 

Ambient (Hour 1) 0 0 0 0 0 0 0 

Ambient (Hour 1) 5 0 0 0 1.043 1 7 

Ambient (Hour 1) 10 0 0 0 1.87 1.5 12 

Ambient (Hour 1) 15 0 0 0 3.739 3.5 34 

Ambient (Hour 1) 20 0 0 0 5.261 6 45 

Ambient (Hour 1) 25 0 0 0 6.174 7.5 57 

Ambient (Hour 1) 30 0 0 0 7.345 10 63 

Ambient (Hour 1) 35 0 0 0 8.304 10 64 

Ambient (Hour 1) 40 0 0 0 8.913 10 65 

Ambient (Hour 1) 45 0 0 0 9.261 10 65 

Ambient (Hour 1) 50 0 0 0 9.391 10 67 

Ambient (Hour 1) 55 0 0 0 9.391 10 67 

Ambient (Hour 1) 60 0 0 0 9.391 10 67 

Ambient (Hour 2) 0 0 0 0 0 0 0 
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Ambient (Hour 2) 5 0 0 0 0.6 0 4 

Ambient (Hour 2) 10 0 0 0 1.3 0 9 

Ambient (Hour 2) 15 0 0 0 3 0 26 

Ambient (Hour 2) 20 0 0 0 5 0.75 34 

Ambient (Hour 2) 25 0 0 0 5.5 2 45 

Ambient (Hour 2) 30 0 0 0 6.4 5.5 47 

Ambient (Hour 2) 35 0 0 0 7.1 6.75 47 

Ambient (Hour 2) 40 0 0 0 7.6 7 47 

Ambient (Hour 2) 45 0 0 0 7.9 9.25 47 

Ambient (Hour 2) 50 0 0 0 8.8 14 47 

Ambient (Hour 2) 55 0 0 0 9 14 47 

Ambient (Hour 2) 60 0 0 0 9.3 15.5 47 

Boat (Hour 2) 0 0 0 0 0 0 0 

Boat (Hour 2) 5 0 0 0 0 0 0 

Boat (Hour 2) 10 0 0 0 0.2308 0 2 

Boat (Hour 2) 15 0 0 0 0.6923 1 6 

Boat (Hour 2) 20 0 0 0 1 2 6 

Boat (Hour 2) 25 0 0 0 1.923 2 13 
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Boat (Hour 2) 30 0 0 0 3.308 4 21 

Boat (Hour 2) 35 0 0 0 4.462 4 30 

Boat (Hour 2) 40 0 0 0 6.154 5 36 

Boat (Hour 2) 45 0 0 0 6.923 5 36 

Boat (Hour 2) 50 0 0 0 7.846 6 42 

Boat (Hour 2) 55 0 0 0 8 7 43 

Boat (Hour 2) 60 0 0 0 8.615 7 50 

 

 

Table 4. Differences in movement frequency for 5 mins for T. maxima & L. lambis, 

calculated per 5 minutes (Kruskal Wallis rank sum test). 

 

Species Minute chi-squared df p-value 

T.maxima 5 4.74 2 0.09348 

T.maxima 10 7.6967 2 0.02132 

T.maxima 15 6.6861 2 0.03533 

T.maxima 20 1.3753 2 0.5028 

T.maxima 25 0.80351 2 0.6691 

T.maxima 30 0.81765 2 0.6644 
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T.maxima 35 0.40563 2 0.8164 

T.maxima 40 0.28943 2 0.8653 

T.maxima 45 0.14606 2 0.9296 

T.maxima 50 0.1264 2 0.9388 

T.maxima 55 0.11658 2 0.9434 

T.maxima 60 0.11658 2 0.9434 

L. lambis 5 4.74 2 0.09438 

L. lambis 10 1.5491 2 0.4821 

L. lambis 15 1.9732 2 0.3728 

L. lambis 20 1.3753 2 0.5028 

L. lambis 25 0.80351 2 0.6691 

L. lambis 30 0.81765 2 0.6644 

L. lambis 35 0.40563 2 0.8164 

L. lambis 40 0.28943 2 0.8653 

L. lambis 45 0.14606 2 0.9296 

L. lambis 50 0.1264 2 0.9388 

L. lambis 55 5.0859 2 0.07864 

L. lambis 60 0.007312 2 0.9964 

 


