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Abstract 

There is substantial evidence from both terrestrial and marine ecosystems that non-

consumptive predator effects play a considerable role in regulating community dynamics. In 

complex, multi-predator systems, such as coral reefs, the task of determining the relative 

strengths of predator-prey interactions as a structuring ecological force is challenging, as 

interactions between multiple species of predators and prey unfold in patchy landscapes. This 

has undoubtably contributed to uncertainty regarding the ecological role of predators that 

occupy the upper trophic levels of food webs in these systems, namely reef sharks and large-

bodied teleosts. 

In this thesis, I investigated capacity for reef sharks to alter ecologically important behaviours 

of large-bodied mesopredatory teleosts. I investigate these behaviours over a range of spatial 

scales using a combination of large-scale observational approaches, large scale natural 

experiments and small-scale manipulative experiments. I used baited remote underwater 

video systems (BRUVs) deployed across >500 km of coastline to characterise the structure of 

shark assemblages, and thus the level of predation threat, in the coral reefs of the north-west 

Australian coastline. In terms of occurrence (probability of observation), abundance (MaxN) 

and behaviour (time of arrival to the BRUVs), protection from fishing made little difference to 

most shark species. Distance to the nearest boat ramp (a proxy of human pressure) impacted 

the occurrence of all reef sharks and the abundance of the most common species, 

Carcharhinus amblyrhynchos, and also influenced the time of arrival to BRUVs of all reef and 

apex shark species. Using the same BRUVs, I also recorded the relatively long-term (60 

minutes) behaviours (time of arrival, likelihood of feeding and delay to feed) of a range of coral 

reef mesopredators in the presence and absence of apex and reef sharks. Although the 

presence of apex sharks resulted a threefold increase in the delay to feed for ray species, the 

presence of reef sharks had negligible effects on the behaviour of all mesopredatory teleosts 

that were observed on BRUVs deployments. I then used a large-scale (10-100’s km) natural 

experiment conducted along a gradient of reef shark abundance to record changes in the 

short-term (~5 minutes) behaviour of mesopredators in response to reef sharks appearing in 

the field of view of the BRUVs. Over short time scales, mesopredatory fishes reduced the 

amount of time spent swimming in the midwater and less time guarding the bait bag in 

response to the presence of sharks. However, these responses were species-specific and were 

mediated by the availability of shelter on the reef and by the behaviour of the reef sharks. This 

suggests that reef sharks can alter the behaviour of mesopredatory fish under natural 

conditions and over large spatial scales, but these interactions are acute and context-
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dependent. Finally, I used life-sized models of predators to manipulate the perceived level of 

predation risk across small-scales (1 – 10 m) and examine the mechanism by which the 

presence of a reef shark could alter the short-term feeding behaviour of mesopredators in 

three-dimensional space.  

Through this combination of methods, I demonstrate that reef sharks can alter ecologically 

important behaviours of mesopredators, including the amount of time spent foraging and their 

use of the water column. Importantly, these interactions are context-dependent and nuanced, 

as they depend on characteristics of both sharks and other mesopredators in addition to the 

environment in which they interact. Although it is likely that reef sharks represent a 

competitor to mesopredatory teleosts rather than a predatory threat, I argue that reef sharks 

still pose a potentially lethal threat to these species. It is therefore likely that reef sharks have 

the capacity to play an important regulatory role for mesopredator populations in coral reefs 

via interference competition. Integrating this concept into coral reef ecology will aid the 

development of a more complete understanding of predation in these systems. This 

understanding can help inform the management strategies required to conserve intact 

populations of coral reef predators.  
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1 

Chapter 1 General Introduction 

1.1 The role of predators 

Predation is a key selective force that regulates the demography of prey and has the potential 

to structure entire ecological communities (Paine 1966). The most widely recognised role of 

predators is consumption, where predatory species exert top-down control on prey population 

dynamics via mortality (Wallach et al. 2015). In the last two decades an alternative role of 

predators has been recognised, as predators can elicit non-consumptive effects in their prey, 

often referred to as ‘fear effects’ (Brown et al. 1999).  Perception of predation risk, or fear, can 

cause prey to adaptively change their behaviour, morphology, or physiology to alleviate the 

lethal pressure from predators (Werner and Peacor 2003). Although this reduces the likelihood 

that prey pay the ultimate cost of mortality, these adaptive changes also incur their own 

significant ecological costs, which are defined as “risk effects” (Skelly 1992). For example, 

dugongs forgo foraging opportunities in resource rich areas with high numbers of predatory 

tiger sharks in favour of safer, but resource poor, foraging areas (Wirsing et al. 2007). 

Additionally, the increased cost of vigilance for songbirds in areas with increased predator 

encounters results in smaller brood sizes (Zanette et al. 2011).  

Despite increasing evidence that fear and risk effects can have large impacts on prey 

populations (Preisser et al. 2005), many studies that examine the ecological role of predators 

have focused solely on consumption. In part, this is because direct consumption by predators 

can be observed and quantified, whereas experimentally manipulating fear for free-living prey 

often poses several logistical challenges. Consequently, we currently lack a comprehensive 

understanding of the role of predators in ecological systems. 

Knowledge of the ecological role of predators is critical given that many predatory species are 

experiencing global population declines, particularly large carnivores (Estes et al. 2011; Ripple 

et al. 2014).  The large energetic constraints and slow life histories of these animals mean that 

they generally require large prey items and expansive home ranges in which to find prey. This 

often results in lethal human-wildlife conflict, from which predator populations are ill-adapted 

to recover (Cardillo et al. 2004; Dirzo et al. 2014). Additionally, this pressure is exacerbated by 

other threatening processes such as habitat degradation (Newbold et al. 2020), targeted 

hunting (Bangs and Fritts 1996), lethal population controls (Bergstrom et al. 2014; Roff et al. 

2018) and the introduction of invasive species (Doherty et al. 2016). Such situations where 

predators have been removed or reintroduced following extirpation, provides scientists with 
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an insight into the important regulatory role of these species in ecosystems (Ripple et al. 

2014). For example, Tasmanian devils (Sarchophilus harrisii) have experienced severe disease-

induced declines, but in disease-free areas Tasmanian devils limit the abundance of invasive 

feral cats, thereby limiting the impact of invasive cats on smaller native prey (Cunningham et 

al. 2020). Given the present rate of predator removal from ecosystems, forming a complete 

understanding of both the consumptive and non-consumptive effects of predators is a critical 

step in predicting the potential impact of future extinctions and prioritizing species of 

conservation concern. 

1.2 Quantifying non-consumptive predator effects  

Broadly, researchers have used two types of experimental approaches to quantify non-

consumptive predator effects: manipulative experiments and natural experiments. Much of 

our early understanding of the non-consumptive effects of predators on prey was derived from 

laboratory or mesocosm studies. This experimental work provided insight into the trade-offs 

that prey species must make between the conflicting demands of reducing predation risk and 

fulfillment of energetic requirements. For example, laboratory studies showed that juvenile 

backswimmers (Notonecta spp.) will feed in safer, less rewarding places in the presence of 

adult, predatory backswimmers (Sih 1980). Furthermore, food deprived aquatic insects spent 

less time in safer refuge areas compared to their satiated counterparts (Kohler and McPeek 

1989). As animals use a variety of sensory information to assess risk, subsequent research has 

investigated the range of cues that prey use to detect and avoid predators. This includes 

recordings of predator calls (e.g. Bachman, 1993; Ibáñez-Álamo, Chastel and Soler, 2011), 

administering predator scent (e.g. Hughes and Banks, 2010; Palacios, Warren and Mccormick, 

2015), alarm cues from conspecifics (e.g. Griesser and Sheffield, 2008; Mateo, 2010) and 

predator decoys to provide a threatening visual stimulus (e.g. Conover and Perito, 1981; 

Gallagher et al., 2016).  Furthermore, experimental research has been expanded into field 

situations to experimentally manipulate fear in free-living prey populations. For example, free 

living raccoons (Procyon lotor) reduced foraging in response to vocalisations of domestic dogs 

(Canis lupus familiaris), which regularly harass and kill raccoons (Suraci et al. 2016).  

Although the imposition of cues to invoke perceived predation risk on prey can provide a 

powerful experimental framework, this approach can be confounded by several factors (Peers 

et al. 2018). Firstly, cues can easily be administered at biologically unrealistic levels i.e. too 

often, or at an artificially large dose. Second, these cues are presented in the absence of 

consumption. As a result, prey that are more likely to contribute to the observed non-
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consumptive effects, e.g. are in poor body-condition, may have been consumed in nature but 

survive in experiments, thus exaggerating the observed effects. Third, in experimental settings 

predator cues are often administered in isolation. In a natural setting, however, prey rely upon 

a variety of information gathered simultaneously from multiple sources to gauge reactions to a 

predator threat, including predator behaviour (Kent et al., 2019), availability of cover (Hixon 

and Beets, 1993), and reactions of conspecifics (Gil and Hein, 2017).   

An alternative method to study non-consumptive predator effects involves using areas of 

selective predator removal or predator re-introductions as a ‘natural experiment’. The most 

well-known example of such a natural experiment is the reintroduction of gray wolves (Canis 

lupis) to Yellowstone National Park. In this study broad-scale data was used to infer fear-

induced habitat use in elk (Cervus elaphus), which reduced elk browsing on woody deciduous 

plants in open, high-risk areas (Laundré et al. 2001; Ripple and Beschta 2004). Natural 

experiments are particularly beneficial as these studies can sample at the spatial scales over 

which predators can move (often 10-100 km; Barley and Meeuwig, 2017), incorporate 

temporal and spatial gradients of predator abundance (Speed et al. 2018, 2019), and can 

include information regarding habitat heterogeneity. These variables all contribute to spatial 

variation in perception of risk by prey, also known as the “landscape of fear” (Laundré et al. 

2001; Gaynor et al. 2019). As it is difficult to incorporate such variability in threat into small-

scale experimental designs, natural experiments provide critical insights into the ways in which 

predator-prey interactions and non-consumptive predator effects manifest over ecologically 

relevant scales (Barley and Meeuwig 2017).  

There is an important caveat to natural experiments, as these studies are correlative in nature 

and therefore cannot exclude alternative explanations of outcomes. This is, again, best 

exemplified by the literature surrounding wolf reintroductions at Yellowstone National Park. 

Wolves were reintroduced to a system that already contained other predators, such as grizzly 

bears (Ursus arctos) and cougars (Puma concolor) (Kamath et al. 2015; Kohl et al. 2019). It is 

therefore possible that the shifts in elk habitat use recorded at Yellowstone National Park were 

in part due to the presence of these other predators as well as that of wolves, and subsequent 

research has demonstrated the capacity for cougars to alter elk habitat selection (Kohl et al. 

2019). Ideally, to overcome the limitations of both small-scale experimental approaches and 

large-scale natural experiments, documentation of the non-consumptive effects of predators 

on prey assemblages would combine these approaches. This would facilitate a more accurate 

understanding of the mechanisms underlying broad patterns of predator-prey interactions.  
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1.3 Coral reefs 

Uncertainty regarding the importance of non-consumptive predator effects is a recurrent and 

contentious subject in the study of coral reef ecosystems (Roff et al. 2016; Ruppert et al. 2016; 

Barley et al. 2019; Bierwagen et al. 2019). These environments are characterised by complex 

and diverse trophic webs, often featuring multiple predators and mesoconsumers that span 

the top layers of an interlinked trophic pyramid. For example, large migratory sharks, such as 

tiger sharks (Galeocerdo cuvier) and great hammerheads (Sphyrna mokkarran) are considered 

apex predators, whereas the top mesopredator levels of the trophic web are occupied by 

smaller reef sharks with relatively smaller home ranges, such as grey reef sharks (Carcharhinus 

amblyrhynchos) and large bodied teleosts (~30 cm- 90cm TL) such as red bass (Lutjanus bohar). 

It is argued that this complexity should result in high levels of functional redundancy within 

guilds of fishes (Frisch et al. 2016; Roff et al. 2016; Barley et al. 2019). Furthermore, high levels 

of omnivory among predators means that feeding can be spread across multiple trophic levels, 

as species often prey on resources ranging from benthic invertebrates to fishes across multiple 

habitats. This complexity makes top-down consumptive and non-consumptive effects induced 

by predators difficult to detect compared to other, simpler ecosystems, such as seagrass 

habitats (e.g. Heithaus and Dill, 2006; Wirsing, Heithaus and Dill, 2007). As a result, relatively 

little is known about the ecological relationships among these higher order coral reef 

predators.  

 

1.4 Reef sharks 

Studies of consumptive predator-effects including stable isotope analysis (Bond et al. 2018a), 

gut contents analysis (Roff et al. 2016), and comparisons of gape-width (Barley et al. 2019) 

between reef sharks and large bodied teleosts suggest that these species occupy similar 

trophic levels.  As a result, some researchers have questioned the importance of reef sharks as 

top-down drivers of trophic structure in coral reef environments (Barley et al. 2019). However, 

this conclusion ignores several important shortcomings in these lines of evidence. Firstly, gut 

content analysis is often confounded by differences in the rates of digestion of prey. Even if 

fish are a significant part of reef shark diets, soft-bodied prey such as fishes may pass more 

quickly through the gut than hard-shelled invertebrates (Hammerschlag 2019). Secondly, 

stable isotope analysis cannot discriminate between the isotopic signatures of different prey 

that occur at similar trophic levels. This requires more sophisticated techniques such as 

analyses of fatty acids and compound specific amino acids (Hussey et al. 2012). Indeed, 
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Bierwagen et al. (2019) has identified fine-scale differences in the diets of reef sharks and 

teleost fishes via analysis of fatty acid profiles, a result that contradicts bulk isotope studies. 

Finally, gape width is a poor metric to compare the potential diets of sharks and 

mesopredatory teleosts. Unlike many teleost reef fishes (Mihalitsis and Bellwood 2017), adult 

sharks are not required to swallow prey whole, but are able to dismember large fish to be 

swallowed in smaller pieces, which is evident from large reef sharks feeding on spawning 

aggregations of large teleosts (Mourier et al. 2016; Rhodes et al. 2019). Furthermore, 

comparisons of gape width do not account for important differences in life history and 

behaviour between reef sharks and mesopredatory teleosts, such as depth distribution and 

hunting strategies, which largely determine the prey available to them (Barley et al. 2019). 

Although some level of functional redundancy exists between smaller reef sharks (<120 cm FL) 

and large teleosts, at larger sizes reef sharks outrank mesopredatory teleosts in terms of 

maximum prey size (Barley et al. 2019). Collectively, these results suggest the contention that 

reef sharks are “functionally redundant” in coral reef ecosystems is premature.   

Most importantly, a myopic focus on the diet of reef sharks as an indicator of their effect on 

mesopredatory species ignores the fact that sharks are likely acting as a competitor to these 

species via interference competition, which can be lethal (Palomares and Caro 1999). In order 

to determine the likely role of reef sharks in coral reef ecosystems, a more appropriate 

approach would be to examine the role of these animals as both predators and competitors of 

other reef fishes. Documenting both consumptive and non-consumptive impacts of sharks on 

other reef fishes will produce a more holistic understanding of the role of sharks within reef 

environments.  

There is a mounting body of evidence that reef sharks are capable of altering the behaviour 

and spatial movements of lower order herbivorous and mesopredatory teleosts and rays. For 

example, the presence of a model blacktip reef shark (Carcharhinus melanopterus) almost 

completely supressed herbivore foraging on patch reefs (Rizzari et al. 2014a). Additionally, 

larger scale studies comparing areas of high and low predator abundance have demonstrated 

that herbivores and invertivores reduce foraging excursions from shelter in response to 

predation risk, resulting in the formation of ‘grazing halos’ (Madin et al. 2011, 2019). 

Comparing physically similar and geographically isolated reef systems with different levels of 

shark abundance, demonstrated that selective shark removal correlates with changes to the 

diet, body condition and morphology of mesopredatory teleosts (Barley et al. 2017a, b; 

Hammerschlag et al. 2018). Furthermore, differences in shark abundance has altered ray 

abundance an behaviour. For example, rays in the Caribbean were more abundant outside of 

marine reserves where sharks are less abundant (Bond et al. 2019), and on shark-depleted 
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reefs in Malaysia rays were more abundant, spent more time in the field of view of baited 

cameras and were more likely to feed on bait (Sherman et al. 2020). Finally, field studies have 

also demonstrated that such non-consumptive predator effects may only manifest under 

certain conditions, such as high tide when prey are more accessible to predators (Rasher et al. 

2017), or in areas of increased predator abundance (Phenix et al. 2019). However, the 

mechanisms by which reef sharks can induce non-consumptive effects in large bodied teleosts 

occupying similar trophic levels are unclear. Filling this knowledge gap will require a 

combination of large-scale observational studies and smaller scale experimental work. 

Importantly, the small-scale experimental work should focus directly on responses of 

mesopredators in response to reef sharks and to provide a mechanism that can be examined 

over larger scales. This would help investigate the capacity for reef sharks to induce 

behavioural changes in mesopredatory teleosts and form a better understanding of the nature 

of predation in coral reefs.  

1.5 Thesis aims 

The overall aim of my thesis is to investigate the capacity for reef sharks to induce changes to 

ecologically important behaviours of mesopredatory teleosts over a range of spatial and 

temporal scales. I do this using a combination of large-scale natural and observational 

experiments and small-scale manipulative experiments. Specifically I aim to: 

 

1. Describe patterns in the abundance and habitat associations of reef sharks in coral 

reef environments.  

2. Investigate how the presence of reef sharks affects abundance and behaviour of 

mesopredatory teleosts over hourly (~60 minute) and momentary (~5 minute) time 

frames. 

3. Use life-size models of reef sharks and non-threatening taxa to investigate the 

behavioural changes of mesopredatory teleosts under experimentally manipulated 

levels of perceived predation risk.  

In line with these aims, my thesis is structured into four data chapters and the findings are 

drawn together in a final discussion chapter. 
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1.6 Thesis outline 

In Chapter 2 I combine baited remote underwater video systems (BRUVs) deployed on coral 

reefs across 500 km of the north-west Australian coastline, to characterise shark assemblages, 

and thus the level of predation threat. I use generalised additive mixed effect modelling to 

investigate how the abundance and behaviour of both reef sharks and apex sharks varies in 

terms of protection from fishing, distance from human centres of activity, and structural 

complexity of habitat. In Chapter 3 I use an observational approach to record relatively long-

term (60 minutes) behaviour of a range of coral reef mesopredators in deployments where 

apex and reef sharks were either present or absent. By incorporating information regarding 

habitat complexity and the abundance of competitors, I investigate the relative effect of 

predators, competitors and seascape heterogeneity on the behaviour of mesopredatory 

teleosts and rays. In Chapter 4, I use a large-scale natural experiment along a gradient of reef 

shark abundance to record changes in the short-term (~5 minutes) behaviour of 

mesopredators in response to reef sharks appearing in the field of view of the BRUVs. In 

Chapter 5, I use a small-scale manipulative experiment in which I deployed life-sized models of 

reef sharks and non-threatening taxa to manipulate the perceived the level of predation risk to 

mesopredatory teleosts. I provide an insight into the mechanisms by which the presence of a 

reef shark could alter the short-term feeding behaviour of mesopredatory teleosts in three-

dimensional space.  

Finally, in Chapter 6 I synthesize and integrate the findings of my thesis. I argue that the 

behavioural changes induced by reef sharks on large-bodied teleost species may be driven by 

predation risk, competition or both. However, regardless of the underlying mechanism, the 

outcomes of these interactions are likely to play an important structural role in coral reef 

ecosystems. I describe the limitations in our current understanding of the role of predation in 

coral reefs and discuss the implications of my results in the context of increasingly disturbed 

coral reef systems. Finally, I highlight the future directions for research in this field.  
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Chapter 2 Sharks on coral reefs: variation in 

occurrence, abundance and 

behaviour  

 

2.1 Abstract 

Quantifying reef shark occurrence, abundance and behaviour is critical for the 

development of appropriate conservation and management strategies. In north-west 

Australia, shark populations inhabit coral reefs that border growing coastal centres of 

human population, industry and tourism. However, we lack baseline data on the 

distribution and abundance of reef-associated elasmobranchs at large spatial scales 

(hundreds of km) that enable managers to assess the status of shark populations in the 

face of future development in this region. We examined the occurrence, abundance 

and behaviour of apex (Galeocerdo cuvier, Carcharhinus plumbeus) and reef sharks (C. 

amblyrhynchos, C. melanopterus, Triaenodon obesus) using >1200 deployments of 

baited remote underwater stereo-video systems (stereo-BRUVs) across >500 km of 

coastline. We found evidence for species-specific influences of habitat and fishing 

activities on the occurrence (probability of observation), abundance (MaxN) and 

behaviour of shark species (time of arrival to the stereo-BRUVs). Although the zoning 

status (i.e. No-Take Areas) of the reef made little difference to most species, C. 

amblyrhynchos were more common further from boat ramps (a proxy of recreational 

fishing pressure). Time of arrival to stereo-BRUVS of all individual species and apex 

sharks was also influenced by distance to boat ramp, although patterns varied among 

species. Furthermore, reef shark occurrence and abundance were positively correlated 

with structurally complex habitat with high percent cover of coral. Overall, our results 

demonstrate the capacity for behavioural metrics, such as time of arrival to stereo-

BRUVs, to complement existing measures of occurrence and abundance in assessing 

habitat associations and the potential impact of human activities on reef shark 

populations. 
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2.2 Introduction 

Sharks are top-order predators that play important roles in the shallow water 

ecosystems of reefs, embayments, and estuaries throughout tropical and temperate 

oceans by transferring energy and predation risk across seascapes (Heithaus et al. 

2008; Ferretti et al. 2010; Williams et al. 2018). However, the coasts bordering these 

shallow habitats are often centres of human populations and activities, notably 

tourism, recreational and commercial fishing, and industrial development (ports, 

mining facilities etc.). These anthropogenic pressures imperil the long-term persistence 

of elasmobranch populations, a problem compounded by the slow life histories of 

many species, increasing their vulnerability and hindering population recovery (Dulvy 

et al. 2017; MacNeil et al. 2020). 

In response to growing anthropogenic pressures, management agencies are 

increasingly establishing strategies for spatial management of marine resources 

through networks of marine reserves as a tool for conserving vulnerable communities 

and overall biodiversity (MacKeracher et al. 2019). To accommodate the needs of 

various stakeholders, management planning typically includes areas where fishing is 

excluded (No-Take Areas) and other areas where some types of extractive activities are 

restricted. The extent to which such strategies effectively protect highly mobile 

species, such as sharks, is a subject of debate given the size of their ranges relative to 

the area of protection (Ward-Paige et al. 2012). Recent modelling studies combining 

data from acoustic telemetry and baited remote underwater video systems (BRUVs) 

across 36 countries suggest that the median width of No-Take Areas in coral reef 

systems (9.4 km) would need to be increased by 5 times and be accompanied by strict 

enforcement in order to sufficiently protect populations of common reef-associated 

shark species, such as whitetip (Triaenodon obesus), blacktip (Carcharhinus 

melanopterus), and grey (Carcharhinus amblyrhynchos) reef sharks (Dwyer et al. 2020). 

Such analyses imply that in many situations, current systems of spatial management 

are unlikely to offer adequate protection to larger, more mobile components of the 

predatory community of reef sharks.  

Besides management, a suite of other factors can drive shark occurrence and 

abundance on coral reefs. These include the structural complexity of habitat 
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(Friedlander et al. 2003; Desbiens et al. 2021), life stage (Morrissey and Gruber 1993), 

and isolation from human activities (e.g. fishing and boating) (Juhel et al. 2019; 

MacNeil et al. 2020). Although abundance is a widely used and standardized metric to 

assess the status of fish populations, fish behaviour is potentially a more sensitive 

metric for anthropogenic disturbance compared to abundance (Goetze et al. 2017). 

There is contrasting evidence, however, regarding the direction and magnitude of such 

anthropogenic-driven changes in shark behaviours, such as shark boldness. For 

example, higher depredation rates by sharks on fishes caught by recreational anglers 

have been recorded in areas that are more regularly fished in Western Australia 

(Mitchell et al. 2018), suggesting that recreational fishing may alter the behaviour of 

shark species due to the availability of hooked fish as prey (Mitchell et al. 2020). 

Conversely, recent evidence from New Caledonia suggests that grey reef sharks have 

increased wariness and were less likely to attempt to feed on bait in areas that are 

close to human population centres (Juhel et al. 2019). Resolving how such behavioural 

changes can alter over large, reef-wide scales could provide standardized behavioural 

metrics that compliment traditional metrics, such as abundance, and provide a rapid 

insight into the impacts of human activities on shark assemblages in coral reefs.   

Baited Remote Underwater stereo-video systems (stereo-BRUVs) are a common tool 

to assess the abundance of sharks in coral reefs (e.g. Speed, Cappo and Meekan, 

2018). This method can also provide an opportunity to examine the influence of 

human activities (or isolation from humans) on the behaviour of sharks recorded in the 

field of view of the cameras (Juhel et al. 2019). Recently, behavioural metrics such as 

time to arrival (time taken for the first individual of a species to appear in the field of 

view of BRUVs) and number of interactions with a bait bag have been used to examine 

interactions between predatory species and their prey. These studies hypothesized 

that prey would take longer to arrive in the field of view of BRUVs in less structurally 

complex habitats that offer little refuge from predators (Phenix et al. 2020) and in 

areas with increased predator exposure (Shea et al. 2021). This rational can be 

expanded to investigate proximity to human impacts on the behaviour of sharks on 

coral reefs. For example, if human activities are perceived as threatening or disturbing, 

time to arrival would increase. Conversely, if human activities provided a benefit (i.e. 

feeding opportunities) time to arrival would decrease.  
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In north-west of Western Australia, relatively intact populations of sharks inhabit coral 

reefs that neighbour intense resource development (principally petrochemical and iron 

ore), that has involved the construction of major infrastructure projects (e.g. ports, 

loading facilities). These have been accompanied by growth in coastal centres of 

human populations and associated activity (https://www.abs.gov.au/census). 

Additionally, other parts of this north-west coast have become hubs for tourism and 

recreational activities including fishing (Ryan et al. 2019). Shark populations of north-

west Australia may provide a refuge for species extirpated from parts of their former 

range, such as the Coral Triangle (MacNeil et al. 2020), and form baselines for 

management and conservation initiatives. Given the potential for the growing 

anthropogenic activities in north-west Australia to adversely impact shark populations, 

it is important to develop regional benchmarks of the status of shark populations. As 

such, we use >1200 stereo-BRUVs deployments to investigate the occurrence, 

abundance, and behaviour (time to arrival) of sharks across more than 500 km of the 

north-west coast of Western Australia. We hypothesised that reef sharks would have 

greater occurrence and abundance at increasing distances from anthropogenic 

activities and in areas of greater habitat complexity. Additionally, we hypothesized that 

sharks would arrive faster in the field of view of the stereo-BRUVs at increasing 

distances from human activities.  

2.3 Methods 

2.3.1 Study area 

Sampling occurred on shallow reefs on the continental shelf of north-west Australia 

from the southern point of the Ningaloo Reef to the Dampier Archipelago, where hard 

reef is considered a major component of the benthic community (Figure 2-1). This area 

incorporates the Ningaloo, Montebello Islands and Barrow Islands marine parks and 

the Muiron Islands and Barrow Island marine management areas, as well as significant 

areas of coastal waters and islands without spatial management. Together the marine 

reserves form a network of 24 No-Take Areas encompassing an area of 123,089 

hectares where boat based fishing is prohibited. No-Take Areas across the reserves 

vary greatly in size, ranging from 8 hectares to 44,752 hectares. It should be noted that 

https://www.abs.gov.au/census
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coastal fishing is permitted in a subset of the No-Take Areas within the Ningaloo 

Marine Park.  

 

 

 

 

 

 

 

Figure 2-1 Map of stereo-BRUVs deployments in north-west Australia. Colour of 

circles indicates whether the BRUVs was deployed inside a No-Take Area (red) or in an 

area where fishing is permitted (Blue). 
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2.3.2 Sampling protocol and equipment 

Surveys were completed between April 2014 - September 2015 using stereo-BRUVs 

deployed over 11 separate studies (Table S1). A total of 1273 deployments were 

conducted in 0.7 to 100 m of water (mean = 29.4 m, ± SD = 25.2 m) across a range of 

habitat types. 

Stereo-BRUVs consisted of two high definition video cameras (either Canon Legria 

HFG25 or GoPro Hero 3+) attached to a galvanised steel bar framed in a trapezium 

prism. Cameras are inwardly converged at 7 degrees, which provided an overlapping 

field of view. This configuration allowed for accurate measures of size and distance. 

Further information on configuration and calibration is available in Harvey and Shortis 

(1995). 

Each stereo-BRUV was baited with approximately 1 kg of crushed pilchards (Sardinops 

spp.), which were contained within a plastic-coated wire mesh basket, attached to a 

conduit rod and positioned 1.2 m in front of the cameras. Each system was deployed 

by boat and left to film remotely for at least 60 min on the seafloor before being 

retrieved and re-deployed elsewhere. Neighbouring deployments were separated by 

at least 400 m to reduce the likelihood of fish swimming between stereo-BRUVs 

(Langlois et al. 2020). 

2.3.3 Video analysis 

Stereo-BRUVs were analysed using the program EventMeasure 

(http://www.seagis.com.au). In each video, any shark present in the field of view was 

identified to species level. The time (minutes) difference between the stereo-BRUVs 

landing on the seafloor and the first individual of each species of shark entering into 

the field of view was also recorded and hereinafter referred to as "time of arrival". 

Additionally, we recorded if each species fed from the bait bag (1= species fed, 0= 

species did not feed), and was used to calculate likelihood fed. Relative abundance 

counts were obtained as the maximum number of individuals of a single shark species 

present in the field of view of each stereo-BRUVs at one time (MaxN; Priede et al., 

1994). The stereo-configuration of the video systems allowed us to obtain accurate 
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and precise measurements of shark length using EventMeasure. This stereo-video 

configuration also allowed for measures of distance, which was used to finalise 

measures of relative abundance by confirming whether individuals were within a 

sample boundary of 10 m from the cameras. Data checking and formatting of 

EventMeasure, and MaxN outputs used R language for statistical computing (R Core 

Team, 2019) and R scripts provided in Langlois et al. (2020). 

2.3.4 Habitat variables 

Measures of habitat and relief were obtained following protocols outlined in McLean 

et al. (2016). A 5 × 4 grid was overlaid on an image obtained from each stereo-BRUVs 

deployment. Within each grid rectangle, the dominant habitat type was characterised 

using eight broad categories from the CATAMI classification scheme: 1) hard corals, 2) 

macroalgae, 3) reef (boulders or pavement – including those covered in turfing algae + 

hard corals + macroalgae), 4) sand/rubble, 5) seagrass, 6) soft corals, 7) sponges, and 

8) ascidians (Althaus et al. 2015). For every deployment the number of cells within 

each image containing the same habitat type were summed and divided by the total 

number of cells containing habitat. For simplicity we refer to these data as ‘percent 

cover’. When grid rectangles were positioned over open water they were classed as 

‘no habitat’ and excluded from the overall percent cover and final statistical analyses. 

If grid rectangles contained habitat, an estimate of relief was also made and 

categorised from 0-5 based on the scheme in Wilson et al. (2007), providing the mean 

relief for each deployment.  

2.3.5 Environmental and management variables 

Water depth (m), GPS coordinate and management status (i.e. whether the stereo-

BRUVs was deployed in an area open to fishing or a No-Take Area) were recorded for 

each deployment. The latitude and longitude were also used to calculate the minimum 

Euclidean distance (m) to the nearest boat ramp which was used as a proxy of relative 

fishing effort.  

2.3.6 Statistical analysis 

We used a generalised additive mixed modelling approach (GAMMs, Lin and Zhang, 

1999) Lin and Zhang, 1999) to explore the relative importance of habitat, 
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management, and environmental variables in determining the abundance and time of 

arrival of sharks on stereo-BRUVs deployments. We considered five variables in these 

models: reef cover (continuous), depth (categorical: shallow, deep), distance to closest 

boat ramp (continuous), standard deviation of relief (continuous), and status (factor: 

No-Take Area, fishing permitted) (Table 1). Data exploration revealed two distinct 

clusters in the distribution of the depth of deployments that could not be improved via 

transformations. Consequently, this parameter was included in the models as a 

categorical variable as either deep (>25 m) or shallow (<25 m). Only the five most 

abundant species of sharks: C. amblyrhynchos, T. obesus, C. melanopterus, G. cuvier 

and C. plumbeus, were included in this analysis. These were grouped as reef sharks (C. 

amblyrhynchos, T. obesus, C. melanopterus) and apex sharks (G. cuvier, C. plumbeus) 

based on Roff et al., (2016). 

Models were initially run separately for each species, but G. cuvier and C. plumbeus 

were later combined into an ‘apex shark’ category due to low sightings. Since the three 

species of reef sharks (C. amblyrhynchos, T. obesus, C. melanopterus) were 

predominantly recorded at depths <30 m, we subsetted our data to only include 

deployments at <25 m depth (n = 897), to allow for the inclusion of depth as a 

continuous variable in these models. 

We employed a full-subsets generalised additive mixed modelling approach (FSSgam; 

Fisher et al., 2018) to investigate the relative importance of each variable in driving the 

abundance of sharks on stereo-BRUVs deployments. Given that the occurrence of 

sharks on stereo-BRUVs deployments was highly zero-inflated (~90% zeros), a hurdle 

model approach was used to model shark abundance. This class of model accounts for 

an excess of zeros through a two-step model structure (Mullahy 1986). The first step 

fits a binomial probability model to determine whether a zero or non-zero outcome 

occurs and the second step fits a separate model for positive outcomes. In this 

analysis, the occurrence of a shark (presence/absence) was modelled across all 

deployments using a binomial distribution. The next step only included deployments 

where sharks were present to model the abundance (MaxN > 0) of sharks using a 

Gamma distribution with a log link. The time of first arrival of each shark species in the 

video from each stereo-BRUVs deployment was modelled using a Tweedie distribution 

(Tweedie 1984) and the likelihood of feeding for each species was modelled using a 
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binomial distribution (1 = fed, 0 = did not feed). For each model, the mean latitude and 

the year of each stereo-BRUVs campaign were included as random effects.  

Models were fitted using the gam() function in the R package mgcv (Wood 2012). 

Candidate model sets were constructed using the FSSgam package and compared 

using Akaike’s Information Criterion for small sample size (AICc) and AICc weight values 

(ω) (Burnham and Anderson 2004). To avoid issues with collinearity, only predictors 

with absolute Pearson correlations coefficient <0.28 were included in a single 

candidate model. To ensure models remained ecologically interpretable, only models 

with up to three predictors were included in any one candidate model. To reduce 

overfitting and to further ensure that models remained ecologically interpretable, 

smoothing terms were fit using a cubic regression spline, with the ‘k’ argument limited 

to 3. The summed AICc weights were used to derive measures of variable importance 

of each predictor across all candidate models (Burnham and Anderson 2002), where 

higher summed values represent increased importance of that predictor to the 

response variable. Since models within two AICc units show weak support for one over 

the other, the most parsimonious model was the model that included the fewest 

variables and lowest estimated degrees of freedom within two units of the AICc 

(Burnham and Anderson 2004). The variables that were included in the most 

parsimonious models were plotted to visualise the shape and direction of the predictor 

variables and the response variables.  
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Table 2-1 Description and summary of the five variables used in analysis. 

 

 

Variable Description Description of variable levels source 

Status Factor describing whether 
the stereo-BRUVs was 
deployed inside a No-
Take Area or an area open 
to fishing 

No-Take Area: fishing prohibited 
(22.4% of data) 
 
Fished: fishing permitted (77.6%) 

Global Archive 

Standard 
deviation of 
relief 

The standard deviation of 
the height and structural 
complexity of the 
substrate. 

0-5 
0 - Flat substrate, sandy, rubble 
with few features. ~0 substrate 
slope. 
1 - Some relief features amongst 
mostly flat substrate/sand/rubble. 
<45 degree substrate slope. 
2 - Mostly relief features amongst 
some flat substrate or rubble. ~45 
substrate slope. 
3 - Good relief structure with some 
overhangs. >45 substrate slope. 
4 - High structural complexity, 
fissures and caves. Vertical wall. 
~90 substrate slope. 
5 - Very high structural complexity, 
numerous large holes and caves. 
Vertical wall. ~90 substrate slope. 
Range: 0 - 2.17 
Mean: 0.41 

Global Archive 

Reef cover The total reef cover, 
which is the sum 
percentage cover of 
habitat that was classified 
as reef, sponges, 
ascidians and macroalgae 

Range: 0-1 
Mean: 0.47 

Global Archive 

Depth  Factor describing the 
depth of the stereo-BRUVs 
deployment 

Shallow: <25 m (61.7% of data) 
Deep: >25 m (38.3% of data) 

Global Archive 

Distance to 
ramp 
(square root 
transformation) 

The minimum Euclidean 
distance from the stereo-
BRUVs deployment to the 
closest boat ramp in 
metres.  

Range: 32.7 m - 408 m  
Mean: 225.9 m 

Global Archive 



 

19 

2.4 Results 

2.4.1 Shark assemblages 

A total of 889 (Sum MaxN) sharks were observed on all 1273 BRUVs deployments 

across 19 different species. The MaxN of the five most abundant sharks (Carcharhinus 

amblyrhynchos, Triaenodon obesus, C. melanopterus, Galeocerdo cuvier and C. 

plumbeus) per deployment ranged from 0 – 6 with a mean of 0.7 (SD 0.34) reef sharks 

(C. amblyrhynchos, C. melantoperus and T. obesus) and 0.04 (SD 0.17) apex sharks (G. 

cuvier, C. plumbeus) recorded per 60 min deployment. In all deployments the most 

abundant apex shark was G. cuvier (sum MaxN = 60) followed by C. plumbeus (sum 

MaxN = 44). In deployments in depths of <25 m (n= 897), the most abundant reef 

shark species were C. amblyrhynchos (sum MaxN = 199), C. melanopterus (sum 

MaxN=84) and Triaenodon obesus (sum MaxN = 62).  

For the five most abundant sharks across all 1273 BRUVs deployments, the time of 

arrival per deployment ranged from 3-59 mins (mean = 28 mins 30 seconds SD = 4 

mins 42 seconds). For apex sharks, the mean time to arrival was 26 mins 40 secs (SD = 

16 mins 32 secs). For reef sharks on deployments <25 m depth, the mean time of 

arrival was 23 mins 14 secs (SD = 14 mins 27 secs) for C. amblyrhynchos, 27 mins 32 

secs (SD = 16 mins 57 secs) for C. melanopterus and 20 mins 26 secs (SD = 13 mins 17 

secs) for T. obesus. 

2.4.2 Apex sharks  

The most parsimonious model for the occurrence of an apex shark included standard 

deviation of relief and depth (Table 2-2, Figure 2-2a). The occurrence of apex sharks 

was negatively correlated with standard deviation of relief and increased at depths 

greater than 25 m (Figure 2-3a, 2-3b).  

As the MaxN for apex sharks was only >1 in one deployment, it was not possible to run 

models for presence only abundance.  

The most parsimonious model for the time to arrival of apex sharks included standard 

deviation of relief, and distance from the nearest boat ramp (Table 2-2, Figure 2-3c). 
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The time of arrival of apex sharks was negatively correlated to both standard deviation 

of relief and distance from boat ramp (Figure 2-3d, e).  
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Table 2-2 Top Generalised Additive Mixed Models (GAMMs) for predicting probability 

of observation, abundance given observation and time of arrival from full-subsets 

analyses for the five shark groups. The difference between the lowest reported Akaike 

Information Criterion corrected for small sample size (AICc), AICc weights (wAICc), 

variance explained (R2) and estimated degrees of freedom (EDF) are reported for 

model comparison. The most parsimonious model is shown in bold and was defined as 

the model that contains the fewest variables and the lowest EDF within two units of 

the lowest AICc. 

Shark group Model ΔAICc ωAICc R2 EDF 
Probability of occurrence 
Apex sharks  SD relief + sqrt distance to ramp + depth 0 0.23 0.02 12.71 
 SD relief + depth 0.19 0.21 0.02 11.92 
 SD relief + reef cover 1.16 0.13 0.02 12.52 

 SD relief + sqrt distance to ramp + reef 
cover 

1.57 0.1 0.02 14.3 

C. amblyrhynchos  Reef cover + sqrt depth + status 0 0.81 0.15 7.47 
C. melanopterus SD relief + sqrt depth  0 0.36 0.03 5.85 
 SD relief + sqrt depth + status 1.19 0.19 0.03 6.85 
 SD relief + reef + sqrt depth 1.25 0.19 0.03 7.03 
 SD relief + sqrt distance to ramp + sqrt 

depth 
1.29 0.18 0.03 6.85 

T. obesus Reef cover + sqrt distance to ramp + sqrt 
depth 

0 0.74 0.04 8.24 

Abundance      
C. melanopterus Reef cover 0 0.27 0.11 4.92 
 SD relief + reef cover 0.27 0.24 0.14 6.55 
 Reef cover + status 1.29 0.14 0.11 5.91 
 Sqrt distance to ramp + reef cover 1.87 0.11 0.12 6.41 
C. amblyrhynchos  Sqrt distance to ramp 0 0.18 0.04 4.69 
 Sqrt distance to ramp + status 0.61 0.13 0.05 5.74 
 SD relief + sqrt distance to ramp 1.71 0.07 0.04 5.71 
T. obesus status 0 0.14 0.06 4 
 Sqrt distance to ramp 1.03 0.09 0.08 4 
 Reef cover + status 1.21 0.08 0.09 5.38 
 Reef cover 1.4 0.07 0.10 4.53 
 Sqrt distance to ramp + status 1.54 0.07 0.09 5.43 
 SD relief + status 1.98 0.05 0.07 5 

Time of arrival 
Apex sharks  SD relief + sqrt distance to ramp 0 0.31 0.11 6.43 
 SD relief + reef cover + sqrt distance to 

ramp 
0.65 0.22 0.13 8 

 SD relief + sqrt distance to ramp + depth 
SD relief + sqrt distance to ramp + status 

1.23 
1.77 

0.16 
0.12 

0.12 
0.11 

7.36 
7.41 

C. melanopterus SD relief + reef cover + sqrt distance to 
ramp 

0 0.99 0.14 7.43 

C. amblyrhynchos  SD relief + sqrt depth + sqrt distance to 
ramp 

0 0.59 0.10 8.65 

 SD relief + sqrt distance to ramp + status 0.73 0.41 0.10 7.93 
T. obesus SD relief + reef + sqrt distance to ramp 0 0.47 0.10 6.98 
 Reef cover + sqrt distance to ramp + status 0.48 0.37 0.11 7.56 
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Figure 2-2 Importance scores based on summed AIC weights from full subsets analysis 

exploring the influence of five variables on a.) Probability of ocurrence, b.) Abundance and c.) 

Time of arrival on stereo-BRUVs for each shark taxa. The ‘X’ symbols indicate variables that 

were included in the most parsimonious models (See Table 2-1). 

 

 

 

 

 

 

 

 

 
Figure 2-3 Map of stereo-BRUVs deployments in north-west Australia (indicated by grey open circles. Colour 

of circles indicates whether the BRUVs was deployed inside a No-Take Area (red) or in an area where fishing 

is permitted (Blue). Size of the circle shows the MaxN of apex sharks (Galeocerdo cuvier, Carcharhinus 

plumbeus) in each deployment (a). Predicted apex shark probability of occurrence (a,b) and time of arrival 

on stereo-BRUVs (d, e) as functions of variables present in the most parsimonious models (Table 2-2) from 

full-subsets GAMM analysis. Ribbons and error bars represent 95% confidence intervals. 

a) Prob. of occurrence 

X X 
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2.4.3 Carcharhinus amblyrhynchos  

For C. amblyrhynchos, the most parsimonious model for occurrence included depth, 

reef cover and status (Table 2-2, Figure 2-2a). The occurrence of C. amblyrhynchos was 

highest at depths of 9-20 m (Figure 2-4b), was positively correlated with reef cover 

(Figure 2-4c), and was higher inside No-Take Areas compared to fished areas (Figure 2-

4d).  

The most parsimonious models for the presence only abundance (MaxN >1) of C. 

amblyrhynchos only included distance to the nearest boat ramp (Table 2-2, Figure 2-

2b), where presence only abundance was positively correlated with distance from the 

boat ramp (Figure 2-4e).  

The most parsimonious model for the time to arrival for C. amblyrhynhos included 

distance from the nearest boat ramp, standard deviation of relief and status (Table 2-

2, Figure 2-2c). The time of arrival for C. amblyrhynchos was negatively correlated with 

distance from boat ramp and standard deviation of relied and lower in No-Take Areas 

compared to fished areas (Figure 2-4f-h).  

Figure 2-4 Map of stereo-BRUVs deployments in north-west Australia (indicated by grey open circles. 

Colour of circles indicates whether the stereo-BRUVs was deployed inside a No-Take Area (red) or in an 

area where fishing is permitted (Blue). Size of the circle shows the MaxN of Carcharhinus amblyrhynchos 

in each deployment (a). Predicted C. amblyrhynchos probability of occurrence (b, c, d), abundance 

(MaxN; e) and time of arrival on stereo-BRUVs (f,g,h) as functions of variables present in the most 

parsimonious models (Table 2-2) from full-subsets GAMM analysis. Ribbons and error bars represent 

95% confidence intervals. 
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2.4.4 Carcharhinus melanopterus  

The most parsimonious model for the occurrence C. melanopterus included depth and 

standard deviation of relief (Table 2-2, Figure 2-2a), where occurrence was negatively 

correlated with depth and was highest at intermediate levels of relief (Figure 2-5b, 2-

5c).  

The most parsimonious model for the presence only abundance of C. melanopterus 

included reef cover (Table 2-2, Figure 2-2b). There was a weak trend of increasing 

presence only abundance at intermediate levels of reef cover (Figure 2-5d).  

The most parsimonious model for time to arrival of C. melanopterus included standard 

deviation of relief, reef cover and distance to ramp (Table 2-2, Figure 2-2c). Time to 

arrival was positively correlated with distance to boat ramp, negatively correlated with 

standard deviation of relief and no discernible trend was identified for reef cover 

(Figure 2-5e-g).  

 

Figure 2-5 Map of stereo-BRUVs deployments in north-west Australia (indicated by grey open circles. 

Colour of circles indicates whether the stereo-BRUVs was deployed inside a No-Take Area (red) or in an 

area where fishing is permitted (Blue). Size of the circle shows the MaxN of Triaenodon obesus in each 

deployment (a). Predicted T. obesus probability of occurrence (b, c, d), abundance (MaxN; e) and time of 

arrival on BRUVs (f, g, h) as functions of variables present in the most parsimonious models (Table 2-2) 

from full-subsets GAMM analysis. Ribbons and error bars represent 95% confidence intervals. 
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2.4.5 Triaenodon obesus  

The most parsimonious model for the occurrence of T. obesus included distance from 

boat ramp, reef cover and depth (Table 2-2, Figure 2-2a). The occurrence of T. obesus 

was negatively correlated with distance from the nearest boat ramp and positively 

correlated with reef cover and depth (Figure 2-6b, c, d).  

For abundance of T. obesus, the most parsimonious model for presence only 

abundance included status and presence only abundance was highest in No-Take Areas 

(Table 2-2, Figure 2-6e).  

Time of arrival for T. obesus was best predicted by standard deviation of relief, reef 

cover and distance to the closest boat ramp (Table 2-2, Figure 2-2c). Time of arrival 

was quickest at intermediate distances from boat ramps, negatively correlated with 

standard deviation of relief and positively correlated with reef cover (Figure2- 6f-h).  

 

Figure 2-6 Map of stereo-BRUVs deployments in north-west Australia (indicated by grey open circles. 

Colour of circles indicates whether the BRUVs was deployed inside a No-Take Area (red) or in an area 

where fishing is permitted (Blue). Size of the circle shows the MaxN of Triaenodon obesus in each 

deployment (a). Predicted T. obesus probability of occurrence (b, c, d), abundance (MaxN; e) and time of 

arrival on stereo-BRUVs (f, g, h) as functions of variables present in the most parsimonious models (Table 

2-2) from full-subsets GAMM analysis. Ribbons and error bars represent 95% confidence intervals. 
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2.5 Discussion 

Our study found evidence for species-specific influences of habitat and human 

activities on the occurrence, abundance and behaviour of shark species across more 

than 500 km of coastline in northern Western Australia. In terms of occurrence 

(probability of observation), abundance (MaxN), and behaviour (time of arrival to 

stereo-BRUVs), the zoning status of the reef made little difference to apex sharks and 

C. melanopterus, although occurrence of C. amblyrhynchos and abundance of T. 

obesus was higher inside No-Take Areas. In contrast, larger distances to the nearest 

boat ramp (a proxy of human disturbance) resulted in shorter arrival times for the 

most common species, C. amblyrhynchos. Similarly, apex sharks arrived faster to 

stereo-BRUVs at increasing distances from boat ramps, whereas shorter distances to 

the nearest boat ramp resulted in shorter arrival times of C. melanopterus and T. 

obesus. Despite sampling over an extensive spatial range and recording a high number 

of sharks, our models explained a very small amount of variation (see Table 2-2), 

demonstrating the complex nature of the associations between large mobile species 

and habitat, management and anthropogenic activities over large spatial scales. 

 In a global context, our observation of 0.7 reef sharks per hour and 0.04 apex sharks 

per hour was similar to other comparable protected reef systems, such as Fiji ( 0.8 reef 

sharks per hour; Goetze and Fullwood, 2013), Rowley Shoals (0.65 reef sharks per 

hour; Speed, Cappo and Meekan, 2018) and northern Great Barrier Reef (0.05 G. cuvier 

per hour; MacNeil et al., 2020). However, our estimate of shark abundance was lower 

than remote reefs in New Caledonia (>2.5 reef sharks per hour; Juhel et al., 2018) and 

Minerva Reef in Tonga (0.2 G. cuvier per hour; MacNeil et al., 2020). Such differences 

in the mean numbers of sharks recorded by stereo-BRUVs might be due to a number of 

potential sources, such as variation in reef productivity among locations, or events that 

attract and aggregate these predators in reef waters, such as turtle nesting (Fitzpatrick 

et al. 2012b) in the case of apex predators, or spawning schools of fishes for reef 

sharks (Mourier et al. 2016). Repeated series of stereo-BRUVs sampling will be 

required to determine if these differences are fixed in nature or due to ephemeral 

events.   
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We found small but significant increases in the occurrence of C. amblyrhynchos and 

the abundance of T.obesus inside No-Take Areas. This result was somewhat surprising 

given there is generally a lack of targeted shark fishing from commercial (Braccini et al. 

2019) and recreational fishers. Our results suggest that these No Take Areas are 

providing some benefits to reef sharks despite these zones being established to 

broadly conserve a representation of the region’s marine habitats, flora, and fauna and 

were not primarily implemented to conserve shark populations (Department of 

Biodiversity 2017). These patterns may be due to increased prey availability inside No-

Take Areas (Goetze and Fullwood 2013) or due to these No-Take Areas encompassing 

favourable habitat for sharks (Martín et al. 2020). A recent analysis of shark movement 

patterns suggests that to protect at least 50% of all local T. obesus, which are the most 

site-attached species in our study, No-Take Areas would need to encompass at least 

~10 km of continuous reef habitat (Dwyer et al. 2020). The largest No-Take Area in the 

region, Point Cloates, encompasses ~24 km of continuous reef suggesting it is sufficient 

to protect 50% of local T. obesus and C. melanopterus populations, but the reserve 

would need to be expanded to include 30 km of continuous reef to achieve this same 

target for C. amblyrhynchos (Dwyer et al. 2020).  

Apex sharks show a much greater degree of mobility than reef sharks and have home 

ranges that often traverse the boundaries of entire marine parks. At Ningaloo, satellite 

tags deployed on tiger sharks revealed periods of residency that were interspersed 

with large scale movements (100-1000s km), with individuals sometimes travelling to 

Indonesia and the temperate waters in south-west Australia (Ferreira et al. 2015). For 

these species, local management is unlikely to mitigate the threats faced in the open 

ocean such as longline fishing. 

Distance to boat ramp influenced the occurrence and abundance of reef sharks and 

the behaviour of reef and apex sharks. Our results show at increasing distances from 

human activities, C. amblyrhynchos and apex sharks arrived faster to stereo-BRUVs. 

There are several ecological explanations for these relationships. The first, is that 

human activities are increasing the wariness, and therefore arrival times of shark 

species to stereo-BRUVs close to boat ramps, as was the case in New Caledonia (Juhel 

et al. 2019). An alternative explanation is that higher abundances of C. amblyrhynchos 

at increasing distances from boat ramps resulted in the observed decline in arrival 
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times. A similar result has been demonstrated for other species, where time to arrival 

has been shown to be highly correlated with abundance (Priede and Merrett 1998; 

Stobart et al. 2015). A detailed behavioural analysis for north-west Australia (e.g. 

number of bites taken from the bait bag, number of agnostic interactions between 

individuals) would shed light on the potential mechanisms driving these behavioural 

changes.   

The time to arrival to stereo-BRUVs was not consistent among species, as 

C.melanopterus and T. obesus arrived later to the stereo-BRUVs with increasing 

distance from boat ramps. This result is in apparent contrast to that of C. 

amblrhynchos and apex sharks and does not correlate with the abundance of 

C.melanopterus and T. obesus. It is possible that human activities, such as fishing, may 

be driving this behavioural change. For example, a recent study has shown good 

evidence of behavioural links between reef sharks and the presence of recreational 

and charter fishers. From July 2015 to May 2016, Mitchell et al. (2018) surveyed 248 

fishing boats at boat ramps on the Ningaloo Reef coast and 155 boats at ramps on 

Exmouth Gulf. They found that fishers reported sharks removing fish from lines on 

almost 40% of trips in both locations. Importantly, there was marked spatial variation 

in depredation, with higher rates occurring in areas where there was greater fishing 

pressure. This suggests that sharks may display learned behaviour in response to the 

opportunity to scavenge a relatively easy meal, but this behaviour may be restricted to 

locations where fishing is more common. In our study, we recorded low incidents of 

T.obesus and C. melanopterus feeding on the bait bag at all distances from human 

activities. It may be that our surveys included many places that were relatively 

inaccessible to fishers, possibly obscuring relationships between sharks and the 

presence of fishers. An important caveat of this study is that the difference in sensory 

cues emitted from fishing activities and stereo-BRUVs bait plumes prevent us making 

strong inferences regarding shark behaviour and fishing activities. As such, an 

experimental approach would be required to investigate any associations between 

fishing behaviour and the behaviour of these shark species in north-west Australia (see 

Mitchell et al. 2020).  

Depth and habitat variables (reef cover or standard deviation of relief) were important 

predictors of occurrence of all species of reef shark. These were more likely to be 
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observed in shallow depths (<25 m), but within this range we found evidence of 

species-specific depth preferences. C. melanopterus were most likely to be observed in 

the shallowest deployments (0-4 m), likely due to this being a reef-associated species 

with small home-ranges, preferring complex habitats on reef flats within shallow 

lagoons (Papastamatiou et al. 2009; Speed et al. 2010; Rizzari et al. 2014b). In contrast, 

C. amblyrhynchos were found at intermediate depths (4-9 m), which may have 

occurred as this species is present across a wider range of habitats and depths (Heupel 

et al. 2010; Vianna et al. 2013). Individuals of T. obesus were most likely to be 

observed in deeper deployments (16-25 m). This latter result is unsurprising given that 

this species favours structurally complex reef edge and back reef habitats as they often 

consume prey that shelter in crevices and holes (Rizzari et al. 2014b). In addition to 

depth, reef cover was an important driver of occurrence of T. obesus and C. 

amblyrhynchos. Our finding that C. melanopterus was most abundant at intermediate 

levels of relief may be confounded by the shallow water depths in which it occurred, 

with the species more difficult to observe in high levels of relief. Time of arrival for all 

three species was quickest in areas of high structural complexity, which adds further 

support for suggestions that reef sharks prefer structurally complex habitat (Espinoza 

et al. 2014; Rizzari et al. 2014b). Such habitats may host a greater number and diversity 

of potential prey items as well as providing more refuge from the larger apex sharks 

that might prey on reef species (Mourier et al. 2013; Raoult et al. 2019). If this is the 

case, environmental degradation and disturbance events that reduce the structural 

complexity of reef habitats may adversely affect reef sharks. 

We recorded few apex sharks despite an intense sampling effort across a large spatial 

scale that included a broad variety of reef habitats. For the two most abundant 

species, C. plumbeus and G. cuvier, we found a higher probability of occurrence in 

deeper (>25 m) waters open to fishing. This result might be expected, given that these 

sharks are capable of diving >1000 m in offshore environments (Ferreira et al. 2015). 

However, tagging studies have also demonstrated that tiger sharks frequently visit 

shallow sandflat environments, which are likely to be important foraging areas for 

these predators (Andrzejaczek et al. 2019, 2020). By not incorporating this key habitat 

into our sampling, we may have underestimated the abundance of these apex 

predators in north-west Australia. The low number of these species recorded on 
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stereo-BRUVs may trigger concerns regarding the impact of historical commercial 

fishing activities in this region, which closed in 2009, as these k-selected species 

require longer time scales to recover from exploitation. Recent evidence from a >25 

years of scientific longline and dropline survey, however, found fluctuating but stable 

patterns in catch rates and body size of these species (Braccini et al. 2019). The 

similarity in catch and size patterns before and after the closure of commercial fishing 

activities suggests that large-bodied apex sharks have always been a rare part of the 

assemblage in this region, and would therefore be difficult to detect using stereo-

BRUVs.  

Our study examined patterns in the abundance and behaviour of sharks during the day 

and it is important to note that habitat use (Barnett et al. 2012), activity levels 

(Papastamatiou et al. 2018), and depth distributions (Vianna et al., 2013) can alter at 

night. However, our study provided a comprehensive survey of patterns in the 

distribution and abundance of sharks across hundreds of kilometres of tropical and 

sub-tropical reef. Stereo-BRUVs deployments that collect standardized behavioural 

metrics, such as number of feeding attempts and competitive interactions, may 

provide a relatively inexpensive means to assess the extent to which levels of predator 

activity vary over temporal and spatial scales. Alternative approaches to generate 

behavioural data has so far been limited to tagging studies (Andrews et al. 2009; 

Barnett et al. 2016; Andrzejaczek et al. 2019; Jewell et al. 2019). Although this data is 

extremely valuable, it is often expensive to obtain. If stereo-BRUVs data is collected in 

a consistent manner, these behaviour metrics could complement existing data on the 

occurrence and abundance of predators in coral reefs and provide a more holistic 

understanding of their ecological role in these environments. 

2.5.1 Conclusions 

Our results provide evidence that reef sharks have a strong affinity with structurally 

complex habitat with high levels of coral cover. We found a small effect of spatial 

patterns of management and the presence of fishers on the abundance and behaviour 

of reef sharks, an outcome that could be explained by a variety of equally plausible 

hypotheses. It might be that fishing pressure on sharks is too limited at this location to 

create distinct spatial patterns in shark abundance with No-Take Areas. Alternatively, 
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the current size of No-Take Areas may be inadequate to protect wider ranging sharks 

due to the large home ranges these species tend to occupy. Distinguishing among 

these alternative hypotheses will require detailed studies of the behaviour of both 

fishers and sharks in relation to spatial management strategies. We found species-

specific drivers of reef shark occurrence, abundance, and behaviour, which illustrates 

the value of pooling large data sets collected by multiple institutions for analysis. Our 

results also demonstrate the capacity for behavioural metrics to complement existing 

measures of abundance and occurrence in assessing habitat preferences and the 

potential impact of human activities on reef shark populations.  

 

2.6 Supporting information 
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Table S 2-1 Deployment locations and depths of Baited Remote Underwater Stereo-Video Stations (Stereo-BRUVs) campaigns in north-western Australia. Data were 

collected at Ningaloo Reef, the Montebello Islands and Dampier Archipelago.  

 

 

 

 

 

 

 

 

 

 

 

Campaign Year 
 No. 

deployments 
Min depth 
(m) 

Max depth 
(m) 

Min latitude 
(°) 

Max 
latitude (°) 

Min 
longitude (°) 

Max 
longitude (°) 

1 2015  123 19 56.2 -23.52 -21.86 113.59 113.96 

2 2015  169 0.7 7.5 -23.34 -21.90 113.63 113.95 

3 2015  114 5.4 13.4 -23.52 -21.89 113.62 113.95 

4 2014  272 6.6 21.4 -21.92 -20.35 114.10 116.94 

5 2014  136 43 59.5 -21.69 -20.17 114.11 115.53 

6 2014  112 7.4 12 -23.50 -22.03 113.62 113.89 

7 2015  120 11.4 64 -20.46 -20.15 115.22 115.66 

8 2015  79 1.1 11.8 -20.72 -20.46 116.38 116.67 

9 2015  69 21.9 56.6 -20.46 -20.04 116.32 116.56 

10 2015  156 2 10.5 -22.46 -21.84 114.13 114.51 

11 2015  92 1.9 12.5 -21.63 -21.32 114.65 115.23 



 

33 

Chapter 3 The relative influence of 

predators, competitors and 

seascape heterogeneity as 

drivers of the behaviour and 

abundance of mesopredatory 

fishes in a coral reef ecosystem 

3.1 Abstract 

Determining influences of predation and competition on community dynamics is 

particularly challenging in coral reef systems where interspecific interactions between 

many predator and prey species play out in patchy landscapes. We used >1200 stereo-

Baited Remote Underwater Video deployments (Stereo-BRUVs) to assess the relative 

abundance and analysed the behaviour of three size classes of mesopredatory teleosts 

(lutajnids, serranids, lethrinids) and rays (dasyatids) in the presence and absence of 

larger predators (mesopredatory and apex carcharhinids). For mesopredatory teleosts, 

the presence of sharks did not influence the abundance, time of arrival in vicinity of 

the stereo-BRUVs, the probability of feeding on bait or the delay to feeding. Instead, 

the number of similar-sized competitors and surrounding habitat features were the 

strongest drivers of these behavioural metrics. We also found evidence of size-specific 

competition as the presence of large-bodied mesopredators increased the delay to 

feed for small-bodied mesopredators. For ray species, the delay to feeding was 

correlated with the occurrence of sharks, increasing by ~15 minutes in the presence of 

apex sharks and ~5 minutes in the presence of mesopredatory reef sharks. Our results 

show that integrating information regarding predators, competitors and complexity of 

habitat, can form a more holistic understanding of trophic interactions. 

3.2 Introduction 

Large predators play a vital role in ecosystems by exerting multiple top-down effects 

on lower trophic levels, which can regulate prey populations and structure ecological 
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communities (Paine 1966). Within the upper levels of food chains there is a complex 

interplay of relationships between predators of different sizes. Most food webs feature 

groups of large-bodied dominant predators and subordinate predators 

(mesopredators) that are smaller and more numerous. For example, several large 

carnivores inhabit the open savannah ecosystems of Africa, but lions (Panthera leo) are 

considered top predators that out-compete, and sometimes even kill, smaller 

predators such as hyenas (Crocuta crocuta) and cheetahs (Acinonyx jubatus) for access 

to resources (Caro and Stoner 2003; Trinkel and Kastberger 2005). This form of 

interference competition (Polis et al. 1989; Palomares and Caro 1999) between 

proficient hunters is widespread in many ecosystems and has profound consequences 

for the population dynamics of mesopredators (Prugh et al. 2009; Ritchie and Johnson 

2009). 

To avoid potentially lethal interactions with larger predators, mesopredators alter their 

behaviour and use of space (Lima and Dill 1990; Kohl et al. 2018). Evidence for such 

behaviours is sometimes most obvious when apex predators are removed from 

ecosystems. For example, disease-induced declines of Tasmanian devils (Sarcophilus 

harrisii), resulted in the behavioural release of the mesopredatory quoll (Dasyurus 

maculatus), so that quolls consumed more carrion at sites where devils were relatively 

rare (Cunningham et al. 2018). The threat of predation or potentially lethal outcomes 

to competitive interactions with larger predators may force prey into aggregations to 

increase foraging success (Clifton 1991), gain access to mates (Komdeur et al. 2013), or 

decrease the chances of predation via the dilution effect (Foster and Treherne 1981). 

In turn, the formation of groups is likely to increase intra- and inter-specific 

competition among similar-sized mesopredators. For example, African wild dogs 

(Lycaon pictus) not only avoid interactions with lions, which are the dominant predator 

in these systems, but alter their spatial use to also avoid interactions with other, lower-

order competitors, such as cheetahs (Vanak et al. 2013). 

Dynamic and heterogeneous landscapes add yet more complexities to the responses of 

mesopredators to larger, potentially lethal competitors and predators. Variation in 

availability of shelter within and between habitats, predator diets, hunting strategies 

and sensory capabilities mean that, from the perspective of a mesopredator, larger 

predators pose different levels of risk that can vary in space and time (Lima 1992; 
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Krupa and Sih 1998; Morosinotto et al. 2010). In order to successfully navigate this 

‘landscape of fear’ (Laundré et al. 2001; Gaynor et al. 2019), mesopredators must 

exhibit flexible predator avoidance strategies in a context-dependent manner. 

The impacts of larger predators on the behaviours of smaller mesopredators is most 

evident from relatively simple, three-step trophic pyramids (herbivore–mesopredator–

apex predator) both in terrestrial (Smith et al. 2015) and marine (Heithaus et al. 2012) 

systems. However, marine systems such as coral reefs are characterised by diverse and 

abundant communities of predatory fishes ranging in size from larger apex sharks and 

reef sharks to guilds of smaller mesopredatory species, notably serranids, lethrinids, 

lutjanids and some labrids. Earlier studies and reviews of behavioural interactions 

between sharks and mesopredators in these environments have largely focused on the 

role of sharks as predators of mesopredatory fishes (e.g. Barley, Clark, and Meeuwig 

2019; Roff et al. 2016). This ignores potential impacts of processes such as interference 

competition or avoidance behaviours that might influence how mesopredators 

respond to the presence of sharks. An understanding of such links within these 

systems is critical given that communities of predatory fishes are being rapidly 

removed from marine ecosystems worldwide, with unknown but possibly major 

impacts on marine food chains (Baum and Worm 2009). 

As large predators are a relatively rare component of the communities of coral reef 

fishes and the benthic communities of these systems are inherently patchy at most 

spatial scales, it is difficult to experimentally manipulate components of the predator 

community to examine behavioural interactions. Instead, broadscale descriptive 

sampling programs offer a data-driven approach to investigate these questions. Baited 

remote underwater video systems (BRUVs) provide representative samples of 

predatory fishes in marine environments (Goetze et al. 2018). By providing a food 

stimulus to attract multiple predators within close proximity to cameras, these systems 

can be used to examine behavioural interactions, such as competition, that are difficult 

to observe under normal circumstances, but are central to the organisation of fish 

communities. Recent studies have used BRUVs to examine the trade-off between the 

opportunity to forage presented by BRUVs and the need to exercise vigilance 

behaviours in response to the presence of a predatory fish. In areas with an increased 

predator encounter rate, fishes exercise more vigilance and are less likely to approach 
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and feed from BRUVs (Bond et al. 2019; Sherman et al. 2020; Phenix et al. 2019; Shea 

et al. 2020; Lester et al. 2021). There is scope to expand this framework and develop a 

suite of standardized behavioural metrics that can be applied across multiple studies. 

This provides a rare opportunity to examine relationships between diversity, 

abundance and behaviours of predatory fishes over spatial scales that encompass 

significant variation in habitat types and importantly, over the scales that large 

predators can move (10–100s of km). Moreover, by spreading deployments across 

different spatial management zones, including No-Take Areas, it is possible to gain 

insights into the effects of selective removal of components of the predator 

assemblage such as sharks on the trophic structure of the remaining community. 

Here, we examine the impact of the presence of sharks as potential predators or lethal 

competitors on the abundance and behaviour of mesopredators using a data set of 

>1200 deployments of BRUVs spanning over 500 km of the tropical coastline of north-

west Australia. We hypothesized that smaller mesopredators may avoid sharks 

resulting in lower abundances. We also hypothesised that the presence of sharks 

would cause mesopredators to alter behaviours and that this response would be size-

specific, with smaller mesopredators more responsive to potential threats than larger 

mesopredators. For this analysis we used behavioural metrics that were related to 

foraging, including the time to arrival of mesopredators to BRUVs, the likelihood of 

feeding (i.e. fed or did not feed) and the delay to feed (= time to feed – time to arrival). 

We anticipated that mesopredators would exhibit bolder behaviours (i.e. arrive faster, 

be more likely to feed and less delay to feed) in the absence of predators, such as apex 

sharks, or dominant competitors, such as reef sharks and large-bodied teleosts 

compared to deployments where predators and dominant competitors were present.  

3.3 Methods 

3.3.1 Study area 

Sampling occurred on coral reefs on the continental shelf of North-West Australia from 

the southern point of Ningaloo Reef to the Dampier Archipelago (Figure 3-1). This area 

incorporates the Ningaloo, Montebello Islands and Barrow Islands marine parks and 

the Muiron Islands and Barrow Island marine management areas, as well as significant 
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areas of coastal waters and islands without spatial management. Together, the marine 

reserves form a network of 24 No-Take Areas encompassing an area of 123,089 

hectares where boat based fishing is prohibited. No-Take Areas across the reserves 

vary greatly in size, ranging from 8 hectares to 44,752 hectares. It should be noted that 

coastal fishing is permitted in a subset of the No-Take Areas within the Ningaloo 

Marine Park.  



38 

3.3.2 Sampling protocol and equipment 

Data were collected using baited remote underwater stereo-video systems (stereo-

BRUVs) during 11 survey campaigns. A total of 1273 stereo-BRUVs were deployed 

between 1 m to 67 m of water (mean = 17.1 m, ±SD = 16.6 m) across a range of habitat 

types (coral reef, sandy lagoon, macroalgae beds). 

Each stereo-BRUV system comprised a pair of Canon Legria HGF25, high definition 

(1080i) video cameras set to record at 25 frames per second, or GoPro 3 Silver+, set to 

record at 1080p and 30 frames per second. Each camera was secured in a custom-built 

Figure 3-1 Map of stereo-BRUVs deployments in north-west Australia. Colour of circles indicates 

whether the stereo-BRUVs was deployed inside a No-Take Area (red) or in an area where fishing 

is permitted (Blue). 
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housing and mounted on a steel bar within a trapezium shaped frame that was 

tethered by rope to a surface buoy during deployment. Cameras were mounted 

approximately 700 mm (Canon Legria HGF25) or 500 mm (GoPro 3 Silver+) apart and 

inwardly converged at 7° to maximise an overlapping field of view. This design 

maximises camera calibration and stability, necessary for accurate measures of size 

and distance. Further information on configuration and calibration is available in 

Harvey and Shortis (1995). 

Each stereo-BRUV was baited with approximately ∼1 kg of crushed pilchards 

(Sardinops spp.) and contained within a plastic-coated wire mesh basket positioned 

~1.2 m in front of the cameras on a conduit rod . Stereo-BRUVs were deployed from a 

boat and left to film remotely for at least 60 min on the seafloor before being 

retrieved. Neighbouring deployments were separated by at least 400 m to reduce the 

likelihood of fish swimming between stereo-BRUVs. 

3.3.3 Video analysis 

Stereo-BRUVs were calibrated using the software CAL and analysis of video footage 

was facilitated through EventMeasure Stereo software (http://www.seagis.com.au). 

Mesopredatory teleosts (families Lethrinidae, Lutjnaidae and Serrandiae), rays (family 

Dasyatidae), and all sharks (families Carcharinidae and Sphyrnidae) were recorded and 

identified to species level. The relative abundance of sharks, rays, and teleosts was 

determined as the maximum number of individuals of a single species present in the 

field of view at single point in time (MaxN; Priede et al. 1994, Cappo et al. 2004) and 

within 10 m of the cameras. We also recorded the time of first appearance for each 

species, and if each species fed from the bait bag (1= species fed, 0= species did not 

feed) and the time of first feed. The difference between time of first appearance and 

time to first feed was calculated for each species in each deployment and defined as 

delay to feed.  

Sharks were categorised as apex sharks or reef sharks according to Roff et al. (2016). 

Mesopredatory teleosts were assigned into categories using maximum body size class 

from Fishbase and were grouped according to Speed et al. (2018) into small (≤50 cm 

TL), medium (50–100 cm TL), and large (>100 cm TL) size categories. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/sardinops
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3.3.4 Habitat variables 

Structural relief and percent cover of habitat were scored following protocols outlined 

in Langlois et al. (2020). Briefly, a 5 × 4 grid was overlaid on a high-definition image 

obtained from each stereo-BRUV deployment. Within each grid rectangle, the 

dominant habitat type was characterised using the CATAMI classification scheme 

(Althaus et al. 2015). This resulted in the selection of eight broad habitat types: 1) hard 

corals, 2) macroalgae, 3) reef (boulders or pavement – including those covered in 

turfing algae + hard corals + macroalgae), 4) sand/rubble, 5) seagrass, 6) soft corals, 7) 

sponges and 8) ascidians. The number of grid rectangles for each habitat type were 

summed for each stereo-BRUV deployment and, for simplicity, referred to as ‘percent 

cover’. When grid rectangles were positioned over open water they were classed as 

‘no biota’ and excluded from the calculation of overall percent cover.  

 This generated a list of all habitat types and a corresponding number of grid cells in 

which it was present for every deployment. For simplicity we refer to the data as 

‘percent cover’ for each habitat type. In cells where biota was present, estimates of 

relief were also obtained and ranked 0 to 5, where 0 = no vertical relief, 1 = low and 

sparse relief, 2 = low but widespread relief, 3 = moderately complex, 4 = very complex 

with numerous fissures and caves, 5 = exceptionally complex with numerous caves and 

overhangs (Wilson et al. 2007), with an average and standard deviation calculated for 

each deployment. 

The depth (m) and the latitude and longitude position and management status (i.e. 

whether the stereo-BRUVs were deployed in an area open to fishing or a No-Take 

Area) were recorded for each deployment. The latitude and longitude were also used 

to calculate the minimum Euclidean distance (m) to the nearest boat ramp, which was 

used as a proxy of human disturbance.   

3.3.5 Statistical analysis 

To explore the relative importance of habitat, shark abundance and the abundance of 

competitors (mesopredatory teleosts and rays) on the abundance (MaxN), time to 

arrival, likelihood of feeding and delay to feed of mesopredatory teleosts and rays on 

stereo-BRUVs deployments, a generalised additive mixed modelling approach was 
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used (GAMMs, Lin and Zhang, 1999). We considered eight variables in these models: 

1.) standard deviation of relief (continuous), 2.) depth (categorical: shallow, deep), 3.) 

reef cover (continuous), 4.) shark presence (categorical: none, reef, apex), 5.) MaxN of 

all groups of mesopredators present in the deployment (continuous) and 6.-8.) MaxN 

of all large, medium, and small mesopredators (respectively) present in the 

deployment (continuous) (Table 1). Depth was considered as a categorical variable in 

the models, either deep (>25 m) or shallow (<25 m), since data exploration revealed 

two distinct clusters in the distribution of the depth of deployments that could not be 

improved via transformations. 

The three most abundant species of mesopredatory teleost in each grouping class 

were included in the analysis: Large: Lutjanus malabaricus, Lutjanus sebae, Apiron 

virescens; Medium: Symphorus nematophorus, Lethrinus nebulosus, Monotaxis 

grandoculis; Small: Lutjanus carponotatus, Lethrinus rubrioperculatus, Lethrinus 

atkinsoni; Ray: Neotrygon australiae, Taeniurops meyeni, Pateobatis fai. Models were 

run separately for each of these groupings.  

We employed a full-subsets generalised additive mixed modelling approach (FSSgam) 

(Fisher et al. 2018) to investigate the relative importance of each variable in explaining 

abundance, time to arrival, likelihood of feeding, and delay to feed during stereo-

BRUVs deployments. Abundance, time to arrival and delay to feed was modelled using 

a Tweedie distribution (Tweedie 1984) and the likelihood of feeding was modelled 

using a binomial distribution (1 = fed, 0 = did not feed). The mean latitude and year of 

each stereo-BRUVs campaign were included as random effects in all models.  

Models were fitted using the mgcv (Wood 2012) R package. Candidate model sets 

were constructed using the FSSgam package and compared using Akaike’s Information 

Criterion for small sample size (AICc) and AICc weight values (ω) (Burnham and 

Anderson 2002). To avoid issues with collinearity, only predictors with absolute 

Pearson correlations coefficient <0.28 were included in a single candidate model. To 

ensure models remained ecologically interpretable, only those with three predictors or 

less were included in any one candidate model. To reduce overfitting and to further 

ensure that models remained ecologically interpretable, smoothing terms were fitted 

using a cubic regression spline, with the ‘k’ argument limited to three. The summed 
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AICc weights were used to derive measures of variable importance of each predictor 

across all candidate models (Burnham and Anderson 2002) where higher summed 

values represent increased importance of that predictor to the response variable. 

Since models within two AICc units show weak support for one over the other, the 

most parsimonious model was the model that included the fewest variables and 

lowest estimated degrees of freedom within two units of the AICc. The variables that 

were included in the most parsimonious models were plotted to visualise the shape 

and direction of the predictor variables and the response variables.  
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 Table 3-1 Description and summary of the ten variables used in analysis. 

Variable Description Description of variable levels 

Standard 
deviation of relief 

The standard deviation of the 
height and structural complexity of 
the substrate. 

 Relief was categorised as 0-5 as per Wilson et al. 
(2007) 
0 - Flat substrate, sandy, rubble with few features. 
~0 substrate slope. 
1 - Some relief features amongst mostly flat 
substrate/sand/rubble. <45 degree substrate slope. 
2 - Mostly relief features amongst some flat 
substrate or rubble. ~45 substrate slope. 
3 - Good relief structure with some overhangs. >45 
substrate slope. 
4 - High structural complexity, fissures and caves. 
Vertical wall. ~90 substrate slope. 
5 - Very high structural complexity, numerous large 
holes and caves. Vertical wall. ~90 substrate slope. 
Range: 0 - 2.17 
Mean: 0.41 

Reef cover The total reef cover, which is 
the  sum percentage cover of 
habitat that was classified as reef, 
sponges, ascidians and macroalgae 

Range: 0-1 
Mean: 0.47 

Depth  Factor describing the depth of the 
stereo-BRUVs deployment 

Shallow: <25 m (61.7% of data) 
Deep: >25 m (38.3% of data) 

Distance from 
boat ramp 

Euclidean distance from nearest 
boat ramp in m 

Range: 1066 m - 164,455 m 
Mean: 59,354 m 

Status Factor describing whether 
deployment was in an area open to 
fishing or a No-Take Area. 

Fished (74.1% of data) 
No-Take (25.9% of data) 

Shark presence Factor describing whether an apex 
shark, reef sharks or no shark was 
observed in the stereo-BRUVs 
deployment 

Apex shark (11.5% of data) 
Reef shark (26.6 % of data) 
No shark (61.9% of data) 

No. all 
competitors 

Sum MaxN of all mesopredator 
species present in the same 
deployment 

Range: 0-163 
Mean: 19.8 

No. large 
competitors  

Sum MaxN of all large (> 100 cm TL 
maximum body length) 
mesopredator species present in 
the same deployment 

Range: 0-9 
Mean: 0.6 

No. medium 
competitors  

Sum MaxN of all medium (50 cm - 
100 cm TL maximum body length) 
mesopredator species present in 
the same deployment 

Range: 0-112 
Mean: 9 

No. small 
competitors  

Sum MaxN of all small (<50 cm TL 
maximum body length) 
mesopredator species present in 
the same deployment 

Range: 0-143 
Mean: 10 



44 

 

3.4 Results 

3.4.1 Abundance 

For large-bodied mesopredators, the most parsimonious model of abundance included 

depth (Table 3-2), with numbers greater in deep (>25 m) than shallow deployments 

(<25 m) (Figure 3-3a). Reef cover, distance to boat ramp and status, which together 

explained 11% of the distribution of the data, were included in the most parsimonious 

model for abundance of medium-bodied mesopredators. Abundance was positively 

correlated with reef cover, negatively correlated with distance to boat ramp and 

greater inside No-Take Areas compared to Fished areas (Figure 3-3b-d). Importance 

scores indicated weak support for shark presence as a predictor of abundance (Figure 

3-2).  

Abundance of small-bodied mesopredators was positively correlated with reef cover, 

greater in No-Take Areas compared to areas open to fishing and greater in the 

presence of a reef shark compared to apex sharks and when no sharks were sighted in 

the video (Table 3-2, Figure 3-3e-g). Importance scores indicated moderate support for 

distance to boat ramp as a predictor (Figure 3-2). 

Abundance of rays was positively correlated with distance to boat ramp, negatively 

correlated with standard deviation of relief and although identified as a variable in the 

most parsimonious model, no discernible trend was identified with depth (Figure 3-3h-

j). Importance scores also indicated weak support for shark presence as a predictor of 

abundance (Figure 3-2). 

 

  



 

45 

Table 3-2 Top Generalised Additive Mixed Models (GAMMs) for predicting abundance (MaxN), 

time to arrival, likelihood of feeding and delay to feed from full-subsets analyses for large 

mesopredators, medium mesopredators, small mesopredators and rays. The difference 

between the lowest reported Akaike Information Criterion corrected for small sample size 

(AICc), AICc weights (wAICc), variance explained (R2) and estimated degrees of freedom (EDF) 

are reported for model comparison. The most parsimonious model is shown in bold was 

defined as the model that contains the fewest variables and the lowest EDF within two units of 

the lowest AICc. 

(Continued on next page) 

Fish 
group 

Model ΔAICc wAICc R2 EDF 

 

Abundance 

Large Depth 0   0.48 0.11 14.05 

Medium Distance to ramp + Shark Presence + Status 0 0.61 0.11 17.23 

 Reef cover + Distance to ramp + Status  1.21 0.34 0.11 17.05 

Small Reef cover + Status + Shark presence 0 0.75 0.15 17.33 

Ray Depth + distance to ramp + Shark presence 0 0.48 0.07 14.05 

 Depth + SD relief + Distance to ramp 1.84 0.19 0.07 513.14 

 

Time to arrival 

Large  No. large competitors + No. small competitors 0   0.41 0.16  11.72 

 No. large competitors + No. small competitors + Status  1.52 0.19 0.16 12.38 

 No. large competitors + No. small competitors + SD relief 1.73 0.17 0.16 13.17 

Medium Depth + No. medium competitors 0 0.26  0.08 9.91 

 Depth + No. medium competitors + SD relief 0.24 0.23 0.08 9.53 

 Depth + No. medium competitors + Status 0.74 0.18 0.08 10.8 

Small No. small competitors + Reef cover + SD relief 0 0.27 0.07  15.89 

 No. small competitors + Depth  1.34 0.14 0.06 11.48 

Ray  No. of all competitors  0 0.57 0.05 5 

Likelihood fed 

Large No. large competitors + Shark presence 0 0.17 0.22 13.24 

  No. large competitors + Distance to ramp + Shark Presence 1.05 0.1 0.22 14.62 

 No. large competitors + Depth 1.37 0.08 0.21 11.59 

 No. large competitors + SD relief + Shark Presence 1.6 0.07 0.23 16.24 

 No. large competitors 1.84 0.07 0.21 11.9 
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Medium No. medium competitors + Distance to ramp + Shark presence 0 0.18 0.12 15.16 

 No. Medium competitors + Distance to ramp + Status  0.24 0.16 0.12 13.73 

 No. medium competitors + Distance to ramp + SD relief  0.32 0.16 0.12 13.73 

 No. medium competitors + Distance to ramp 0.35 0.15 0.12 12.99 

Small No. small competitors + Depth + SD relief 0 0.124 0.16 13.66 

  No. small competitors + Depth + Reef cover 0.45 0.1 0.16 14.17 

 No. small competitors + SD relief 0.63 0.09 0.16 13.26 

 No. small competitors + Depth  1.02 0.08 0.16 12.51 

 No. small competitors + Reef cover 1.32 0.06 0.16 13.81 

 No. small competitors  1.5 0.06 0.16 12.1 

 No. small competitors + Reef cover + SD relief 1.7 0.05 0.16 14.75 

Ray No. large competitors 0 0.12 0.2 8 

  No. large competitors + No. medium competitors 1.27 0.06 0.23 9.93 

  No. large competitors + Status 1.34 0.06 0.21 9.34 

  No. large competitors + Reef cover + SD relief  1.65 0.05 0.24 13.44 

Delay to feed 

Large Reef cover 0 0.52 0.21 8.96 

Medium Depth + No. all competitors + distance to ramp 0 0.17 0.07 5.56 

 Depth + No. all competitors 1.20 0.11 0.07 5 

 Depth + No. small competitors + Distance to ramp  1.75 0.09 0.07 7.17 

Small  No. large competitors + No. small + SD relief 0 0.79 0.15  14.7 

Ray  Shark trophic position 0 0.7 0.24 6 
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Figure 3-2 Importance scores based on summed AIC weights from full subsets analysis exploring 

the influence of six variables on the abundance (MaxN) of mesopredators grouped into large-

bodied, medium -bodied, small-bodied mesopredators and rays on stereo-BRUVs. The ‘X’ 

symbols indicate variables that were included in the most parsimonious models (See Table 3-

2). 
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Figure 3-3 Predicted abundance (MaxN) on stereo-BRUVs for large-bodied mesopredators (a), 

medium-bodied mesopredators (b-d), small-bodied mesopredators (e-g), and rays (h-j)  as 

functions of variables present in the most parsimonious models (Table 3-2) from full-subsets 

GAMM analysis. Ribbons and error bars represent 95% confidence intervals. 
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3.4.2 Time to arrival of mesopredators 

Time to arrival of large-bodied mesopredators was negatively correlated with the 

abundance of large and small bodied mesopredators in the deployment (Figure 3-

5a,b), whereas time to arrival of medium-bodied mesopredators was faster in shallow 

(<25 m) compared to deep (>25m) deployments and negatively correlated with the 

abundance of this size class in the deployment (Figure 3-5c, d). Time of arrival for 

small-bodied mesopredators was faster in shallow compared to deep deployments and 

negatively correlated with the numbers of this size class in deployments (Figure 3-5e-

f). Importance scores also indicated weak support for standard deviation of relief and 

reef cover as predictors (Figure 3-4a). Time to arrival of rays was negatively correlated 

with the numbers of all mesopredators (Figure 3-5g). Importance scores indicated 

weak support for status as a predictor (Figure 3-4a).  
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Figure 3-4 Importance scores based on summed AIC weights from full subsets analysis exploring the influence of ten variables on a.) Time to arrival, b.) 

Likelihood of feeding and c.) Delay to feed for large-bodied, medium-bodied, small-bodied and ray mesopredator groups on stereo-BRUVs. The ‘X’ symbols 

indicate variables that were included in the most parsimonious models (See Table 3-2). 
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Figure 3-5 Predicted time to arrival on stereo-BRUVs for large-bodied (a-b), medium-bodied (c-

d), small-bodied (e-f), and rays (g) mesopredator groups  as functions of variables present in 

the most parsimonious models (Table 3-2) from full-subsets GAMM analysis. Ribbons and error 

bars represent 95% confidence intervals. 
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3.4.3 Likelihood to feed 

Likelihood to feed of large-bodied mesopredators was positively correlated with the 

numbers of this size class in the deployment (Figure 3-6a), and this variable explained 

21% of the distribution of the data (Table 3-2). Importance scores indicated weak 

support for shark presence as a predictor (Figure 3-4b). For medium bodied 

mesopredators, likelihood to feed was positively correlated with abundance of the 

same size class and negatively correlated with distance to boat ramp (Figure 3-6b-c), 

whereas for small bodied mesopredators there was a parabolic relationship between 

the likelihood to feed and the abundance of the small size class (Figure 3-6d), which 

explained 16% of the distribution of the data (Table 3-2). Importance scores indicated 

weak support for standard deviation of relief as predictors (Figure 3-4b). 

The most parsimonious model to likelihood to feed of rays included the number of 

large competitors in the deployment, which explained 20% of the distribution of the 

data (Table 3-2). Likelihood to feed of rays was positively correlated with the number 

of large competitors in the deployment (Figure 3-6e). 
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Figure 3-6 Predicted likelihood to feed on stereo-BRUVs for large-bodied (a), medium-bodied 

(b-c), small-bodied (d), and ray (e) mesopredator groups as functions of variables present in 

the most parsimonious models (Table 3-2) from full-subsets GAMM analysis. Ribbons and error 

bars represent 95% confidence intervals. 
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3.4.4 Delay to feed 

Delay to feed of large-bodied predators was weakly and negatively correlated with reef 

cover (Figure 3-7a), which explained 21% of the distribution of the data (Table 3-2). 

Importance scores indicated moderate support for the number of all competitors in 

the deployment as a predictor (Figure 3-4c). Delay to feed of medium-bodied 

mesopredators was greater in shallow compared to deep deployments and negatively 

correlated with the number of all mesopredators in the deployment (Figure 3-7b-c), 

which together explained 7% of the distribution of the data (Table 3-2). Importance 

scores indicated weak support for distance to ramp as a predictor (Figure 3-4c). For 

small-bodied mesopredators, delay to feed of was positively correlated with standard 

deviation of relief and the number of large mesopredators and negatively correlated 

with the number of small mesopredators (Figure 3-7d-f). Together these factors 

explained 15% of the distribution of the data (Table 3-2). 

The presence of sharks was included in the most parsimonious model of the delay to 

feed by rays and explained 24% of the distribution of the data (Table 3-2). When no 

shark was present the delay to feed was minimal following deployment (~1 min) but 

increased by a small amount (~3 mins) in deployments where reef sharks were present 

and tripled (~9 mins) in deployments where apex sharks were present (Figure 3-

7g).  Importance scores indicated moderate support for the number of medium-bodied 

mesopredators in the deployment as a predictor (Figure 3-4c).  
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Figure 3-7 Predicted delay to feed on stereo-BRUVs for large-bodied (a), medium-bodied (b-c), 

small-bodied mesopredators (d-f), and ray (g) mesopredator groups as functions of variables 

present in the most parsimonious models (Table 3-2) from full-subsets GAMM analysis. 

Ribbons and error bars represent 95% confidence intervals. 

 

3.5 Discussion 

Our study demonstrates the complex nature of the interactions that drive the local 

abundance and behaviour of mesopredatory guilds of teleost fishes on coral reefs. We 

found little evidence that the presence of reef sharks altered the abundance of 

mesopredatory teleosts in the stereo-BRUVs videos. Numbers of these fishes were 

mostly influenced by depth, reef cover and protection from fishing. For all size classes 

of teleost mesopredators, the three behavioural metrics we measured (time to arrival, 
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likelihood of feeding and delay to feed at a bait bag) were primarily influenced by the 

abundance of other, similar-sized mesopredators and features of the habitat. The 

presence of sharks had negligible effects on the behaviour of all mesopredators that 

were observed on stereo-BRUVs deployments, with the exception of rays. 

Although we found a small increase in the abundance of small-bodied mesopredatory 

teleosts in deployments where reef sharks were present, there was no impact of the 

presence of these sharks on the abundance of other size classes of mesopredator. 

Without a detailed behavioural analysis of the entire stereo-BRUVs deployment, it is 

difficult to ascertain the mechanisms that may be driving the positive relationship 

between small-bodied mesopredators and reef sharks. For example, this trend could 

be a result of schooling in response to a potential predatory threat (Neill and Cullen 

1974), to take advantage of increased foraging success afforded by mixed-species 

groups (Gil et al. 2017), or alternatively it is possible that small-bodied mesopredators 

feeding on the bait may have enhanced the dispersal of the bait plume and attracted 

sharks to the stereo-BRUVs (Harvey et al. 2007). Expanding our behavioural analysis to 

incorporate the behaviour of sharks (i.e. shark time to arrival and likelihood to feed) 

may provide insights into such interactions. Our result contradicts predictions that the 

presence of large predators can disperse species that occupy lower trophic levels out 

of the field of view of stereo-BRUVs, resulting in lower abundance (Klages et al. 2014). 

Instead, our results support the recent evidence that metrics such as MaxN are not 

subtle enough to detect behavioural dynamics that occur over short time scales (i.e. 

seconds - minutes) (Coghlan et al. 2017; Speed et al. 2019; Lester et al. 2021). As a 

result, such metrics may be robust to any effect of the presence of both apex and reef 

sharks on the abundance of smaller fishes over long (i.e. 60 minute) time frames.  

Abundances of medium and small-bodied mesopredators increased in deployments 

with higher percentages of reef cover and inside No-Take Areas. This result is 

consistent with previous studies in the region (Cresswell et al. 2019) and unsurprising 

given the association of these species with reef habitat (Darling et al. 2017) and the 

levels of recreational fishing effort in north-west Australia. Although large-bodied 

mesopredators are also the targets of fishing, this size class was more abundant in 

deeper deployments, consistent with their preferences for habitats such as drop offs, 

outer slopes and offshore reefs (Fitzpatrick et al. 2012; Bond et al. 2018). 
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Reef sharks and apex sharks are among the largest and most conspicuous predators in 

coral reef systems however, we did not find any impact of shark presence on the 

behaviour of mesopredatory teleosts over the hour-long video. Because sharks are 

highly mobile (Vianna et al. 2013; Ferreira et al. 2015), responses by mesopredators 

may only occur when larger predators/competitors appear in close proximity to the 

bait bag and when they are recognised as an immediate threat. In the situation where 

mesopredators occur in high abundances, as was the case in our study, there is likely 

to be strong selective pressure for responses to predator threats to only occur for the 

minimum time possible, given that a response that is inappropriately prolonged will 

advantage other individuals of the same and other species. Furthermore, the presence 

of numerous competitors may also decrease predation risk via predator encounter 

dilution, increased vigilance of heterospecifics or a predator preference for 

heterospecifics (Pitcher and Parrish 1993). For example, it has been suggested that 

mixed species shoals of fishes minimise the trade-off between increased predation risk 

and access to exposed, and thus more profitable, foraging areas further from shelter 

(Paijmans et al. 2020). Thus, it is possible that when mesopredators occur in high 

abundances they are less likely to modify their behaviours in response to predators 

such as sharks and when they do so, they may only modify behaviour for a very short 

amount of time that cannot be detected without fine-scale analysis of behavioural 

interactions occurring within the one hour deployment of the stereo-BRUVs. 

All three behavioural metrics of small, medium and large mesopredators were strongly 

influenced by the numbers of individuals of the same size class present in the video. 

For all three mesopredator categories, time to arrival declined when the abundances 

of similar-sized competitors were higher, which supports previous evidence that time 

to arrival is highly correlated with local abundance metrics (Priede and Merrett 1998; 

Stobart et al. 2015). Additionally, the probability of feeding increased with higher 

abundances of similar-sized competitors and for medium and small mesopredators, 

the delay to feeding decreased when more similar-sized competitors were present. It is 

likely that these increases in searching and feeding behaviour at higher abundances of 

conspecifics may have been facilitated via the use of socially transmitted information. 

An individual that discovers a foraging patch (i.e. a bait bag on a stereo-BRUV) provides 

social information and cues to conspecifics, which then join the foraging individual in a 
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process known as ‘forage area copying’ (Barnard and Sibly 1981). Such behavioural 

correlations that are driven by social information are widely documented in fishes and 

enable individuals to sample the environment for information regarding resource 

availability and risk without exposing themselves to risk (Gil et al. 2018). For example, 

mixed species aggregations of herbivorous fishes decide to forage in resource rich but 

exposed areas in coral reefs based on the behaviour of other fish in the aggregation 

(Gil and Hein 2017). A similar process is likely occurring in the presence of the stereo-

BRUVs, whereby social information from conspecifics is attracting more fishes to 

capitalise on the resource provided by the bait bag.  

Our behavioural analysis also indicated that some form of interference competition 

was probably occurring between large and small categories of mesopredator. High 

abundances of small mesopredators were also associated with faster arrival times of 

large mesopredators to the vicinity of the bait bag. Additionally, large mesopredators 

appeared to deter small mesopredators from feeding, possibly due to elicitation of an 

increased level of vigilance in small-bodied mesopredators. Similar patterns have been 

observed in other fishes in coral reef ecosystems such as basslets (Gramma loreto), 

where the feeding rate of smaller, subordinate individuals is reduced by the presence 

of larger, dominant individuals (Webster and Hixon 2000). Being an inferior competitor 

can manifest as ecological costs such as slow growth rates, which in turn negatively 

impacts competitive ability, reproductive fitness and prolongs the period of time taken 

to reach a body size that reduces susceptibility to predation (Jones and McCormick 

2002; Hoey and McCormick 2004; Maddams and McCormick 2012). It is thus possible 

that large-bodied mesopredators, which can occupy similar trophic levels to reef 

sharks (Roff et al. 2016), may play an important role in structuring communities of 

subordinate mesopredators. 

Similar to teleost mesopredators, abundances of rays were not influenced by the 

presence of sharks. Time to arrival at the bait bag declined and there was a greater 

likelihood of feeding by rays as the numbers of all teleost mesopredators increased, 

suggesting that the presence of other mesopredators may facilitate feeding or induce 

competition for the baits. However, there was an increase in the delay to feed by rays 

in the presence of apex sharks and to a lesser extent in the presence of reef sharks. 

This result is consistent with previous studies that have shown that stingrays spent less 
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time foraging (Bond et al. 2019) and in the field of view of stereo-BRUVs (Sherman et 

al. 2020) in areas with higher abundances of sharks compared to areas where sharks 

were less abundant. It also suggests that stingrays prioritise vigilance in response to 

apex sharks, which are often specialist elasmobranch predators (Raoult et al. 2019) 

compared to smaller, and potentially less lethal, reef sharks. Such reactions to 

predatory threat are likely due to the relatively limited escape capabilities of rays 

coupled with a tendency to rely on crypsis for avoiding predators (Bond et al. 2019). It 

is also notable that unlike teleost mesopredators, rays typically occurred as single 

individuals in stereo-BRUVs. As a result, they cannot rely on any of the anti-predator 

benefits conferred by schooling available to some teleost mesopredators.  

Despite the experimental evidence that reef sharks alter behaviours of mesopredatory 

and herbivorous fishes (e.g. Rizzari et al. 2014; Lester et al. 2020), our results suggest 

that over the time scale of a stereo-BRUVs deployment (one hour) competitive 

interactions may be a stronger driver of the behaviours of teleost mesopredators. In 

nature, it is likely that both processes interact to determine behavioural phenotypes. 

Predator threat may be sporadic and transitory, whereas competition is likely to be 

ubiquitous and constant for mesopredatory species living in schools. Our work 

suggests that at the scale of hours, competition from individuals of the same and 

sometimes larger size classes has an impact on the behaviour and abundance of 

mesopredators that outweighs any effect of the presence of reef or apex sharks. 

Ultimately however, individuals that are inferior competitors can be displaced from 

safe habitats or prohibited from access to resources and will be more susceptible to 

predation (Holbrook and Schmitt 1988). Future studies aiming to disentangle the 

effects of these two processes will require both fine-scale (minutes) and long-term 

(days-months) observations (Hixon and Jones 2005). 

3.5.1 Conclusions 

By combining information from multiple predators, competitors, and the complexity of 

the environment, we demonstrate the context-dependant nature of interactions 

between apex and mesopredatory species in diverse and complex coral reef 

ecosystems. Our results suggest that intra- and inter-specific competition for food is 

likely to be a constant pressure in coral reefs, particularly for species that occur in 
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schools. In contrast, predator-induced behavioural changes may be brief (seconds-

minutes) and occur less predictably in time and space, especially for mobile fishes 

compared to species that rely on crypsis to avoid predators (e.g. rays). However, 

predation and competition are likely to be interlinked and future studies should 

consider the relative effects of both processes and the degree to which each can be 

shaped by habitat when investigating trophic dynamics that regulate marine 

communities.  
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Chapter 4 Reef-wide evidence that the 

presence of sharks modifies 

behaviours of teleost 

mesopredators 

4.1 Abstract 

The idea that the presence of sharks impacts the behaviour of mesopredatory reef 

fishes is controversial and lacks clear evidence at reef-wide scales. We compared the 

abundance and behaviour of these reef fishes in response to the presence of reef 

sharks using Baited Remote Underwater Video System (BRUVs) deployments in two 

adjacent reef systems where sharks have either been exclusively targeted by fishing, 

leaving other species protected, or protected by a No-Take Area. For a subset of 

videos, we also compared the behaviour of mesopredatory reef fishes immediately 

before and after the appearance of sharks in the video. On reefs where sharks were 

more abundant, mesopredatory fishes spent less time swimming in midwater (i.e. 

away from shelter) and guarding bait compared to reefs where sharks have been 

selectively removed. The same responses occurred after the appearance of sharks in 

the video. Reactions to sharks varied both in strength and type among species of 

mesopredator and were mediated by the availability of shelter on the reef and, for one 

species, by the levels of activity of the reef sharks. In contrast, we did not find that the 

presence of sharks influenced the abundance of mesopredators at either reef system 

across hour-long videos or immediately before and after a shark appeared in the video. 

Collectively, our findings show that the presence of sharks reduces the propensity of 

mesopredatory fish to engage in potentially risk-prone behaviours over large spatial 

scales, and that these interactions are mediated by the behavioural characteristics of 

both predators and prey, and the environment in which they co-occur. Our results are 

consistent with the idea that sharks as predators or larger competitors initiate changes 

in the behaviour of mesopredatory reef fishes likely to affect trophic structuring within 

coral reef ecosystems. 
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4.2 Introduction 

Predators can exert powerful non-lethal effects on their prey (Brown and Kotler 2004). 

Behavioural changes by prey that aim to reduce the likelihood of predation, such as 

increased vigilance, can have negative impacts on prey physiology, energy acquisition 

and reproductive output (Boonstra et al. 1998; Sheriff et al. 2009; Oufiero et al. 2011). 

Ultimately this can alter energy flows and structuring of communities (Schmitz et al. 

2004; Creel and Christianson 2008) across lower trophic levels (Ripple and Beschta 

2012; Atwood et al. 2015; Madin et al. 2019). Such alterations in behaviour can also 

occur in small, subordinate carnivores in response to the threat of potentially lethal 

interactions with larger, dominant competitors of the same or other species (Polis et 

al. 1989; Palomares and Caro 1999). For example, African wild dogs (Lycaon pictus) 

reduce kleptoparasitic or potentially lethal interactions with larger carnivores via 

spatial or temporal avoidance of competitively dominant species (Droge et al. 2017). 

Given that most ecosystems generally support multiple species of carnivores of a range 

of sizes, such competitive interactions are ubiquitous and can influence ecosystem 

structures and functioning in the same way as the threat of predation (Caro and Stoner 

2003). 

In coral reef systems, the study of behaviours that are likely to be influenced by the 

risk of predation have largely been confined to small-bodied (>10 cm TL) species that 

are amenable to manipulation in captive environments (Ferrari et al. 2010; Palacios et 

al. 2015) or manipulation of predator abundance on patch reefs (Stallings 2008). Some 

recent work has also used life-sized models of predators to evoke anti-

predator/competitor responses in larger herbivorous or mesopredatory reef fishes 

(Rizzari et al. 2014; Lester et al. 2020). Such experiments are limited both by scale and 

situation as they are logistically complex to construct and are thus difficult to replicate 

among reefs or habitats. This is important because the threat posed by a larger 

predator can vary with the structural complexity of a habitat, which can provide a 

refuge for prey or smaller competitors (Madin et al. 2011). Because habitats are 

patchy, most environments thus consist of a mosaic of both relatively safe and risky 

areas (the ‘landscape of fear’; Laundré et al. 2001) that may influence prey and 
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competitor behaviour depending on the perceived level of threat (Heithaus et al. 2008; 

Smith et al. 2019). Furthermore, the size of prey relative to the size of a predator can 

also influence the propensity of prey to exhibit antipredator behaviours. In both 

terrestrial and marine systems, mortality from predation decreases as body size 

increases (Cohen et al. 2003; Sinclair et al. 2003). Most predatory fishes ingest food 

whole (Mihalitsis and Bellwood 2017), so that once prey reach a certain size, they 

become somewhat invulnerable because of gape-limited predation (Meekan et al. 

2018). Individuals larger than this size threshold may not exhibit antipredator 

behaviours in the presence of a predator. Instead, these mesopredators may respond 

to a larger predator as a competitor, rather than potential prey. Conversely, very small 

prey may also occupy a size refuge to predation because they are relatively cryptic and 

can be metabolically less profitable to target than larger prey, making them less 

attractive to predators (Catano et al. 2016).  

At larger spatial scales, observational studies provide an alternative to experimental 

approaches for documenting interactions between sharks and teleost mesopredators. 

Because these animals often react to the presence of a diver, Baited Remote Video 

Systems (BRUVs) offer an effective means of sampling this community. Furthermore, 

BRUVs can be deployed across large spatial scales encompassing multiple habitats and 

preferentially sample predatory species including sharks and large fishes, which are 

attracted together into the field of view of the camera by the bait. This allows a study 

to sample multiple species and size classes of predators that are not amenable to 

captive experiments, across a range of habitats, while at the same time avoiding the 

potentially confounding presence of an observer (Goetze et al. 2017). Anti-predator 

and competitive behaviours of mesopredators can be quantified by comparing their 

behaviour prior to and after the appearance of sharks and other large predators in the 

video, or by comparing behaviours in deployments with and without the presence of 

sharks. Because the technique is cost effective and easily replicable, it also offers the 

opportunity of sampling at reef system scales. This allows observations to encompass 

habitats with differing abundances of reef predators, such as management zones 

(marine protected areas) and reefs where large predators have been selectively 

removed due to fishing or have recovered following extirpation. This can provide 



64 

insights into the impact of anthropogenic threats such as fishing on the trophic 

interactions and behaviours of predator communities on reefs. 

Here, we use this approach to examine evidence for anti-predator and competitive 

behaviours of mesopredator assemblages in the presence of sharks on the coral reefs 

of north-west Australia. We assume that anti-predator behaviours exhibited by these 

fishes are likely be similar to those of mesopredators in other systems, where many 

species display avoidance behaviour where the threat of predation is high. For 

example, elk avoid habitats occupied by wolves (Ripple and Beschta 2012), dugongs 

avoid habitats occupied by tiger sharks (Wirsing et al. 2007), and southern stingrays 

spend more time interacting with baited video systems in shallow habitats where 

interactions with predatory reef sharks are less likely (Bond et al. 2019). Similarly, 

mesopredators may choose to occupy habitats that provide better shelter from 

predators or may be displaced from optimal habitats when there is a higher of risk of 

predation or competition (Thaker et al. 2011; Suraci et al. 2016). For these reasons, we 

focused on abundance, proximity to shelter and interspecific interactions as 

behaviours of mesopredatory fishes that were likely to respond to the threat of 

predation and/or competition.  

To expand the relevance of our study to a larger spatial scale (hundreds of km), we 

sampled across two large reef systems that differed in the abundance of reef sharks. 

The Rowley Shoals and the Scott Reefs are atoll-like reefs that have similar biological, 

physical, and environmental conditions. The Rowley Shoals is a strictly enforced No-

Take Area established for more than 30 years, whereas the shark assemblage of the 

Scott Reefs has been targeted by fishing for centuries. As a consequence, reef sharks 

are ~4 times more abundant on the Rowley Shoals than the Scott Reefs (Ruppert et al. 

2013; Speed et al. 2018); a difference that is correlated with changes in the 

abundance, trophic role and morphology of mesopredatory fishes between these reefs 

(Barley, Meekan and Meeuwig, 2017c, 2017b; Hammerschlag et al., 2018). At present, 

it is not known if these differences in mesopredator communities also extend to, or in 

some cases could be explained by, anti-predator and competitive behaviours. We 

predicted that the magnitude of any behavioural modification of mesopredators in 

response to the presence of larger predators will be stronger at the Rowley Shoals, 
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where reef sharks are more abundant, compared to the Scott reef, where reef shark 

populations have been selectively removed.  

4.3 Methods 

4.3.1 Study area 

The Scott Reefs (14° 0′ S, 121° 45′ E) are located ~260 km off the coast of Australia on 

the edge of the continental shelf. Indonesian fishers have targeted sharks on these 

reefs for the trade in shark fin for more than two centuries (Russell and Vail 1988). This 

practice continues today under a Memorandum of Understanding with the Australian 

Government, where Indonesian fishers are permitted to target sharks at the Scott 

Reefs using traditional techniques. Fishers also collect a small amount of reef fishes for 

subsistence.  

The Rowley Shoals are also located on the edge of the continental shelf, ~400 km 

south-west of Scott Reefs, and consist of three large reefs: Imperieuse, Clerke and 

Mermaid. They are a well-enforced No-Take Area that was established in 1990 and 

permit only a small amount of charter fishing that mostly targets large pelagic game 

fish (Speed et al. 2018). Compliance is enforced by regular visits to Rowley Shoals by 

the Western Australian Department of Primary Industries and Regional Developments. 

These reefs act as a baseline for intact shark populations in the region of the eastern 

Indian Ocean (Speed et al. 2018). 

4.3.2 Data collection 

BRUVs and stereo-BRUVs were deployed around Scott Reef North, Scott Reef South, 

Imperieuse and Clerke Reefs in September 2016 as part of the Global Finprint Project 

(http://globalfinprint.org/, Figure 4-1). Totals of 57 and 97 BRUVs were deployed at 

the Rowley Shoals and Scott Reefs, respectively. These deployments were randomly 

placed along reef contours in shallow habitats (between 10-30 m water depths) and 

spaced approximately 400 m apart to minimise the overlap of bait plumes. Once on 

the reef, the BRUVs recorded 60-90 minutes of video before being retrieved. For full 

details of deployments see Speed et al. (2018). Of these 154 deployments, 75 were 

stereo-BRUVs (Rowley Shoals: 28 deployments, Scott Reefs: 47 deployments). Unlike 

http://globalfinprint.org/
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BRUVs, which consist of a single camera, stereo-BRUVs have two cameras on a base 

bar separated by 70 cm and positioned inwards at an angle of 8 degrees. This 

configuration allows accurate measurements of distance and size of objects in images 

recorded by the camera (Harvey et al. 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 North-west region of Australia indicating a.) the location of the Scott Reefs and Rowley 

Shoals including study site and maps of stereo-BRUVs and BRUVs deployed by Speed et al. (2018) 

at b.) Imperieuse Reef, c.) Clerke Reef and d.) Scott Reefs. Stereo-BRUVs deployments used in our 

study are shown in yellow, the BRUVs deployments in blue. Grey points show other deployments.   
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4.3.3 Video analysis 

The videos from the BRUVs and stereo-BRUVs deployments were analysed to test 

whether the presence of sharks altered the abundance of mesopredatory fish over the 

entire duration of the deployment (60 minutes). Additionally, these videos were 

analysed to test whether the presence of sharks induced short term changes in the 

abundance and behaviour of mesopredatory fish in the five minutes immediately 

following the arrival of a shark. All 154 deployments were initially analysed for the 

presence of sharks. Of these videos, a subset of 10 BRUVs videos with sharks present 

and 10 videos with sharks absent were randomly selected from each of the Scott Reefs 

and the Rowley Shoals deployments, resulting in a total of 40 videos. In these videos, 

we recorded the MaxN, which is the maximum number of fish observed of any given 

species in a single frame (Ellis and DeMartini 1995; Willis and Babcock 2000) of each 

species of mesopredatory fish. All mesopredatory fishes present in the video were 

categorised into small (≤ 50 cm TL), medium (50-100 cm TL),  and large (> 100 cm TL) 

size classes according to regional estimates of maximum length (TL) on Fishes of 

Australia  http://fishesofaustralia.net.au/ (Bray, Gomon & (eds) 2018) and FishBase 

(www.fishbase.org)  (Froese & Pauly 2011; Roff et al. 2019). 

To test whether the presence of sharks influenced the behaviour and abundance of 

mesopredatory fishes over short time scales, we analysed videos from stereo-BRUVs 

deployments. Those with an unobscured field of view and where a shark was present 

in some part of the video were used for this analysis, whereas videos where sharks 

were not present and those that had significant portions of the field of view obscured 

were excluded. This resulted in 19 videos that we analysed in two segments: five 

minutes preceding and the five minutes following the appearance of a shark in the 

field of view. We choose five minute segments as this is the amount of time that the 

behavioural changes induced by sharks are anticipated to persist in other fish species 

(Klages et al. 2014). In each segment we recorded the presence of serranids, lutjanids 

and lethrinids, the three most abundant families of mesopredators at the Scott Reefs 

and Rowley Shoals. Species that are difficult to identify from BRUVs were pooled into a 

single group with other, similar species of the same family. These included Macolor 

niger and Macolor macularis (Macolor sp), Lethrinus olivaceus and Lethrinus microdon 

(Lethrinus sp), Monotaxis grandoculis and Monotaxis heterodon (Monotaxis sp) , and 

http://fishesofaustralia.net.au/
http://www.fishbase.org/


68 

Plectropomus laevis and Plectropomus maculatus (Plectropomus sp).We focussed on 

five species, Lutjanus bohar, L. decussatus, L. gibbus, Plectropomus spp. and 

Epinephelus fuscoguttatus as these occurred in sufficient numbers for analysis. We 

measured relative abundance of these five species before and after the arrival of a 

shark in the video using the metric MaxN. 

In each of these 5 minute video segments, we measured the fork length and the 

behaviour of each individual of the five mesopredatory reef fishes. We recorded the 

total time that an individual remained in the field of view and the amount of time 

spent in midwater (>70 cm above the benthos), near the benthos (<70 cm above the 

benthos), under shelter and the amount of time an individual spent guarding the bait 

bag (defined as an individual positioned above the bait bag). Height in midwater was 

calculated from the distance between the individual and a point on the benthos 

directly below it at the same distance from the camera. The species and fork length of 

shark and the number of bites it took from the bait bag were also recorded. All image 

analysis was conducted using Eventmeasure software (http://seagis.com.au/).  

4.3.4 Habitat classification 

Habitat and vertical relief were analysed in the program TransectMeasure 

(http://www.seagis.com.au/transect.html) following the method outlined in McLean 

et al. (2016). A 5 x 4 grid was overlaid on a high-definition image for every individual 

stereo-BRUVs deployment. The dominant habitat type and relief was characterised 

within each rectangle using the CATAMI classification scheme (Althaus et al. 2015). 

Habitat was categorised into hard corals, macroalgae, unconsolidated (sand/rubble), 

consolidated (rocky bottom) and soft corals. Grid rectangles that were oriented to 

open water were classified as ‘no biota’ and removed before analyses. Relief was 

categorised from 0 (low) to 5 (high) based on Wilson et al. (2007) and values averaged 

across grids for each deployment. Data were extracted from TransectMeasure 

software using R code available in Langlois et al. (2020). 

4.3.5 Statistical analysis 

The influence of shark presence on the fish assemblage throughout the entire 60 

minute video was tested with PERMANOVA (Anderson et al. 2008). A total of 32 
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species of mesopredatory fishes were included in this analysis (Table S4-1; small size-

class: 9 species, medium size class: 16 species, large size class: 8 species). We analysed 

two factors: shark presence (fixed with two levels: shark present and shark absent) and 

site (random with four levels: Imperieuse, Clerke, Scott Reef north and Scott Reefs 

south) nested in location (fixed with two levels: Scott Reefs and Rowley Shoals) 

(Anderson et al. 2008). This analysis was run for each separate size class of 

mesopredatory fishes (small, medium and large). For each analysis, Bray Curtis 

distances were generated for untransformed data.  

The influence of location (the Scott Reefs, Rowley Shoals), continuous habitat 

covariates (standard deviation of relief, reef cover), shark presence (before or after 

shark arrival), size of the mesopredator relative to the shark, and the species of shark 

on the relative abundance of the five mesopredatory fish (MaxN) was analysed using 

generalised additive mixed effects models (GAMMs) (Lin and Zhang 1999a). To account 

for repeated measures from a single video, we included stereo-BRUVs deployment as a 

random effect (Harrison 2015). Model selection was based on Akaike Information 

Criterion (AIC; Akaike 1998) and AIC weights (wAIC; Burnham & Anderson 2004). A full 

subsets method was used to fit models of all possible combinations up to a maximum 

of three independent variables to prevent overfitting (Fisher et al. 2018). The wAIC, 

which represents probabilities or weights of evidence for each model, was used to aid 

interpretation of results and identify the best model. Since this analysis generated 

support for the null model, a separate PERMANOVA was run to test the short-term 

influence of shark presence on the MaxN of the five most abundant mesopredatory 

fishes (Lutjanus bohar, L. decussatus, L. gibbus, Plectropomus spp. and Epinephelus 

fuscoguttatus). The video was separated into two segments: five minutes before the 

shark arrived on the video and five minutes immediately after the shark arrived on the 

video. These two segments of each video were analysed in a repeated measures 

design; shark presence (fixed with two levels: shark present or shark absent), location 

(fixed two levels: Scott Reefs or Rowley Shoals), site (random with four levels: Clerke, 

Imperieuse, Scott Reef north and Scott Reef south) and stereo-BRUVs deployment 

(random with 19 levels). Site was nested in location, shark presence was nested in 

location and site, and stereo-BRUVs deployment was nested in location, site and shark 

presence.  
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To analyse the behaviour of mesopredatory fishes in the five minutes before and the 

five minutes following the presence of sharks in the videos, the influence of location, 

continuous habitat covariates, shark presence, size of the mesopredator relative to the 

size of the shark, species of shark, the number of shark bites on the bait bag and 

mesopredator abundance (MaxN; Table 4-1) on the percentage of time mesopredators 

spent in midwater and the percentage of time mesopredators spent guarding the bait 

bag was analysed using generalised additive mixed effects models (GAMMs) (Lin and 

Zhang 1999a).  Only three species (L. bohar, L. gibbus and E. fuscoguttatus) occurred in 

sufficient numbers in the videos for analyses of behaviour. To account for repeated 

measures in a single video, we included stereo-BRUVs deployment as a random effect 

(Harrison 2015). Model selection was based on Akaike Information Criterion (AIC; 

Akaike 1998) and AIC weights (wAIC; Burnham & Anderson 2004). A full subsets 

method was used to fit models of all possible combinations up to a maximum of three 

independent variables to prevent overfitting (Fisher et al. 2018). Models with AIC 

values that differ by less than two units show weak evidence for favouring one over 

the other (Burnham and Anderson 2002). The most parsimonious model was 

considered to be the model with the fewest variables and lowest estimated degrees of 

freedom. The wAIC was used to aid interpretation of results. Summed AIC weights 

were used as a metric of variable importance of each predictor variable across all sets 

of models (Anderson and Burnham, 2002). Although parsimony is useful for hypothesis 

testing, in the current study we also used importance scores to explore the 

relationship of all considered predictors and therefore to make broader ecological 

interpretation not limited to parsimony. We therefore explored and plotted additional 

models that were highly ranked by AICc (<2 delta AICc) and included variables found to 

be important across all models. 

Prior to analysis, the category of unconsolidated habitat was excluded due to strong 

collinearity with reef cover. Given the high levels of overdispersion, models were fitted 

to untransformed data using a Tweedie error distribution (Tweedie 1984). The R 

language for statistical computing (R Core Team 2017) was used for all data 

manipulation (dplyr, Wickham and Francois 2016), analysis (mgcv, Wood 2011) and 

graphing (ggplot2, Wickham 2009, ggpubr, Kassambara 2017, cowplot, Wilke 2017). 

https://paperpile.com/c/iS7ZQ0/6NYgr
https://paperpile.com/c/iS7ZQ0/Jt8ta/?prefix=dplyr%2C
https://paperpile.com/c/iS7ZQ0/lIvHC/?prefix=mgcv%2C
https://paperpile.com/c/iS7ZQ0/HxIKX+jGWs+j3F3/?prefix=ggplot2%2C,cowplot%2C,ggpubr%2C
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Models were constructed, fitted and compared using the FSSGam package (Fisher et 

al. 2018).  

Table 4-1 Dependent and independent variables included in generalised additive mixed effects 

models. 

 

4.4 Results 

4.4.1 Mesopredator abundance across 60 minute BRUVs 

deployments with and without sharks 

Two species of sharks were observed (Carcharhinus amblyrhynchos; n=36 and 

Triaenodon obesus; n=30), in the subset of 40 videos where sharks were either present 

and absent across the entire 60 minute soak time (Table S4-2). The presence of sharks 

did not significantly influence the abundance of mesopredators in any size class. 

(PERMANOVA, small: Pseudo-F1,34=1.57, P=0.13; medium: Pseudo-F1,35=0.96, P=0.52: 

large: Pseudo-F1,26=1.14, P=0.34).  

Variable Description 

Dependent variables  

Time spent in midwater Percentage of time in the field of view spent >70cm 
above the benthos 

Time spent guarding bait bag Percentage of time spent in the field of view positioned 
immediately next to or above the bait bag 

Independent variables  

Mean relief Mean relief, describes the mean height and rugosity of 
the benthos. Scores range between 1-5, where a score of 
1 indicates a flat surface and 5 a rock wall 

Standard deviation relief Standard deviation of relief scores.  
Reef cover The summed percentage cover of hard coral, soft coral, 

macroalgae, sponges and unconsolidated habitat (rubble 
and rocks).  

Relative size Size of the mesopredator (measured by fork length) 
relative to the size (fork length) of the shark present in 
the video.  

Mesopredator abundance The sum MaxN of mesopredatory fish in the five minute 
segments of video before or after sharks were present.  

Shark presence Whether a shark was present or absent in the five minute 
segment of video. 

Location Location of BRUVs deployment. Scott Reefs or Rowley 
Shoals 

Shark species The species of shark (Carcharhinus amblyrhynchos or 
Triaenodon obesus) that was present in the video.  

Number of shark bites The number of bites of the bait bag.  
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4.4.2 Shark assemblages in the stereo-BRUVs deployments 

The same species of sharks (Carcharhinus amblyrhynchos; n=7 and Triaenodon obesus; 

n=12) were observed in the 19 stereo-BRUVs deployments. The fork lengths of these 

sharks ranged from 63.1 to 96.7 cm (mean=73.4 ± 7.7 cm) at the Scott Reefs and from 

75.4 to 110.9 cm (mean= 92.4 cm ± 14.7 cm) at the Rowley Shoals.   

4.4.3 Mesopredatory fishes five minutes before and after 

shark arrival 

A total of 336 fishes of the five target species (Lutjanus bohar n=164, L. decussatus 

n=16, L. gibbus n=75, Plectropomus spp n=45 and Epinephelus fuscoguttas n=36) were 

observed in the 10 minute segments of videos. The sizes of mesopredatory fishes 

ranged from 24.1- 57.6 cm (mean=38.3 ± 6.1 cm) at the Scott Reefs and from 29.8 – 

68.5 cm (mean= 43 ± 7.6 cm) at the Rowley Shoals. Mesopredators ranged from 30 – 

85% of the size of the shark appearing in the same video (Figure 4-2).The arrival of a 

shark did not have a significant effect on the short term (5 minutes) abundance of 

mesopredatory fishes (PERMANOVA, Pseudo-F1,29=0.27, P=0.89) (Figure S4-1).  
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4.4.4 Percentage of time spent in midwater 

The most parsimonious model for the percentage of time that L. bohar spent in 

midwater was a two-factor model that included mean relief and location (Table 4-2). 

There was also strong support (within 2 AIC of the top model) for a three factor model 

that included mean relief, location and shark presence, (Figure 4-3a). Model 

predictions suggested that L. bohar spent a smaller percentage of time (~10%) in the 

midwater at the Rowley Shoals compared to the Scott Reef. The presence of a shark 

affected the behaviour of this species across both reef systems, and L. bohar reduced 

the percentage of time spent in midwater once sharks appeared in the video (Figure 4-

4b). The percentage of time spent in midwater was also related to the complexity and 

relief of the benthos, with this species spending a greater percentage of time in 

midwater at increasing levels of mean relief (Figure 4-4c). 

The most parsimonious models for the percentage of time that L. gibbus spent in 

midwater included the number of bites that the shark took from the bait bag and 

Figure 4-2 Fork length of Epinephelus fuscoguttatuss, Lutjanus bohar, L. decussatus, L. gibbus and 

Plectropomus spp relative to the fork length of the shark observed in same video segment from 

stereo-BRUVs deployed at the Scott Reefs and Rowley Shoals. Box represents lower quartile, 

median, upper quartile. Whiskers indicate spread of the data, point indicate outliers   
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location (Table 4-2). Importance scores also indicated some weak support for the size 

of L. gibbus relative to the size of the shark present in the same video (Figure 4-3a). 

The percentage of time that L. gibbus spent in midwater was ~30% less at the Rowley 

Shoals compared to the Scott Reefs (Figure 4-4e). In addition, there was a negative 

correlation between the percentage of time L. gibbus spent in midwater and the 

number of bites that sharks took from the bait bag (Figure 4-4d). 

 

Table 4-2 Top generalised additive mixed models (GAMMs) for predicting the percentage of 

time spent in midwater for two species of mesopredatory fishes (L. bohar and L. gibbus) and 

percentage of time spent guarding bait bag for the mesopredator species (E. fuscoguttatus) at 

the Scott Reefs and the Rowley Shoals. Difference between lowest reported corrected Akaike 

Information Criterion (ΔAICc), AIC weight (ωAICc), variance explained (R2) and effective 

degrees of freedom (EDF) are reported for model comparisons. Model selection was based on 

the most parsimonious model within two units of the lowest AICc that had the least 

parameters. Models ordered by parsimony. 

Taxa Best Models R2 EDF ΔAICc ωAICc 

time spent in midwater      
L. bohar Mean Relief + Location + Shark 

presence 0.12 5 0 0.10 
 Standard Deviation Relief + No. Shark 

Bites + Shark Presence 0.13 5.79 0.64 0.08 
 Location + Mean Relief x Shark presence 0.14 6.09 0.69 0.07 
 No. Shark Bites + Location + Shark 

Presence 0.11 5.18 0.89 0.06 
 No. Shark Bites + Standard Deviation 

Relief x Shark Presence 0.15 7.44 1.51 0.05 
 Mean Relief + Location 0.08 4 1.59 0.05 
      
L. gibbus No. Shark Bites + Location 0.23 4 0 0.37 
 Relative Size + No. Shark Bites + Location 0.26 5 0.65 0.27 
      

time spent guarding bait      
E. fuscoguttatus Mean Relief + Location x Shark 

presence 0.54 6 0 0.32 
 Relative Size + Shark Presence 0.60 6.42 1.91 0.12 
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Figure 4-3 Importance scores based on summed Akaike weights from full-subsets analysis exploring 

the influence of nine explanatory variables on acute responses: a.) the percentage of time spent in 

midwater by Lutjanus bohar, L. gibbus and b.) the percentage of time spent guarding the bait bag by 

Epinephelus fuscoguttatus. A value of 1 indicates that the influence of a variable is high whereas a 

value of zero indicates no importance. The ‘X’ symbol indicates variables that were included in the 

most parsimonious model (see Table 4-2) 
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4.4.5 Percentage of time mesopredators spent guarding 

bait bag 

Only E. fuscoguttatus spent any appreciable time guarding the bait bag in the videos. 

The presence of a shark was identified as the most important variable influencing this 

behaviour and was included in both top models (Figure 4-3b). The most parsimonious 

model contained an interaction between reef system and shark presence (Table 4-2), 

with the time spent guarding the bait bag declining after a shark appeared in the field 

of view, but the magnitude of this decline being greater at the Rowley Shoals than the 

Scott Reefs (Figure 4-4g). Mean relief was also identified as an important variable 

Figure 4-4 Plots of the most parsimonious model for acute responses: percentage of time spent 

in midwater for L. bohar (a-c) and L. gibbus (d-e) and the percentage of time spent guarding the 

bait bag for E. fuscoguttatus (f-g) from full-subset GAMMs analyses (see Table 4-2). Error bars and 

dashed lines indicate standard error. Rug indicate spread of the raw data. 
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across top-ranked models (Figure 4-3b), with E. fuscoguttatus spending a greater 

proportion of time guarding the bait bag as mean relief increased (Figure 4-4f).   

4.5 Discussion 

We found that the behaviours of mesopredatory fishes altered in response to the 

presence of larger reef sharks. In contrast, we did not find that the presence of any 

sharks influenced the abundance of common mesopredators in either hour long videos 

or in the five-minute segments immediately before and after a shark appeared in 

video. As expected, the behavioural responses of mesopredators were dependent on 

the species of mesopredator and were mediated by the availability of shelter on the 

reef and for one mesopredator, by the levels of activity of the reef sharks. For both 

Lutjanus gibbus and L. bohar, the key response to the presence of a shark was a 

reduction in the amount of time spent swimming in midwater. For L. bohar, this 

change was relatively small (10%), but for the smaller L. gibbus time spent in midwater 

was reduced by over 30%. A primary response of mesopredators to retreat towards 

shelter near the reef is consistent with the results of a recent study by Lester et al 

(2020). This study found that many of the same species of mesopredators were more 

sensitive to the threat of larger predators on a vertical than on a horizontal axis when 

feeding away from the shelter of a patch reef. They attributed this to the likelihood 

that predators were able to identify the silhouettes of fishes in midwater, making them 

vulnerable to attack from below and thus more wary when feeding above the reef 

than on the seafloor. 

It is possible that these behaviours occurred in response to both the threat of 

predation and to the presence of sharks as a larger and potentially lethal competitor. 

We did not find evidence that the size of mesopredatory reef fishes relative to the size 

of the reef shark present in the video influenced the propensity of mesopredators to 

engage in ‘riskier’ behaviours. This may have been because the sharks we observed in 

our stereo-BRUVs deployments were relatively small, as the largest individual (116.38 

cm fork length) was approximately half of the maximum size recorded for C. 

amblyrhynchos, and all the individuals of the mesopredatory species were >30% of the 

size of the sharks in the video (Figure 4-2). At this size, mesopredators are likely to 

attain a refuge from gape-limited predators (Swaisgood et al. 1999; Chivers et al. 2001; 
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Mihalitsis and Bellwood 2017). Although grey reef sharks pose a predation threat 

under some circumstances (e.g. Mourier et al. 2016; Rhodes et al. 2018), their 

relatively small size in our study suggests that mesopredatory teleosts were 

responding to sharks as a competitor and rather than a predator. To reduce potentially 

lethal agonistic interactions or competitive exclusion by dominant competitors, 

subordinate species use a combination of spatial segregation, temporal segregation, or 

diet partitioning (Vanak et al. 2013). Our results suggest that reef sharks may evoke 

similar behavioural changes in mesopredatory teleosts despite the possibility of 

functional redundancy among species and relatively limited evidence for consumption 

of mesopredatory teleosts by reef sharks.  

Differences in adult size may explain why these species varied in the amount to which 

individuals responded to the presence of a shark. L. bohar is a relatively large 

mesopredator that grows to 90 cm and there is evidence that at these sizes it may 

enter a refuge from predation (Barley et al. 2019). Consequently, some of the larger 

individuals may be less responsive to the presence of sharks, who are viewed only as 

competitors, rather than a potentially lethal threat. In contrast, L. gibbus grows only to 

50 cm and is likely to be vulnerable to attack by predators at most sizes, thus all 

individuals were likely to display some response. Furthermore, as larger fishes are 

capable of faster movement (Domenici and Blake 1997), L. bohar may need to make 

smaller adjustments of position in midwater than L. gibbus in order to reduce the 

threat of a predator or larger competitor.  

Although L. bohar responded to the presence of sharks at the BRUVs, L. gibbus mostly 

reacted to the activity and behaviour of these predators and moved towards the reef 

as the feeding of the sharks increased on the bait bag. There are two possible (non-

exclusive) interpretations of this behaviour; it may be that the increasing activity of the 

reef shark increased the perception of threat by L. gibbus, so individuals moved 

towards the shelter of the reef. Alternatively, or in addition, feeding by sharks offered 

the opportunity for these mesopredators to scavenge on scraps, bringing them down 

from midwater towards the vicinity of the bait bag. The latter explanation seems less 

likely, since the willingness of L. gibbus to approach the bait bag did not increase in the 

presence of sharks and we did not record any attempts by L. gibbus to feed on the bait 

bag (Figure S4-2). A number of experimental studies have found that behavioural cues 
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from predators enable prey species to respond to predation risk in a threat-sensitive 

manner (Karplus and Algom 1981; Swaisgood et al. 1999). For example, mosquito fish 

(Gambusia holbrooki) increased swimming speed and acceleration only when 

predatory jade perch (Scortum barcoo) became active and displayed slower swimming 

speeds within close proximity (Kent et al. 2019). Such threat sensitivity is also an 

essential attribute for mesopredators. Despite the fact that failing to respond to a 

threat could lead to injury or death, responding to irrelevant cues can result in lost 

foraging or reproductive opportunities. These combined and opposing selective 

pressures mean that mesopredatory species are likely to be acutely sensitive to 

behaviours that might result in attack by larger predators or competitors and will 

adjust their risk accordingly. 

Unlike the lutjanids, the large serranid, Epinephelus fuscoguttatus did not alter its 

position in midwater in response to the presence or behaviour of sharks. This was not 

unexpected, since the species mostly swims close to the shelter of the reef. Instead, 

we found that the amount of guarding behaviour of the bait bag declined with the 

arrival of sharks. Prior to this event, individuals of this species positioned themselves 

directly over the top or immediately adjacent to the bait bag. On occasion they could 

be observed displaying to or chasing other mesopredators of the same or other species 

away from the bait bag. This behaviour declined by 30% at the Rowley Shoals and by 

20% at the Scott Reefs once sharks appeared in the video. It was also mediated by the 

habitat, with more guarding of the bait bag occurring where there was higher relief. 

This suggests that guarding was risky and that in the presence of a larger predator or 

competitor, access to shelter was a key variable determining the incidence of this 

guarding behaviour. 

The availability of shelter in the face of the threat of predation influences the 

behaviour of many terrestrial and aquatic animals (Cooper and Whiting 2007; Heithaus 

et al. 2009; Catano et al. 2016). Individuals may be more willing to undertake 

otherwise risky behaviours that offer energy or reproductive gains when the 

opportunity for escape from the threat of predation is nearby. Both L. bohar and E. 

fuscoguttatus displayed behaviours that suggested that the amount of shelter 

available on the reef influenced risk-taking behaviours. For L. bohar, feeding higher in 

the water column may allow access to more energy-rich prey such as fishes or squid 
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(Barley et al. 2017a), whereas the resource guarding behaviour of E. fuscoguttatus is 

likely to ensure that individuals consume a greater proportion of available prey. 

Interestingly, the behaviours of L. gibbus in the presence of sharks were not influenced 

by relief. Unlike the other species that mostly occur as single individuals (E. 

fuscoguttatus) or small schools (L. bohar), L. gibbus often occurs in schools of tens to 

sometimes hundreds of individuals. It may be that this schooling behaviour confers 

some protection against the threat of predation (Pitcher & Parrish 1993) irrespective 

of the shelter offered by the reef.   

We found no evidence that the presence of reef sharks had an effect on our measures 

of abundance (MaxN) of all mesopredators throughout the entire 60 minute video 

segment nor the five species of mesopredator in the ten minute video segments. This 

suggests that although the presence of sharks modified their behaviour, it did not 

influence the likelihood of these species appearing in the field of view of the camera 

over the hour-long deployment. The process of predation is energetically costly there 

is strong selection for facultative scavenging in nearly all mesopredators 

(Hammerschlag et al. 2016; Meekan et al. 2018). It may be that the bait bag stimulates 

this behaviour, so that mesopredatory fishes tend to approach within the field of view 

of the cameras irrespective of the presence of larger predators such as sharks. 

However, our results show that once in the field of view, they do respond in 

predictable ways that are likely to reduce the risk of predation and/or competition. 

These findings are consistent with those of Coghlan et al. (2017), who also found that 

the presence of larger predatory fishes near a BRUVs bait bag did not influence the 

abundance of smaller mesopredators. In contrast, Klages et al. (2014) found some 

evidence that the presence of predators did alter the abundance of smaller species, 

although this result was both inconsistent in direction (some species increased, others 

declined in abundance) and among species, with many failing to respond to the 

presence of a larger competitor. Dunlop et al. (2015) found that larger predators 

reduced abundance of smaller individuals of some species, although this study used 

cameras that were downward facing and had a very limited field of view. In this 

situation, displacement of fish away from the bait bag by a few meters could have 

resulted in them not being recorded by cameras. In our study, the stereo-BRUVs 
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provided a wide field of view so was less sensitive to any small-scale displacement of 

fishes away from the bait bag.  

Our results suggested that at the Scott Reefs, where sharks have been selectively 

removed, behavioural responses of teleost mesopredators to the risk of predation and 

competition were muted compared to those of the same species inhabiting the Rowley 

Shoals, where populations of these predators are still intact. This outcome is contrary 

to predictions of the risk allocation theory (Lima & Bedekof 1999), which suggests that 

animals should exhibit greatest antipredator behaviours where risk is brief and 

infrequent rather than in situations where levels of risk are consistently high. However, 

empirical tests have provided mixed support for this theory (reviewed by Ferrari et al. 

2009). This is possibly due to circumstances that mediate the relationship between 

prey boldness and background levels of predation risk (e.g. Trimer et al. 2017, Ehlman 

2019). Furthermore, recent studies of juvenile lemon sharks (Negaprion brevirostris) 

have also shown that individuals from subpopulations where predator abundance was 

high displayed behaviours likely to reduce risk by being less exploratory and more 

social compared to individuals from subpopulations with low predator abundance 

(Dhellemmes et al. 2020). Therefore, it seems possible that an increased presence of 

sharks as predators/competitors may create a stronger relationship between resource 

acquisition and safety for mesopredatory fishes at the Rowley Shoals than at the Scott 

Reefs. 

We cannot exclude the possibility that some other unmeasured factor might account 

for the differences in behaviour of mesopredatory fishes we observed between the 

Scott Reefs and the Rowley Shoals. However, these reef systems are very similar in 

diversity of reef fish communities and in the physical oceanographic environments 

they experience. The differences in behaviours we recorded are also accompanied by 

contrasts in the abundance, trophic role and morphology of mesopredatory fishes 

between these reefs (Barley et al. 2017a, b; Hammerschlag et al. 2018). These occur in 

a manner consistent with differences in reef shark abundance as a driver of such 

patterns. Together, this weight of evidence suggests that variation in abundance of 

these large predators has a predictable and measurable impact on reef fish 

communities across a broad range of ecological traits and processes.  
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4.5.1 Conclusions 

Our study has found evidence that presence of reef sharks can change the propensity 

of large-bodied teleost mesopredatory fishes to engage in potentially risky behaviours 

over reef-wide scales. Our results also suggest that interactions between these species 

are context-dependent and more nuanced than commonly assumed. Such interactions 

depend upon characteristics of both predators and prey and the environment in which 

these interactions occur. In addition, when assessing behavioural responses to large-

bodied predators or competitors across multiple species, it is likely that these species 

do not exhibit a uniform response. Given the substantial decline of shark populations 

in coral reefs and the uncertainty regarding their ecological roles in these 

environments, it is critical that these factors are considered when investigating the 

effects of these predators on prey populations, or we may underestimate the 

ecological importance of these predators.           

4.6 Supporting information 
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Table S 4-1 Species and size classes of mesopredatory fish recorded in 60 minute BRUVs 

deployments where a shark was either present or absent. Species that are difficult to identify 

from BRUVs were pooled into a single group with other, similar species of the same family. 

These included Macolor niger and Macolor macularis (Macolor sp), Lethrinus olivaceus and 

Lethrinus microdon (Lethrinus sp), Monotaxis grandoculis and Monotaxis heterodon 

(Monotaxis sp) , and Plectropomus laevis and Plectropomus maculatus (Plectropomus sp) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Family Species Size Class 

Lutjanidae Lutjanus decussatus Small 

Lutjanidae Lutjanus gibbus Small 

Labridae Halichoeres hortulanus Small 

Lethrinidae Lethrinus erythropterus Small 

Cirrhitidae Paracirrhites forsteri Small 

Carangidae Carangoides plagiotaenia Small 

Serranidae Cephalopholis urodeta Small 

Serranidae Epinephelus areolatus Small 

Lethrinidae Lethrinus semicinctus Small 

Serranidae Cephalopholis argus Medium 

Serranidae Epinephelus polyphekadion Medium 

Lethrinidae Lethrinus sp Medium 

Lutjanidae Lutjanus bohar Medium 

Lutjanidae Macolor niger Medium 

Serranidae Aethaloperca rogaa Medium 

Serranidae Epinephelus chlorostigma Medium 

Lutjanidae Lutjanus monostigma Medium 

Lutjanidae Aphareus furca Medium 

Carangidae Carangoides orthogrammus Medium 

Carangidae Caranx lugubris Medium 

Lethrinidae Lethrinus erythracanthus Medium 

Lethrinidae Lethrinus xanthochilus Medium 

Lutjanidae Macolor sp Medium 

Lethrinidae Monotaxis sp Medium 

Lethrinidae Lethrinus obsoletus Medium 

Carangidae Caranx melampygus Large 

Echeneidae Echeneis naucrates Large 

Serranidae Plectropomus sp Large 

Lutjanidae Aprion virescens Large 

Serranidae Epinephelus fuscoguttatus Large 

Sphyraenidae Sphyraena barracuda Large 

Carangidae Caranx ignobilis Large 

Scombridae Gymnosarda unicolor Large 



84 

Table S 4-2 MaxN of shark species observed at the Scott Reef and Rowley Shoals during 60 

minute videos from BRUVs deployments. 

 

 

 

 

Site Reef Deployment Species MaxN 

Rowley Shoals Clerke Reef 1 Carcharhinus amblyrhynchos 1 

Rowley Shoals Clerke Reef 1 Triaenodon obesus 2 

Rowley Shoals Clerke Reef 2 Triaenodon obesus 2 

Rowley Shoals Clerke Reef 3 Carcharhinus amblyrhynchos 2 

Rowley Shoals Clerke Reef 3 Triaenodon obesus 1 

Rowley Shoals Clerke Reef 4 Carcharhinus amblyrhynchos 1 

Rowley Shoals Clerke Reef 4 Triaenodon obesus 2 

Rowley Shoals Clerke Reef 5 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 6 Carcharhinus amblyrhynchos 1 

Rowley Shoals Imperieuse Reef 6 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 7 Carcharhinus amblyrhynchos 4 

Rowley Shoals Imperieuse Reef 7 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 8 Carcharhinus amblyrhynchos 18 

Rowley Shoals Imperieuse Reef 8 Triaenodon obesus 2 

Rowley Shoals Imperieuse Reef 9 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 10 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 11 Carcharhinus amblyrhynchos 1 

Rowley Shoals Imperieuse Reef 11 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 12 Carcharhinus amblyrhynchos 2 

Rowley Shoals Imperieuse Reef 12 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 13 Triaenodon obesus 1 

Rowley Shoals Imperieuse Reef 14 Carcharhinus amblyrhynchos 5 

Rowley Shoals Imperieuse Reef 14 Triaenodon obesus 1 

Scott Reef North 15 Triaenodon obesus 1 

Scott Reef North 16 Triaenodon obesus 1 

Scott Reef North 17 Triaenodon obesus 1 

Scott Reef North 18 Triaenodon obesus 1 

Scott Reef South 19 Triaenodon obesus 1 

Scott Reef South 20 Triaenodon obesus 2 

Scott Reef South 21 Triaenodon obesus 1 

Scott Reef South 22 Carcharhinus amblyrhynchos 1 

Scott Reef South 23 Triaenodon obesus 1 

Scott Reef South 24 Carcharhinus amblyrhynchos 1 

Scott Reef South 24 Triaenodon obesus 1 

Scott Reef South 25 Triaenodon obesus 2 
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Figure S 4-1 A.) Abundance (MaxN) of the five most abundant mesopredatory fish (Epinephelus 

fuscoguttatus, Lutjanus bohar, L. decussatus, L. gibbus and Plectropomus spp from stereo-BRUVs 

deployments during the 5 minutes immediately preceding and following the arrival of sharks in the field of 

view. B.) Abundance (MaxN) of all mesopredatory fish recorded in 60 minute BRUVs deployments where a 

shark was either present or absent. C.) Frequency distribution of shark fork lengths recorded on stereo-

BRUVs deployments. 
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Figure S 4-2 The proportion of time in the field of view that Lutjanus gibbus spent less 

than 1m of the bait bag before and after sharks arrived in 10 minute video segments. 

Boxplot centre lines represents the median values, and the top and bottom of the box 

represent the 25th and 75th percentile, respectively. The black diamond icon represents 

the mean value. 
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Chapter 5 The hemisphere of fear: the 

presence of sharks influences 

the three-dimensional behaviour 

of large mesopredators in a coral 

reef ecosystem 

5.1 Abstract 

Predators can exert strong ecological effects on their prey either via consumption or by 

altering their behaviour and morphology. In marine systems, predators and their prey 

co-occur in a three-dimensional environment, but to date predator-prey studies have 

largely focussed on behaviours of prey on horizontal (distance from shelter) rather 

than vertical (height in mid water) axes. We used life-size shape-models of a blacktip 

reef shark (Carcharhinus melanopterus; threatening shape-model), a juvenile coral 

trout (Plectropomus leopardus; non-threatening shape-model) and a shape-control to 

examine the impact of perceived instantaneous (measured by time to first feeding) 

versus sustained (measured by time to consume the entire bait) predation threats on 

the feeding behaviour and three-dimensional use of space by mesopredatory reef 

fishes in a coral reef environment. We found that mesopredatory fishes such as red 

snapper Lutjanus bohar and spangled emperor Lethrinus nebulosus took longer to 

begin feeding and to consume predation assays (fish baits) at greater distances from 

the shelter of a patch reef across both horizontal and vertical axes. This phenomenon 

was stronger in the vertical axis than the horizontal. The presence of a life-size shape-

model of a shark, which we used to increase the perception of predator threat, 

magnified the instantaneous effect compared to non-threatening models, but not the 

sustained effect. We found no evidence for a difference in the level of predation risk 

posed by the shape-model of the juvenile coral trout (a non-threatening reef fish) and 

a negative control (no shape-model). Our study suggests that mesopredators modify 

their behaviours in response to the perceived risk of predation across both horizontal 

and vertical axes away from shelter, and that this response is most severe on the 
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vertical axis, potentially limiting daytime foraging behaviour to a hemisphere around 

shelter sites. 

5.2 Introduction 

Predators can influence prey directly via consumption and by having effects on their 

behaviour, physiology and morphology (Gouraguine et al. 2017; Hammerschlag et al. 

2018). Changes in prey behaviours, including altered patterns of habitat use, foraging 

and vigilance, are thought to reduce the likelihood of predation (Lima and Dill 1990). 

These responses to a perceived threat of predation can be costly, as they potentially 

reduce energy intake, ultimately impacting reproductive opportunities and growth 

(Zanette et al. 2011; Ripple et al. 2014; Palacios et al. 2016; Suraci et al. 2016). The 

ecological cost of such behaviours to prey species are termed “risk effects” and there is 

an increasing body of evidence to suggest that these non-lethal predator effects are 

important drivers of prey demography (Preisser et al. 2005; Creel and Christianson 

2008).  

Animals that move in both vertical and horizontal axes, such as birds (Carrascal and 

Alonso 2006); primates (Emerson et al. 2011) and fishes (Holbrook and Schmitt 1988) 

must respond to the threat of predation manifested in three-dimensions. For example, 

vervet monkeys (Chlorocebus aethiops) use arboreal and terrestrial habitats and alter 

their foraging along a vertical axis in response to either aerial or terrestrial predators 

(Makin et al. 2012). Similarly, four bird species (genus Parus) preferentially foraged 

from feeders that were located at greater heights from the ground and under the 

cover of the tree canopy, providing refuge from predators, compared to feeders 

located at lower heights (Holbrook and Schmitt 1988).  

In marine systems, the majority of studies exploring interactions between predators 

and their prey have focused on species that either reside close to or within reef 

habitats (Stallings 2008; Palacios et al. 2015, 2016) or feed on the benthos, such as 

herbivores or bioturbators (Wirsing et al. 2007; Madin et al. 2011; Rizzari et al. 2014a). 

However, many mesopredatory fishes also consume prey that inhabits the water 

column (Barley et al. 2017a). For these species, which form a significant part of the 

biomass of fish communities in reef habitats (Boaden and Kingsford 2015), predatory 
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threats may occur in any direction for an individual foraging above the shelter of the 

reef. At present, no study has attempted to quantify the relative strength of threats or 

the responses of these fishes across three dimensions within reef systems.  

Several major issues confront studies that seek to provide evidence from manipulative 

experiments for anti-predator behaviours by larger mesopredatory fishes on coral 

reefs. Previous research has focused on small mesopredators that are relatively 

amenable to caging, aquaria and relocation experiments  (Stallings 2008; Palacios et al. 

2015; Palacios et al. 2016). It would be unethical and logistically very difficult to cage 

or selectively remove larger predators, such as sharks, from reef systems to document 

changes in the behaviour of lower-order species. In some instances, however, selective 

fishing has provided “natural experiments” where this situation has occurred (e.g. 

Hammerschlag et al. 2018; Barley et al. 2017a, 2017b). Additionally, recent 

observations of predation behaviour by reef sharks on reef fishes in French Polynesia 

and Micronesia (Mourier et al. 2016; Rhodes et al. 2019) demonstrate how patchy 

predation can be in space and time on a coral reef. As a result, predation is a process 

that is rarely witnessed in coral reef systems, especially if the presence of an observer 

alters the wariness and behaviour of large reef fishes (Dickens et al. 2011). This latter 

problem is not, however, insurmountable given that predation is closely allied with 

scavenging behaviour (Wilson and Wolkovich 2011). Because the capture of prey is 

energetically costly, there is strong selection for facultative scavenging in most 

predators (Devault et al. 2016). Unlike predation, facultative scavenging by 

mesopredators is relatively easy to incite and record experimentally in marine systems 

using remote video, removing any confounding influence of the presence of an 

observer. Additionally, the threat of predation for mesopredators involved in 

facultative scavenging can be manipulated in an experimental arena through the use of 

shape-models of larger predators that act as visual stimuli (Rizzari et al. 2014a; Catano 

et al. 2016; Gallagher et al. 2016). 

Here, we combine these approaches to investigate how the presence of a larger 

predator alters the behaviour of mesopredatory fishes in a coral reef ecosystem. We 

used life-size shape-models of reef sharks to induce behavioural responses in a suite of 

mesopredatory species that also act as facultative scavengers on the Great Barrier 

Reef Australia, on both horizontal and vertical axes from a central refuge represented 
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by a coral patch reef (Frisch et al. 2014). We hypothesised that the presence of realistic 

shape-models of large reef sharks would induce anti-predator behavioural responses 

that would alter the propensity of mesopredatory fishes to initially feed on and 

consume baits (facultative scavenging).  

5.3 Methods 

5.3.1 Experimental design 

We tested for evidence of changes in the foraging behaviour of mesopredators on 

vertical and horizontal axes due to predatory threat simulated by life-size shape-

models of reef sharks. This experiment was conducted at multiple sites in the leeward 

and lagoonal fringing reef of a no-take marine reserve at Lizard Island (S 14° 40.9’, E 

145° 26.5’), northern Great Barrier Reef, between 11–17 November 2015. All tests 

occurred between 0700 and 1630 hrs (>1 h from dawn/dusk) to avoid any confounding 

effects that crepuscular behaviours might introduce into the study. The experiment 

occurred across four sites each with three assays separated by > 50m. All 12 assays 

were in the 5–7 m depth at the edge of large (approximately 30 x 10 m area) patch 

reefs situated on the lagoon sandflat. 

During each trial at each assay one of three different shape-models (shark, trout, 

shape-control) was deployed. The shark shape-model (170 cm TL) was a fiberglass 

taxidermic casting of a blacktip reef shark (Carcharhinus melanopterus), which is a 

predator that targets mesopredatory fish (Stevens 1984)(Figure 5-1a). The trout shape-

models (48 cm TL) were castings of a small leopard coral trout (Plectropomus 

leopardus), which at this size is a mesopredator and we assumed presented no threat 

to other mesopredatory fishes of larger or similar sizes (Palacios et al. 2015) (Figure 5-

1b). We tested this assumption in a separate experiment (see below). Both these 

species are locally abundant (Great Barrier Reef Marine Park Authority 2009). Two 

copies of each shape-model were used to avoid pseudoreplication. The shape-control 

models were white PVC tubes (81 cm TL, 9 cm diameter), and were used to control for 

the effect of adding a novel object to the habitat. 
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For each trial an underwater video camera (GoPro Hero 4) was positioned to focus 

along the adjacent reef edge, and a shape-model positioned within the frame. 

Between the shape-model and the camera, a line was tied to the reef and either 

suspended vertically using a small subsurface buoy or extended horizontally from the 

reef along the sand flat using metal pegs. Each trial deployed baits on either horizontal 

or vertical axes from the patch reef. These were not presented concurrently. Single 

pilchards (Sardinops sagax) were attached as baits to the line at three heights above 

the reef (0, 70, 140 cm in a vertical axis) and at three distances from the reef edge (0, 

150, 300 cm in a horizontal axis) using elastic bands (Figure 5-1c). The heights of the 

baits deployed on the vertical axis were constrained by the field of view of the 

underwater camera. Trials lasted one hour, after which remaining pilchards were 

removed and the models and cameras retrieved. Each trial was replicated three times 

per model treatment, at four sites in both a vertical and a horizontal axis, resulting in 

72 videos.  

 

Figure 5-1. Photographs of predator shape-model treatments. (a) juvenile coral trout, Plectropomus 

leopardus (48 cm total length), (b) blacktip reek shark, Carcharhinus melanopterus (170 cm total 

length) and (c) experimental configuration. Photographic credits: Steve Simpson 
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5.3.2 Coral trout shape-model and negative control 

Given that this experiment relied on the use of bait to attract mesopredatory species 

into the frame of view of a camera, we anticipated that these fishes would be present 

throughout every treatment. For this reason, we considered it likely that the coral 

trout shape-model and a negative control (i.e. no predator or shape control model 

present) would provide equivalent levels of predation risk. To test this hypothesis, we 

conducted a separate experiment that followed the same protocols as the larger 

experiment outlined above (4 sites with 3 assays, 3 replicates with the different shape-

model treatments) but consisting of only a coral trout shape-model treatment and a 

negative control (no shape-model present). A permutational analysis of variance 

(PERMANOVA) was used to test for differences in time to first feed between shape-

model treatments (fixed factor, two levels: Trout and Pipe), and axis (fixed factor, two 

levels; horizontal and vertical), with site included as a random factor (four levels). This 

analysis was carried out in PRIMER v6 and the PERMANOVA+ add-on package (using 

4999 permutations, Anderson et al. 2008). 

5.3.3 Video analysis 

The videos from each experiment were analysed to derive the following measures: 

order and timing of feeding and consumption of baits; species of mesopredatory fish 

that fed on or removed any baits; number of mesopredators in the frame of view 

during each incident of feeding. A real shark appeared in the video in two replicates 

and so these were discarded in order to avoid confounding the experimentally 

manipulated predation risk. 

5.3.4 Statistical analysis 

Generalised additive mixed effects models were used to examine the relationship 

between treatments and the time until first feeding by a mesopredator on each bait 

and time until complete consumption of the bait by a mesopredator. Mixed models 

were selected as they enabled inclusion of both random and fixed factors, thus testing 

for the generality of observations among different locations. Treatment (categorical, 

pipe, trout, shark), time of day (continuous, hourly), distance from the reef (linear 

https://paperpile.com/c/YjIBZf/jsQNU/?prefix=using%204999%20permutations%2C
https://paperpile.com/c/YjIBZf/jsQNU/?prefix=using%204999%20permutations%2C
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predictor, 1, 2, 3; with 1 closest to and 3 furthest from the reef), axis (categorical, 

horizontal or vertical), species of mesopredator (categorical) feeding on or consuming 

the bait and number of mesopredatory fishes in the frame of view (continuous) were 

included as fixed factors in all statistical models, with assay nested in site as a random 

effect. Prior to model fitting, data were explored for potential outliers and 

homogeneity of variance (Zuur et al. 2009). 

Model selection was based on Akaike’s Information Criterion corrected for small 

sample size (AICc; Akaike 1998) and AICc weights (wAIC; Burnham and Anderson 

2002). A full subsets method was used to fit models of all possible combinations up to 

a maximum of three variables to prevent overfitting, using the FSSgam (Fisher et al. 

2018) package. Models containing variables with correlations >0.28 were excluded 

from the analysis to eliminate strong collinearity (Graham 2003), which can cause 

problems with over-fitting and complicate interpretation of statistical results. Models 

with AICc values that differ by less than two units show weak evidence for favouring 

one over the other (Burnham and Anderson 2002). The best model was therefore the 

one with the fewest variables (most parsimonious) and within two AICc units of the 

lowest AICc value (Burnham and Anderson 2004). The wAICc, which represents 

probabilities or weights of evidence for each model, were used to facilitate 

interpretation of the best models. Relative support for each predictor variable was 

obtained by calculating the summed wAICc across all subsets of models containing that 

variable to obtain its relative importance (Burnham and Anderson 2004).  

Due to zero-inflation, models were fitted using a Tweedie error distribution (Tweedie 

1984) and a log-link function. All data manipulation, analyses and graphs used the R 

language for statistical computing (R Core Team 2017) with dplyr (Wickham et al. 

2018) and ggplot2 (Wickham 2016). 

To provide an independent test of the most parsimonious model, a PERMANOVA was 

used, with appropriate pair-wise comparisons following Goetze et al. (2018) using 

PRIMER v6 and the PERMANOVA+ add-on package (using 9999 permutations, 

Anderson et al. 2008). The experimental design for this analysis consisted of three 

fixed factors: shape-model treatment (three levels: Shark, Trout, Pipe), axis (two levels: 

https://paperpile.com/c/YjIBZf/jsQNU/?prefix=using%204999%20permutations%2C
https://paperpile.com/c/YjIBZf/jsQNU/?prefix=using%204999%20permutations%2C
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horizontal or vertical and distance (three levels: 1, 2, 3; with 1 closest to and 3 furthest 

from the reef) and site was included in the model as a random effect (four levels).  

5.4 Results 

5.4.1 Mesopredatory fishes consuming baits 

A total of 9 species of mesopredatory reef fishes were recorded consuming the baits 

across the predation assays (electronic supplementary material, Table S5-1). The most 

common of these was a serranid, Plectropomus leopardus (n=58) and a lutjanid, 

Lutjanus carponotatus (n=56) (Supplementary Table S5-2).  

The mean time of first feeding along a horizontal axis was 1.8 minutes (± 1.2 se) for the 

closest bait to the reef, 4.5 minutes (± 1.6 se) for the second closest bait from the reef 

and 8.9 minutes (±2.3 se) for the furthest bait from the reef. When the bait was 

presented along a vertical axis the mean time of first feeding was 2.4 minutes (±1.5 se) 

for the closest bait from the reef, 5.7 minutes (±2.4 se) for the second closest bait from 

the reef and 10.5 minutes (±3.1 se) for the furthest bait from the reef. 

5.4.2 Time until first feeding 

The most parsimonious statistical model for time until first feeding included a three-

way interaction between shape-model treatments, distance from the reef and 

orientation axis of the bait and explained 57% of the variance (Table 5-1). Importance 

scores indicated that distance, model and axis were the most important variables 

across all possible models and that time of day and number of mesopredators were 

relatively unimportant in predicting time until first feeding (Figure 5-2). Time to first 

feeding increased with increasing distance from the reef, and the magnitude of this 

effect was largest in the presence of the shark shape-model and at the greatest 

distances from the reef on both horizontal and vertical axes (Figure 5-3). Time to first 

feeding was also longer on the vertical axis compared to the horizontal axis in the 

presence of the coral trout and shark shape-models, but only at the furthest and 

second furthest distance from the reef (Figure 5-3). 
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This result was corroborated by the PERMANOVA, which found a significant effect of 

distance from the reef (df= 1, Pseudo-F= 487.8, p<0.001) and a significant effect of the 

interaction between shape-model treatment and direction (df=2, Pseudo-F=4.6, 

p<0.01) on time until first feeding. Pairwise comparisons for the ‘shape-model x 

direction’ interaction indicated a significant increase in time to first feeding in the 

presence of the shark shape-model when the bait was presented on a vertical axis 

compared to a horizontal axis (p<0.05, t=4.61, df=2). The axis on which the bait was 

presented did not impact the time until first feeding in the presence of the shape-

control model (p>0.05, t=4.03, df=2) or the trout-shape model (p>0.05, t=1.41, df=2). 

 
Table 5-1 Top generalised additive mixed models (GAMMs) for predicting time until first feed 

and time until bait consumption of bait items in a feeding array from full subset analyses. 

Models are ordered by parsimony. 

 

Dependent variable Best models (ordered by 

parsimony) 
ΔAICc ΔBIC ωAICc ωBIC R2 EDF 

Time until first feed Distance * Model * Axis 0 12.778 0.75 0.002 0.57 12 

Time until bait 

consumption 
Time of day * Axis + 

Distance 

 

Time of day + Direction + 

Distance  

0 

 

0.02  

4.44 

 

1.47  

0.414 

0.14  

0.13 

 

0.12  

0.24 

 

0.27  

5 

 

4 

Model + Distance + Time of 

day * Model 

0.685  11.738  0.099  0.031  0.16  7.25  
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Figure 5-2. Variable importance scores from full subset GAMMs analyses predicting time until 

first feed and time until bait consumption according to distance from the reef, number of 

mesopredators in the frame of view, whether the bait was presented on a horizontal or 

vertical axis, shape-model treatment, time of day and species that is consuming the bait item. 

X indicates variables within the most parsimonious model. 
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Figure 5-3. Time until first feed relative to the most parsimonious explanatory variables. The 

solid lines represent the estimate smoothing curve and the dashed lines represent ±2SE of the 

estimate. Shape-model treatments are indicated by (a) threatening shape-model (shark), (b) 

non-threatening shape-model (juvenile coral trout) and (c) shape control (PVC pipe). The x axis 

indicates distance from the reef where 1 indicates the closest distance from the reef (0 m on 

both horizontal and vertical axis), 2 indicates the middle distance from the reef (150 cm on a 

horizontal axis and 70 cm on a vertical axis) and 3 indicates the furthest distance from the reef 

(300 cm on a horizontal axis and 140 cm on a vertical axis). Points indicate distribution of raw 

data. 
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5.4.3 Negative control and model trout treatments 

There was no significant difference in time until first feeding between negative control 

(no model i.e. predator absent) and trout shape-model in the horizontal 

(PERMANOVA; Pseudo-F = 0.002 p >0.05) or the vertical axes (PERMANOVA; Pseudo-F 

= 0.28, p >0.05).  

5.4.4 Time until bait consumption 

The most parsimonious statistical model for time until bait consumption included 

distance from the reef and an interaction between time of day and the axis of the bait, 

and explained 16.7% of the variation (Table 5-1). Importance scores indicated that the 

axis on which the bait were presented, distance from the reef and time of day were 

the only important predictors across all models (Figure 5-2). In contrast to time to first 

feeding, model-shape treatment was not identified as an important variable to predict 

time until bait consumption (Figure 5-2). 

 

Figure 5-4. Time until bait consumption relative to the most parsimonious explanatory 

variables. The solid lines represent the estimate smoothing curve and the dashed lines 

represent ±2 X SE of the estimate. The x axis indicates (a) the time of day and (b) distance from 

the reef where 1 indicates the closest distance from the reef (0 m on both horizontal and 

vertical axis) and 3 indicates the furthest distance from the reef (3 m on a horizontal axis and 

1.4 m on a vertical axis). Points indicate distribution of raw data. 
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5.5 Discussion 

Similar to some terrestrial vertebrates that occupy three-dimensional habitats, such as 

birds (Carrascal and Alonso 2006) and arboreal mammals (Emerson et al. 2011; Makin 

et al. 2012; Coleman and Hill 2014), mesopredatory fishes in coral reef habitats 

respond to predation risk on both a horizontal and a vertical axis. We found that time 

until first feeding by mesopredators increased with greater distance from the shelter 

of a patch reef on both horizontal and vertical axes. This effect was stronger on the 

vertical than on the horizontal axis. The presence of a shark shape-model, which we 

used to simulate a predator threat, magnified this effect compared to non-threatening 

models. These results support the idea that the behaviour of mesopredatory fishes is 

likely to be altered by the presence of sharks, despite limited evidence from gut 

contents analysis that sharks consume these large-bodied teleosts (Roff et al. 2016).  

Our study found evidence for anti-predatory behaviours that resulted in a lower 

likelihood of feeding by mesopredatory fishes higher in midwater. Although the effect 

size of the latency to feed in the presence of the shark model appears small (in the 

order of minutes, electronic supplementary material, Figure S5-1), our experiment was 

conducted over small spatial scales (only 140 cm on a vertical axis and 300 cm on a 

horizontal axis). The mesopredatory fish in our study are able to travel these distances 

in a matter of seconds (Fulton 2007) and therefore a lag to feed in the order of 

minutes is a substantial behavioural change. Given that in-situ observations of feeding 

have found that mean bite rates of herbivorous and bioturbating fishes decline steeply 

with increasing distances from the shelter of reefs over scales of 10s of meters (Madin 

et al. 2019), it seems reasonable to assume that the magnitude of the responses 

recorded in our study would continue to amplify at increasing distances from shelter 

on both horizontal and vertical axes.  

There may be several reasons why the magnitude of the predation threat perceived by 

mesopredators was greater on the vertical than the horizontal axis. Fishes in the water 

column above the reef are vulnerable to predation from all angles whereas on the 

sandflat individuals are typically less vulnerable from below, even if they are far from 

shelter and relatively exposed. In the water column, the ventral surface of the body 

will appear dark against the background of bright, down-welling light, making their 
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silhouette easily distinguishable by predators (Marshall 2017). This may explain why 

antipredator behaviour in mesopredator foraging was evident at a short distance 

above the patch reef, but at a greater distance from the patch reef on the horizontal 

axis.  

Many studies have used shape-models of predators to invoke a threat response in 

prey. This approach has been particularly popular in studies of bird ecology where 

silhouettes of osprey and owls have been used to study anti-predator behaviours of 

numerous prey species (Shalter 1978; Conover and Perito 1981; Gallagher et al. 2016). 

Our research is one of a number of recent experiments that have transferred this 

approach to marine ecosystems (Rizzari et al. 2014; Catano et al. 2016; Madin et al. 

2010). During our study we observed various non-predatory behaviours that suggested 

our shape-models provide a good simile of real fishes. We observed 

competitive/predatory responses as larger coral trout attacked the smaller, juvenile 

trout shape-models (Figure S5-2). Additionally, remora (Echeneis naucrates) attached 

to the shape-model of the reef shark (supporting information, video S5-1). However, as 

noted by earlier studies, the immobility of our shape-models may also concentrate the 

perceived level of predation risk, thus exaggerating the observed predator effects 

(Rizzari et al. 2014a). Our results also suggest that stationary shape-models of 

predators only represent an instantaneous predation risk rather than a sustained 

threat, as model treatment was not an important variable in predicting time until bait 

consumption. It is likely that the failure of the shape-models to respond or move in the 

manner of a larger predator after the first incidence of feeding on the bait by a 

mesopredator resulted in the model no longer being viewed as a threat.  

This experiment was conducted in a No-Take Area where mesopredatory fishes are 

abundant and relied upon baits in a predation assay to attract these species into the 

frame of view of a camera. Deployment of the experimental set-up invariably attracted 

the attention and curiosity of a range of large and small bodied mesopredatory fishes, 

potentially altering the level of perceived predation risk in the experiment. Therefore, 

in a separate experiment, we investigated and found that there was no difference in 

the time until first feeding of the bait between treatments where either a shape-model 

or no shape-model (a negative control) was present. This implies that the threat posed 
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by the trout shape-model (if any) was equivalent to other real mesopredators that 

were attracted to the experiment.  

Our experiments were conducted during the day when many reef fishes are known to 

use coral reefs as refuge from predators (Rasher et al. 2017; Bond et al. 2018). In 

addition to this spatial refuge from predation, prey species can alter their behaviours 

to avoid exhibiting “risky” behaviours when predators are active, creating temporal 

refugia from predation (Smith et al. 2019). Reef sharks are typically nocturnal hunters 

with higher rates of movement at night (Papastamatiou et al. 2009), so that the 

perceived level of predation risk to prey species would be elevated from sunset to 

sunrise. Our camera systems were not equipped with lights, which may in themselves 

alter behaviour, so we did not explore the effect of diurnal cycles on the behaviour of 

mesopredatory reef fishes. Our results do suggest that the time until the end of the 

experiment was affected by the time of day, where it took longer for mesopredatory 

reef fish to consume bait items during the hours approaching sunset, but only when 

the bait was presented on a vertical axis (Figure 5-4a). We anticipate that the 

perceived level of predation risk would have increased during crepuscular hours. 

Our results are consistent with other studies of the trophic role of mesopredatory 

species in coral reefs, which found that mesopredators were more likely to feed on 

pelagic prey (fishes, squid) and had better condition (as measured by morphometric 

and body weight variables) on reefs where sharks had been depleted (Barley et al. 

2017a). On reefs where sharks were abundant, mesopredators had a larger 

component of benthic invertebrates in the diet and poorer body condition (Barley et 

al. 2017a). Together, these observations suggest that the presence of sharks creates 

risk effects in mesopredator communities on coral reefs, whereby anti-predator 

behaviours occur at an ecological cost (Heithaus et al. 2008), potentially reducing the 

amount of energy allocated to growth and reproduction (Brown and Kotler 2004). 

By showing that the behaviour of larger-bodied teleost mesopredatory fishes is 

influenced by the presence of a predatory threat in both vertical and horizontal 

dimensions, our study expands the results of previous work in terrestrial systems to a 

marine environment. As in terrestrial ecosystems, such changes in behaviour are likely 

to have flow-on effects for the wider ecosystem (Ripple et al. 2014; Suraci et al. 2016). 



102 

For example, earlier experimental work in coral reef habitats has found that the 

presence of medium-sized teleost predators can reduce the foraging and activity levels 

of smaller, mesopredatory reef fishes (Palacios et al. 2015; Palacios et al. 2016; 

Stallings 2008). These behavioural changes had consequences for lower trophic levels, 

resulting in positive impacts on fish recruitment (Stallings 2008), and the behaviour 

(Palacios et al. 2015) and physiology (Palacios et al. 2016) of prey. To determine the 

ecological consequences over larger spatial scales, it will be necessary to determine 

the spatial extent of these halos in coral reef environments. Future studies on coral 

reefs need to apply insights from terrestrial ecology and investigate the impacts of 

anti-predator behaviours of mesopredators from a range of body-sizes on the ecology 

of lower order prey and invertebrates. 

Our findings support the idea that reef sharks have strong effects on the foraging 

behaviour and spatial use of other, mesopredatory reef fishes and provides a critical 

insight into how these behaviours manifest in a three-dimensional environment. For 

example, earlier studies (Rizzari et al. 2014; Madin et al. 2010) using shape-models 

have found evidence of the impact of perceived predation risk on the foraging of 

herbivores, accounting for the presence of “halos” of bare sand surrounding reefs in 

areas where the remainder of the benthos consists of beds of seagrass and 

macrophyte algae (Madin et al. 2011; Downie et al. 2013). In these situations, the risk 

of predation is thought to confine feeding by herbivores and bioturbators to areas 

alongside the reef within easy reach of shelter from predators. Our study expands this 

concept into three dimensions. We show that these halos also exist for 

mesopredators, although, unlike for herbivores, they extend above the reef and are 

most severely constrained in this axis, thus forming a hemisphere. It is possible that 

the size and extent of these hemispheres of fear are one of the many ecological 

features that impact the diets and trophic roles of mesopredatory fishes on coral reefs 
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5.7 Supplementary information 

5.7.1 Supplementary materials and methods 

Study system 

We classified large bodied piscivorous fish, including Serranids, Lethrinids and Lutjanids, as 

mesopredators in this study. These large bodied teleosts are relatively common at Lizard 

Island, situated in the north west of the Great Barrier Reef (Great Barrier Reef Marine Park 

Authority 2009).  These reef-associated predators and have been recorded on inshore, mid- 

and out-shelf reefs at Lizard Island and consume both small sized reef fish (>10cm) and 

invertebrate mobile prey (Emslie et al. 2017).  
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Table S 5-1 Maximum length, common length, and diet of mesopredatory reef fish that were 

observed consuming bait items in feeding assay. Data obtained from www.fishbase.org. 

 

 

 

  

Species Max length 

(cm TL) 

Common length 

(cm TL) 

Diet 

Cephalopholis argus 

60  40 

Mainly fish and 

crustaceans 

Lethrinus atkinsoni 

50 32.5 

Fish, crustaceans and 

molluscs 

Lutjanus bohar 

90 76 

Mainly fish and 

occasionally 

crustaceans and 

molluscs 

Lutjanus carponotatus 40 30 Fish and crustcaeans 

Epinephelus cyanopodus 

122 64 

Mainly sand-dwelling 

fishes and 

crustaceans 

Lutjanus fulvus 

40 25 

Fish, crustaceans, 

holothurians  and 

cephalopods 

Lethrinus harak 

50 30 

Fish, polychaetes, 

crustaceans, mollusc 

and echinoderms 

Plectropomus leopardus 120 35 Fish 

Lehtrinus nebulosus 

87 70 

Echinoderms, 

molluscs and 

crustaceans, and to 

some extent 

polychaetes and fish 

Symphorus nematophorus 100 35 Fish 

http://www.fishbase.org/
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Table S 5-2 Number of bites by mesopredatory reef fish on baits presented at increasing 

distances from a patch reef along a horizontal (H) and a vertical (V) axis. Distance 1 indicates 

the closest distance to the patch reef (horizontal 0 m, vertical 0 m), Distance 2 indicates an 

intermediate distance (horizontal 1.5 m, vertical 0.7 m) and Distance 3 indicates the furthest 

distance (horizontal 3 m, vertical 1.4 m). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

species 

Distance 1 Distance 2 Distance 3 

V H V H V H 

Cephalopholis argus 0 1 0 0 0 0 

Lethrinus atkinsoni 0 0 0 1 0 1 

Lutjanus bohar 4 0 7 5 7 7 

Lutjanus carponotatus 10 15 9 9 8 5 

Epinephelus cyanopodus 0 0 2 0 0 0 

Lutjanus fulvus 1 1 2 0 2 0 

Lethrinus harak 1 1 1 0 0 0 

Plectropomus leopardus 8 9 9 10 9 13 

Lehtrinus nebulosus 7 5 5 9 3 5 

Symphorus nematophorus 1 2 0 0 1 0 
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Figure S 5-1 Relationship between change (Δ) in the time to first feed and the shape-

model treatments and the axis that the bait were presented (horizontal or vertical) at 

(a) Distance 1 (0 m on both horizontal and vertical axis), (b) Distance 2 (0 m on both 

horizontal and vertical axis) and (c) Distance 3 (300 cm on a horizontal axis and 140 

cm on a vertical axis) from the shelter of the patch reef. Relationships are displayed as 

contrast plots of fixed effects and show the first category (pipe shape-model 

treatment) as a reference point for change. The solid line shows the model fit and the 

bands represent 95% confidence intervals. Points indicate distribution of raw data. 
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Video S1. Video of remora (Echeneis naucrates) attemping to attach to the model of a blacktip 

reef shark. 

 

 

 

Figure S 5-2 Photograph of a coral trout (Plectropomus leopardus) attacking the model 

of a juvenile coral trout during a pilot study. Photograph credit: Mark McCormick 
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Chapter 6 General Discussion 

There is substantial evidence from both terrestrial and marine ecosystems that non-

consumptive predator effects play a considerable role in regulating community 

dynamics (Preisser et al. 2005). However, in complex systems, such as coral reefs, the 

task of determining the relative strengths of predator-prey interactions as a structuring 

ecological force is challenging, as interactions between multiple species of predators 

and prey unfold in patchy landscapes (Mitchell and Harborne 2020). This has 

undoubtedly contributed to uncertainty regarding the ecological role of predators that 

occupy the upper trophic levels of food webs in these systems, namely reef sharks and 

large-bodied teleosts (Frisch et al. 2016; Roff et al. 2016; Ruppert et al. 2016; 

Bierwagen et al. 2019). This thesis aimed to investigate capacity for reef sharks to alter 

ecologically important behaviours of large-bodied mesopredatory teleosts using a 

combination of large-scale observational approaches, large-scale natural experiments, 

and small-scale manipulative experiments. This information will improve our 

understanding of the role of predation in coral reefs and the factors that mediate 

interactions between predators in these systems.  

By combining BRUVs deployments made across 300 km of coastline, I was able to 

characterise shark assemblages, and thus the level of predation threat, in the coral 

reefs of the north-west Australian coastline. This coastline varies in terms of protection 

from fishing, distance from human centres of activity, and structural complexity of 

habitat (Chapter 2). Using this observational approach, I was then able to record 

relatively long-term (60 minutes) behaviour of a range of coral reef mesopredators in 

deployments where apex and reef sharks were either present of absent (Chapter 3). I 

then used a large-scale natural experiment along a gradient of reef shark abundance to 

record changes in the short-term (~5 minutes) behaviour of mesopredators in 

response to reef sharks appearing in the field of view of the BRUVs (Chapter 4). A 

small-scale experiment in which I used life-sized models to manipulate the perceived 

the level of predation risk examined the mechanism by which the presence of a shark 

could alter the short-term feeding behaviour of mesopredators in three-dimensional 

space (Chapter 5). Two critical findings emerged from this body of work. First, 

predation is an acute ecological force observable over short periods of time (minutes), 
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whereas the effects of intra-guild competitors on the behaviours of mesopredator are 

chronic and thus observable over longer time frames (hours). Second, in natural 

systems interactions between predators and prey are both nuanced and context 

dependent. I argue that the behavioural changes induced by reef sharks on large-

bodied teleost species may be driven by predation risk, competition, or both. 

Regardless of the underlying mechanism, the outcomes of these interactions are likely 

to play an important structural role in coral reef ecosystems.  

6.1 Large-scale observational methods 

A logical first step in investigating predator-prey interactions is to characterise both 

predator assemblages and the complexity of the landscape in which these interactions 

take place, collectively known as the ‘landscape of fear’ (Laundré et al. 2001; Gaynor et 

al. 2019). When predators are highly mobile and habitat is patchy, it can be difficult to 

identify areas that prey species would perceive as high or low risk. I used a large-scale 

(~300 km) survey of shark assemblages and habitat complexity from >1200 BRUVs 

deployments across north-west Australia to examine relationships between habitat 

complexity, species composition, and shark abundance (Chapter 2). I found that reef 

sharks displayed species-specific depth preferences, were more abundant at higher 

levels of reef cover, and in areas of structurally complex habitat. Furthermore, sharks 

were faster to arrive at BRUVs in complex habitats with higher levels of reef cover, 

supporting previous evidence that sharks favour these environments (Espinoza et al. 

2014; Rizzari et al. 2014b). In contrast, No-Take Areas had negligible impact on the 

abundance and behaviour of reef sharks, which is likely due to the small size of the no-

take zones in this region relative to the movement patterns and home ranges of these 

species (Dwyer et al. 2020). There was some evidence of human activities impacting 

behaviour, with distance from boat ramps (a proxy for fishing) an important driver of 

time to arrival of reef sharks at BRUVs (Chapter 2). However, patterns varied among 

species, suggesting that responses to the presence of fishing are species-specific.   

Using this map of the ‘landscape of fear’ in north-west Australia, I used these BRUVs 

deployments to examine the abundance and behaviour of mesopredators in relation to 

the presence of sharks. I examined the ‘boldness’ of mesopredators in response to of 

the presence and absence of sharks as potential predators (apex shark, reef shark, no 
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shark) using a suite of standardised behavioural metrics: time to arrival in view of the 

camera, likelihood to feed and delay to feed on the bait bag. In addition to this, I 

incorporated both the relative effect of intra-guild competition (i.e. number of 

conspecifics) and structure of the habitat on these behavioural metrics. I found no 

evidence that the presence of reef sharks influenced the abundance of teleost 

mesopredators (lethrinids, lutjanids, serranids). In terms of behaviours, I found that 

the presence of competitors and habitat structural complexity had a strong effect on 

all metrics (Chapter 3). The presence of apex sharks increased the delay to feed in rays, 

whereas the presence of reef sharks had negligible effect on any of the behavioural 

metrics across all size classes of mesopredator (Chapter 3). Although these results 

suggested that reef sharks did not pose a threat to mesopredatory teleosts and rays 

either as a potentially lethal competitor or predator, it was possible that this analysis 

was relatively insensitive to the responses of fishes to the presence of sharks.  

Any increase in vigilance or change in behaviour in response to the threat of predation 

is costly in terms of fitness since it reduces the energy available for other behaviours 

(e.g. reproduction: Zanette et al., 2011, mate choice: Lima and Dill, 1990 and feeding: 

Brown and Kotler, 2004). For this reason, a response to predators by prey is often 

transitory and can be related to the immediate presence of the predator and the 

degree to which it behaves in a threatening manner (Kent et al. 2019). In this case, our 

study did not examine responses of mesopredators to the initial appearance of the 

reef shark or to its behavioural state. Instead, reactions were aggregated across the 

entire hour of the video in metrics, such as time to first feeding on the bait bag,that did 

not necessarily account for the timing of the appearance of the reef shark. In contrast, 

intra-guild competition is likely to be a constant pressure, particularly for species that 

reside in schools, as is the case for many large reef fishes within the mesopredator 

guild. Indeed, I found that all behavioural metrics were influenced by the abundance of 

conspecifics and other species of mesopredator. This suggests that competition, 

through processes such as kleptoparasitism, may be a key driver of the behaviour of 

mesopredators. Such influences may be exacerbated by the sampling method where 

facultative scavenging is invoked by the presence of the bait bag.  
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6.2 Large-scale natural experiment 

To examine the acute response of teleost mesopredators to the presence of sharks as 

predators or lethal competitors, I analysed the behaviour of three common species of 

mesopredator teleost in the five minutes immediately before and after the arrival of 

reef sharks into the field of view of the BRUVs. I did this in two reef systems as they 

provided different contexts for the experiment. The first of these, the Scott Reefs, is a 

system where sharks have been selectively removed by Indonesian shark fishers for 

centuries using traditional techniques. The adjacent reefs, the Rowley Shoals, are a 

well-enforced No-Take Area where reef sharks are ~4 times more abundant than the 

Scott Reefs (Speed et al. 2018). I found that these fishes spent less time in midwater 

and guarding the bait-bag once sharks appeared in the video. This change in behaviour 

was greater at the Rowley Shoals, where sharks were abundant, compared to the Scott 

Reefs, where sharks had been selectively targeted by fishers (Chapter 4). The strength 

of these behavioural changes was also mediated by shark feeding behaviour and 

habitat complexity. For example, humpback red snapper (Lutjanus gibbus) spent less 

time in the midwater at reefs where sharks were more abundant and when sharks 

took more bites from the bait bag (i.e. actively foraging). Importantly, I found no 

change in abundance of mesopredators in short-term (10 minute) segments or over 

the course of the 60 minute that could be correlated with the appearance of sharks in 

the video. It is possible that the opportunity for facultative scavenging provided by the 

BRUVs is so attractive that it overrides any wariness that might be otherwise displayed 

by these mesopredators in the presence of sharks.  

Although these changes in behaviour of mesopredators in response to the presence of 

reef sharks occurred over a relatively short timeframe, they may have important 

implications for coral reef communities. For example, in midwater habitats 

mesopredators can access a range of prey items that not available on the benthos such 

as schools of pelagic fishes. In contrast, foraging on the reef may mean that 

invertebrates and crustaceans are a primary source of prey (Barley et al. 2017a). Such 

impacts may have an important effect on trophic flows through the reef community. 

Aquaria experiments involving species that occupy lower trophic levels have also 

provided evidence for such a phenomenon, for example, where in the presence of 
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coral trout (Plectropomus leopardus) dottybacks (Pseudochromis fuscus) reduced their 

foraging behaviour and hid more, which in turn resulted in behavioural release and 

lower metabolic rates of dottyback prey (Palacios et al. 2015, 2016).  

6.3 Small-scale manipulative experiment 

Typically, studies of predator-prey interactions both in terrestrial and marine 

environments have focused on a horizontal axis. However, animals that move in both a 

horizontal and vertical axes, such as birds (Carrascal and Alonso 2006), arboreal 

mammals (Emerson et al. 2011), and fishes (Vanesyan et al. 2015), must respond to 

risk that is manifested in three-dimensions. My large-scale studies identified 

behavioural responses of mesopredatory teleosts to the presence of sharks that for 

some species largely occurred on a vertical axis. I verified this phenomenon 

experimentally by deploying life-sized models of reef sharks (Carcharhinus 

melanopterus) and non-threatening taxa such as coral trout (Plectropomus leopardus 

and a shape-control) to influence the response of mesopredators to baits on both 

vertical and horizontal axes (Chapter 5). I found that mesopedatory teleosts took 

longer to begin feeding on bait items at increasing distances from shelter and that the 

magnitude of this effect was greatest in the presence of the reef shark model. 

Furthermore, in the presence of the shark model, mesopredatory teleosts took longer 

to begin feeding on bait items presented on a vertical axis compared to a horizontal 

axis, suggesting that this response is most severe on the vertical axis. This may be as 

individuals are more conspicuous when up in the water column as the ventral surface 

of the body will appear dark against the background of bright, down-welling light, 

making silhouettes easily distinguishable by predators.  

By comparing the instantaneous (time to first feed) and sustained (time to 

consumption) effect of the life-sized models, I also found that the effect on feeding 

was acute and short-term, confirming results of my large-scale study using BRUVs 

(Chapter 3). This may have been due to the static nature of our models, which did not 

respond to feeding attempts in the manner of a real, mobile shark and therefore did 

not present predation threat for time-scales longer than minutes. This result is also 

consistent with the evidence of the short-term nature of predation provided by 

Chapter 4 and 5. Furthermore, terrestrial ecosystems that feature multiple species of 
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predator also demonstrate short-term behavioural responses to the presence of 

predators. For example, in African savanna ecosystems hyenas (Crocuta Crocuta) and 

cheetahs (Acinonyx jubatus)display short-term avoidance behaviours to minimize the 

cost of intense interference competition from lions (Panthera leo) (Swanson et al. 

2016). For these reasons, it is likely that non-consumptive effects from reef sharks on 

mesopredators are also acute. The frequency of these interactions will largely 

determine the ecological consequences of behavioural changes to mesopredators. 

Although such interactions are difficult to observe in marine environments, animal-

borne video (such as Jewell et al., 2019) could provide a valuable insights into the 

nature and frequency of such interactions. 

6.4 Implications 

This thesis provides a description of behavioural interactions between reef sharks and 

mesopredators at a succession of spatial scales, using both observational and 

experimental techniques. It has been argued that reef sharks are merely an ecological 

competitor of mesopredatory fishes rather than a predatory threat (Frisch et al. 2016; 

Roff et al. 2016; Barley et al. 2019). Indeed, the heightened responses of 

mesopredators to the presence of apex sharks compared to the negligible effects of 

reef sharks in Chapter 3 suggests that mesopredators perceive different levels of risk 

from these two groups of sharks. Because apex sharks are a rare part of predator 

assemblages (Chapter 2), it was not possible to assess whether differences in 

perceived predation risk between apex and reef sharks also existed over short time 

scales in Chapter 4. The small size range (73.4cm – 110.9cm fork length) of the reef 

sharks in this analysis suggested that mesopredatory teleosts were not vulnerable to 

predation by these sharks due to gape-limitation. If reef sharks are not perceived as a 

predator, they can still be a potentially lethal competitor that can regulate 

mesopredator populations via interference competition (Palomares and Caro 1999). 

Arguments that reef sharks are ecologically redundant in coral reefs due to the high 

levels of functional redundancy among mesopredators or due to the gape width of 

sharks are flawed because they ignore this form of lethal competition. Rivals in 

interference competition can alter foraging patterns in a similar manner to non-

consumptive effects of predators, or eliminate a competitor via predation (Palomares 
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and Caro 1999; Kamler et al. 2003; Swanson et al. 2016; Gigliotti et al. 2019). In fact, 

since mesopredatory teleosts do not comprise the main dietary item of reef sharks 

(Roff et al. 2016), one could argue that predation is an ultimate form of competition 

between these species. Therefore, in many complex ecosystems predation and 

competition are not a dichotomy, but rather exist as a continuum. In this context, it is 

not possible to isolate and examine one end of this scale (consumption) while ignoring 

the other (non-consumptive effects). Integrating this model into coral reef ecology is a 

vital next step in understanding the trophic role of predators in these systems.     

Human activities are having wide-spread and profound impacts on coral reef 

ecosystems, most notably from fishing and climate change (Pauly and Zeller 2016; 

Hughes et al. 2017). For both coral reef predators and prey species, structural 

complexity of habitats is an important factor that mediates predator-prey interactions 

(Graham and Nash 2013), however, coral reef habitats are being fundamentally altered 

by climate change. For example, the Great Barrier Reef, where Chapter 5 was 

conducted, has sustained three major bleaching events of corals over a five-year 

period and the Rowley Shoals, where Chapter 4 was conducted, has recently 

experienced a bleaching event. When bleaching is prolonged or events occur at shorter 

intervals than the period of recovery for corals, these ecosystems are reduced to less 

complex, algal dominated and ecologically depauperate systems (Gardner et al. 2003; 

Alvarez-Filip et al. 2009). This may fundamentally change interactions between 

mesopredators and shark faunas. Compounding the effects of climate change is the 

ubiquitous threat of fishing that supports the ~400 million people who rely on coral 

reefs for protein (Cinner 2014). The results of Chapter 4 and 5 suggest that removing 

sharks from coral reefs may result in mesopredators being released from fear of a 

predator or potentially lethal competitor. This would allow mesopredators to access 

prey in the midwater, such as forage fishes. Additionally this may also manifest as 

impacts on invertebrate communities, as they would be released from predation 

pressure (Palacios et al. 2015, 2016). 
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6.5 Future directions 

Establishing a framework of behavioural interactions between reef sharks and 

mesopredators is a first step in identifying ecological consequences of non-

consumptive predator effects on population demographics. The next is to demonstrate 

the ecological cost of these behavioural changes in terms of individual fitness (Preisser 

et al. 2005). In coral reefs, there is no direct evidence that predator-induced changes in 

prey traits have altered the fitness of any species (reviewed by Mitchell & Harborne 

2020). However, evidence from natural experiments suggests that such effects are 

likely. For example, high shark abundance correlated with larger eye size and fin size 

for prey detection and escape swimming compared to reefs with low shark abundance 

(Hammerschlag et al. 2018). Determining the ecological costs of non-consumptive 

predator effects would require a combination of field and aquarium studies. This 

approach is possible for smaller prey species that are amenable to captivity (as per 

Green et al. 2019). For larger species, such as reef sharks, studies in captivity are not 

possible. There is an opportunity for novel approaches, such as multisensory 

biologging tools (e.g. Andrzejaczek et al., 2019), to be combined with natural 

experiments to provide information on shark activity and quantify the number of 

interactions with prey/competitors across gradient of shark abundance. Furthermore, 

combining experimental and computational approaches (e.g. Wang et al., 2020) could 

investigate the hydrodynamic costs of mesopredators that present morphological 

differences due to exposure to high shark abundances and low shark abundances.   

The rapid expansion of human activities means there are very few places for animals to 

exist independent of our influence. In human dominated landscapes, the presence of 

humans can induce antipredator behaviours similar to those exhibited by natural 

predators. For example playback experiments have demonstrated that the sound of 

human voices can cause pumas (Puma concolor) to flee more frequently from kills and 

reduce their overall feeding time (Smith et al. 2017). It is predicted that the magnitude 

of such human-induced antipredator behaviours can exceed that of natural predators 

(Suraci et al. 2019). This has driven many animals to avoid contact with humans via 

behavioural changes, such as an increase in nocturnality (Gaynor et al. 2018). These 

behavioural responses occur because humans are hunters that are particularly efficient 
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at removing large-bodied carnivores from systems (Estes et al. 2011). In coral reefs, 

humans exert numerous stressors on these systems via direct extraction, i.e. 

spearfishing, and pollution, such as anthropogenic noise, which is having profound 

effects on the behaviour of marine species. For example, spearfishing pressure has 

been positively associated with increased fleeing behaviour in targeted fishes (Scaridae 

spp.) compared to species (Serranidae spp.) that are caught by hook and line 

(Januchowski-Hartley et al. 2011). Furthermore boat noise reduced the antipredator 

response and survival of juvenile Ambon damselfish (Pomacentrus amboinensis) 

(Ferrari et al. 2018) and noise from shipping hampered the camouflage of juvenile 

shore crabs (Carcinus maenas) in response to a simulated attack (Carter et al. 2020). It 

is also possible that human activities are altering interactions between species that 

occupy higher trophic levels of coral reefs, such as reef sharks and mesopredatory 

teleosts. Future research into the capacity for humans to alter the outcomes of such 

interactions can help us begin to understand and quantify the non-lethal effects of 

humans in coral reefs that are within close proximity to human centres of activity.  

Monitoring at global scales is providing new insights into the status and role of reef 

sharks. For example, the Global FinPrint Project (https://globalfinprint.org) deployed 

BRUVs across hundreds of reefs and revealed previously unknown hotspots of shark 

populations (Murray et al. 2019; MacNeil et al. 2020), drivers of shark abundance 

(Goetze et al. 2018) and the management strategies required to effectively conserve 

these species (Speed et al. 2018; Dwyer et al. 2020). Research has now begun to use 

these findings to identify the ecological impact of these shark populations on lower 

trophic levels. For example, at Ashmore Reef off the coast of north-west Australia, the 

recovery of shark populations following protection from fishing has coincided with a ~2 

fold increase in the abundance of large mesopredatory fishes (>100 cm TL) and a two 

and a half fold decrease in abundance of small mesopredatory fishes (<50 cm TL), likely 

due to increased predation by sharks and large mesopredators (Speed et al. 2019). 

Furthermore, in areas where sharks were more abundant, two genera of benthic rays 

(Taeniura spp and Neotrygon spp) were sighted less often, were less likely to feed and 

spent less time in the field of view of BRUVs compared to areas where sharks were less 

abundant (Sherman et al. 2020). There is now an unprecedented opportunity to 

expand the approaches used by this thesis and Sherman et al. (2020) to a global 

https://globalfinprint.orgl/
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synthesis. By using the same methodology (i.e. characterising predator assemblages 

and examining a standardised suite of mesopredator behaviour in areas of high and 

low shark abundance), it would be possible to use the archive of video provided by 

programs, such as Global Finprint, to examine how the strength of trophic interactions 

between sharks and mesopredators varies in a global arena. This would enable future 

researchers to identify trends in how variation in natural stressors (e.g. habitat 

degradation), human activities (e.g. level of fishing activities) and management (No-

Take Area size and enforcement) can alter interactions between reef sharks and other 

mesopredators.  

6.6 Conclusions 

My thesis demonstrated how using a combination of experimental field studies, 

natural experiments and observational approaches can improve our understanding of 

interactions between large predators in coral reefs. Large-scale observational and 

natural experiments enabled me to examine the impacts of multiple predators on a 

range of prey species while incorporating habitat structural complexity. Whereas 

manipulative field studies enabled me to isolate and quantify specific behavioural 

mechanisms responsible for spatial patterns in prey response. Through this 

combination of methods, I demonstrate that reef sharks can alter ecologically 

important behaviours of mesopredators. Importantly, these interactions are context-

dependent and nuanced as they depend upon characteristics (i.e. body size and 

behaviour) of both sharks and other mesopredators as well as the environment in 

which they interact. Although it is likely that reef sharks represent a competitor rather 

than simply a predator, I argue that reef sharks still pose a potentially lethal threat and 

hence have the capacity to play an important regulatory role for mesopredator 

populations in coral reefs via interference competition. Integrating this concept will aid 

the development of a more complete understanding of predation in coral reefs. This 

understanding can help inform the management strategies required to conserve intact 

populations of coral reef predators.  
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