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Abstract 

Sharks play a complex role in coral reef systems and their removal 

through fishing has the potential to initiate trophic cascades via lethal and 

risk effects and competitive release. Here, I test multiple hypotheses 

about the influence of sharks on the abundance, biomass, trophic ecology 

and condition of fish assemblages using several independent datasets. 

To do this, I take advantage of a “natural” experiment created in 

northwestern Australia by centuries of targeted shark fishing at the Scott 

Reefs, contrasted with a relatively pristine reef system at the Rowley 

Shoals. The Scott Reefs and the Rowley Shoals are ecologically similar 

environments that can be compared to test hypotheses about the 

importance of sharks on reefs at ecologically relevant scales. My primary 

tools are stereo-Baited Remote Underwater Video Stations (stereo-

BRUVS), stereo-Diver Operated Video Stations (stereo-DOVS) and 

stable isotope, otolith, gut content and morphometric analyses. I find that 

declines in shark abundance are associated with changes in fish 

assemblages as follows: (a) increased abundance and biomass of prey 

size classes, (b) altered trophic position and niche width, consistent with 

both competitive and predatory release, (c) slower growth rates, 

consistent with lack of selection to attain size refugia, (d) shifts in diet 

away from lower-quality, less risky food items towards riskier, more 

profitable items and (e) improved condition. I also consider the 

importance of natural experiments to conservation at a time of rapid 

global change and unsustainable exploitation of many shark species. The 

findings suggest that sharks play a key role in regulating reefs via 

predation and competition and that conservation of these rapidly declining 

predators is therefore paramount. 
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1 CHAPTER 1   

General Introduction 

“One may swim many lifetimes in the world oceans without encountering a 

great white shark; and an ancient Chinese proverb asserts that a hill shelters 

only one tiger,” wrote Colinvaux [1]. Big fierce animals are naturally rare, 

Colinvaux argued, because energy transfer between trophic levels is less than 

100% efficient [2]: only a trickle of energy reaches the top of the pyramid. 

Apex predators are also scarce because they reproduce slowly, breeding late 

in life to produce just a few, albeit well-developed, offspring [3,4]. But neither 

the Second Law of Thermodynamics nor a conservative life history is to blame 

for the current scarcity of apex predators. Since the beginning of the 

Anthropocene, humans have disproportionately affected the abundance of big 

fierce animals, triggering a global “trophic downgrade” (sensu Estes et al., 

2011 [5]). The red wolf Canis rufus is now constrained to <1% of its historic 

range while the ranges of African lion Panthera leo and the tiger Panthera 

tigris are less than a fifth of their original size [6]. Declines in marine predators 

began much more recently, but have nevertheless “caught up” with terrestrial 

rates [7,8]. With the trophic level of pigs and anchovies, Homo sapiens is no 

classic apex predator [9]. Rather, we are intolerant intraguild predators with a 

uniquely disruptive approach to hunting. We exploit adult prey at a rate 

fourteen times that of any other predator [10]; we attack with a uniquely high 

success rate [11], preventing prey or competitors from adapting; and we 

eliminate both size and habitat refugia [11]. 
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The loss of apex predators undoubtedly alters the ecosystems they leave 

behind [6,12]. Though poorly understood, the mechanisms by which apex 

predators control prey assemblages appear to be a mix of mortality and fear. 

The case for increased mortality rests on good evidence that apex predators 

regulate the density of prey simply by eating them, with knock-on effects 

(“trophic cascades”) that in turn change the density of the prey’s prey [13]. 

The removal of an apex predator that consumes herbivores may lead to an 

increase in primary productivity; removing an apex predator that consumes 

smaller predators may lead to outbreaks of even smaller predators [14]. There 

is also a growing consensus that apex predators promote biodiversity by 

cropping abundant prey species [15].  

The case for fear-based effects is more subtle. Prey species alter their 

behaviour when apex predators are around [16–18]. To manage risk (in 

response to fear), prey have been shown to alter their diets [19], change 

habitats [20], spend more time in shelter [21], forage less [22,23], forage more 

[24], mate less [25], mate more sneakily [26], fight less [27] and become more 

vigilant [28]. In a range of taxa, risk effects have been shown to have 

significant consequences for fitness, including reproductive output [29], 

growth rate [30] and body condition [31]. 

The main reason why debate persists about the ecological role of apex 

predators is a lack of confirmatory studies conducted at ecologically-relevant 

scales [32,33]. Mechanisms whereby apex predators influence their prey can 

be modeled and to some extent tested via small-scale, manipulative 

experiments, but large-scale experiments are the only way to confirm or refute 
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that such mechanisms are valid and important in natural conditions. Direct 

experiments at ecosystem scale are untenable because they are logistically 

difficult and ethically challenging, requiring the manipulation of large and 

frequently endangered carnivores in the wild. But indirect, natural experiments 

such as tsunamis are all too frequent, and though they cannot be exactly 

replicated, offer the best evidence available that any given effect follows from 

a particular large-scale cause. Oil spills, fisheries policies and climate change, 

although anthropogenically derived, also offer unique opportunities to test 

hypotheses at ecologically relevant spatial scales. 

To date, natural experiments such as the re-introductions of apex predators 

such as eagle owls Bubo bubo [34], wolves Canis lupus [35] and lynxes Lynx 

lynx [36] to historic ranges, the extirpation of insectivorous birds on Guam by 

invasive snakes [37], habitat destruction [38], overfishing [22,39,40], seasonal 

fluctuations in shark abundance [41] and unexplained mass mortality events 

[42] have played a key role in confirming the importance of apex predators at 

the ecosystem level. Natural experiments have also led ecologists to question 

the translatability of some small-scale findings to larger scales [43–45]. 

1.1  THREATS TO SHARKS 

Shark populations globally have declined significantly in the last century. The 

exact magnitude of decline remains contentious [46], partly because almost 

half of all species of sharks, rays and chimaeras (the class Chondrichthyes) 

are considered Data Deficient by the International Union for the Conservation 

of Nature [47]. Populations of oceanic whitetip Carcharhinus longimanus and 
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silky sharks Carcharhinus falciformis declined 90-99% in the Gulf of Mexico 

between the 1950s and the 1990s [48], while populations of scalloped 

hammerhead Sphyrna lewini and white Carcharodon carcharias have seen 

reductions of over 75% in the past 15 years in the Northwest Atlantic [49]. 

Reinforcing these findings, Myers and Worm (2003) found that the global 

biomass of large marine predators today is ~10% of pre-industrial levels [50], 

while Ward and Myers (2005) found that industrial fishing reduced the 

abundance of sharks and large tunas in the tropical Pacific Ocean by 21%, 

and the mean size of blue sharks from 52 to 22 kilograms between the 1950s 

and 1990s [51]. On the Great Barrier Reef, purportedly one of the least 

impacted reefs in the world, population viability models project reductions in 

the abundance of grey reef sharks Carcharhinus amblyrhynchos of 17% per 

year [52]. Reef sharks in the greater Caribbean are now limited to regions with 

few humans or strong protection measures [53].  

The main driver of these declines is overexploitation. Demand for shark fin in 

Asia has led to increases in the practice of shark finning since the 1980s [47]. 

Worth over US$400 million, the shark-finning industry alone kills between 23 

and 73 million sharks per year. In addition, sharks are killed for meat and as 

bycatch by longline, purse seine, gillnet and midwater trawl fisheries targeting 

other taxa such as tuna [49], potentially bringing the total death toll up to 273 

million sharks per year [54]. Compounding high levels of legal fishing, illegal 

shark fishing has also boomed in the last twenty years throughout the world’s 

oceans, including northern Australia [55], the UNESCO World Heritage site of 

the Galapagos Islands [56] and the Chagos Archipelago, where it is thought to 
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have caused a 90% decline numbers of reef sharks between the 1970s and 

2006 [57]. 

The impact of overfishing on sharks is exacerbated by their conservative life 

histories. Many shark species reach sexual maturity relatively late in life, have 

protracted gestation periods, “rest” for over a year in between pregnancies 

and produce a small number of well-developed young [47,58,59]. For 

example, the great white shark Carcharodon carcharias takes over a quarter 

of a century to reach sexual maturity [60], while the frilled shark 

Chlamydoselachus anguineus gestates for a period of three and a half years 

before giving birth to a pup that is already over half a metre in length [61]. 

Furthermore, there is little evidence in sharks for compensatory density-

dependent changes in abundance, age-at-maturity or fecundity in response to 

fishing [62]. Due to their conservative life histories, many species of shark 

have relatively low population growth rates (or “rebound rates”; [63]) and are 

thought to be vulnerable to even moderate levels of fishing [64]. Indeed, 

sharks can experience almost twice as much extinction risk when fished than 

teleosts [65].  

1.2 EFFECTS OF SHARKS ON ECOSYSTEMS 

Sharks have been influencing marine ecosystems since at least the time of 

Carcharocles megalodon, in popular science “Megalodon”, a now-extinct 

species that reached lengths of up to 18 metres [66]. There is evidence that 

Megalodon’s extinction, 2.6 million years ago, may have led to the “super-

sizing” of baleen whales and other former prey [67]. Although extant shark 
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species are a fraction of Megalodon’s size, they have also been shown to 

trigger trophic cascades in marine systems. Higher abundances of tiger 

sharks Galeocerdo cuvier have been shown to influence the foraging 

behaviour of dugongs Dugong dugon [20,68], green turtles Chelonia mydas 

[68] and bottlenose dolphins Tursiops aduncus [69], causing them to favour 

easy-to-escape but lower-quality habitats over higher-quality, riskier patches 

of seagrass [70]. There is also growing evidence that risk effects are subtly 

mediated by prey condition and habitat. When prey are in poor condition and 

predation risk is high, they tend to forage in risky, high-quality habitats, 

whereas prey in good condition tend to manage their risk by avoiding risky, 

profitable habitats when danger levels are high [41].  

Empirical evidence that sharks play an important role in ecosystems has also 

been contested, however. For example, Myers et al. (2007) demonstrated that 

reductions in the abundance of eleven species of large shark in the northwest 

Atlantic led to increases in the abundance of smaller elasmobranchs, which, 

in turn, preyed more heavily on bay scallops, arguably resulting in the 

industry’s collapse [71], but the findings of the analysis were brought into 

question recently [72]. 

Modeling studies have provided conflicting evidence on the role of sharks in 

marine ecosystems. In a temperate system, Frid et al. (2006) found that the 

presence of deep-water Pacific sleeper sharks Somniosus pacificus caused 

harbor seals Phoca vitulina richardsi to preferentially feed on lower quality 

prey at shallower depths [73]. The effect of sharks on seals was stronger than 

that of orcas, even though seals were preyed upon more heavily by the latter 
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[74]. Ferretti et al. (2010) concluded that the ecological effects of sharks 

should be stronger on long-lived compared to short-lived prey, and on coastal 

ecosystems compared to pelagic regions [75]. Bascompte et al. (2005) found 

evidence that sharks play an important role on a Caribbean coral reef, where 

sharks in almost half of all “strong” trophic interactions contributed to the 

resilience of coral reefs [76]. Similarly, mass-balance trophodynamic models 

have suggested that declines in large sharks may lead to trophic cascades in 

the French Frigate Shoals in Hawaii, driving increases in the abundance of 

seals and reef sharks, which, in turn, reduced the abundance of tuna [77]. 

However, some modeling studies have also suggested that sharks may be of 

limited ecological importance. Kitchell et al. (2002) concluded that the effect of 

high-turnover, voracious predators such as tuna and billfish on prey 

communities eclipsed that of sharks [78]. Similarly, the models of Stevens et 

al. (2000) found no evidence that removing sharks triggered trophic cascades 

on a coral reef [77]. 

The empirical evidence for shark-generated top-down effects on coral reefs 

also remains contested. There is strong evidence that large teleosts and the 

piscivore guild as a whole influence prey assemblages [79–84]. An elegant 

“natural” experiment conducted at the Northern Line islands [40], where 

fishing created a gradient in the abundance of sharks and other piscivores, 

demonstrated that increased predation selects for reduced prey abundance 

and foraging activity [22], size and longevity [85], condition [31] and size at 

sex change in protogynous labrids [86] but also leads to diurnal foraging in 

nocturnal species [87]. Dulvy et al. (2004) also used a natural fishing 
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experiment to demonstrate that removal of sharks and other piscivores led to 

increases in the abundance of small (<25 cm) prey fishes [88].  

However, observational studies and other large-scale natural experiments 

have called into question the importance of sharks on coral reefs [89–93]. For 

example, blacktip reef sharks Carcharhinus amblyrhynchos appear to have 

surprisingly low success rates during attacks on prey, with Robbins et al. 

(2015) observing that only 5-8% of investigations led to consumption [94]. A 

spate of recent studies have argued that reef sharks cannot be assumed to be 

apex predators [95–97]. Indeed, Frisch et al. (2016) argued that reef sharks 

should be reclassified as upper-tier mesopredators and attributed the 

apparent lack of trophic cascades on the coral reefs studied to functional 

redundancy in the mesopredatory guild [95]. Furthermore, some studies have 

failed to find an inverse correlation between shark abundance and that of 

herbivores, their potential prey items [98]. However, lack of obvious trophic 

cascades in marine systems may simply be an artefact of “fishing down the 

food chain” [99], as, in many cases, fishermen do not simply target sharks; 

indeed, sharks are usually part of by-catch [100]. Fishing tends to also 

remove the species upon which sharks prey, so that the reduction of shark-

induced risk effects is compounded by the imposition of a new type of 

mortality and a loss of selected species within the food web. 

1.3 “REMOTE CONTROL” PREDATORS   

There is growing evidence that the conclusions of small-scale experiments 

cannot necessarily be assumed to translate to larger spatial scales [101,102]. 
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Indeed, it has been argued that humanity’s failure to predict the depletion of 

the ozone layer and the bio-accumulation of dichlorodiphenyltrichloroethane, 

more commonly known as DDT, was due to an overreliance on small-scale, 

short-term studies that lacked the complex feedback loops that characterise 

ecosystems [103–105].  

Ecosystems, unlike mesocosms or laboratory benches, are characterised by 

high levels of diversity, functional redundancy, omnivory and feedback loops 

[106,107]. Thus, while small-scale experiments are replicable and 

manipulative, they are largely incapable of forecasting ecosystem responses 

to perturbation, drawing attention to the need for experiments conducted at 

more spatially relevant scales [101,102,104,105,108–113]. For example, 

large-scale studies have failed to replicate the findings of small-scale 

investigations on the effect of the physical complexity of seagrass canopies 

on faunal abundance [43]. Rose and Leggett (2010) came to different 

conclusions about feeding behaviour in a marine predator, Atlantic cod Gadus 

morhua, depending on whether they looked at small (3-5 km) or large (4-10 

km) scales. At small scale the densities of cod and their principal prey, capelin 

Mallotus villous, were negatively correlated, whereas at larger scales the 

correlation was positive, confirming the hypothesis that these predators 

“follow” prey [44].  

Large-scale experiments are particularly important to the investigation of 

feeding behaviour in reef sharks. Although there are reports of high site 

fidelity in C. amblyrhynchos [114,115], finer-resolution studies have also 

shown that this species can also be highly mobile [116,117]. The extent of 
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mobility seems to depend on reef connectivity, maturity and sex, with males 

potentially dispersing more widely than females [118]. For example, Heupel et 

al. (2010) reported a 134 km journey undertaken by a male shark over the 

course of six months between the Coral Sea and the Great Barrier Reef, while 

active tracking by McKibben and Nelson [117] demonstrated that C. 

amblyrhynchos can travel over areas of up to 53 km2 over the course of 

several weeks. This species has the potential to impose risk effects on prey at 

the level of entire reef systems (10s to 100s of kilometres). Furthermore, there 

is growing evidence that a predator’s sphere of influence extends far beyond 

its physical presence both in space and time, giving it “remote control” over 

prey behaviour [119–122]. For example, Orrocks et al. (2014) analysed six 

years of data on predator abundance and prey behaviour to demonstrate that 

anti-predator behaviour in deer mice Peromyscus maniculatus did not decline 

over contemporary timescales in response to the temporary removal of island 

foxes Urocyon littoralis [17]. Similarly, Turner and Montgomery (2003) found 

that the after effects of predation risk in snails Physa acuta last for ~40 hours 

after exposure to pumpkinseed sunfish Lepomis gibbosus [123]. Risk effects 

can also be spatially contagious [121]. Resetarits and Binckley (2009) allowed 

aquatic beetles and their predators to naturally colonise an experimental 

landscape and found that prey not only avoided predator-rich zones but also 

high-quality patches proximal to predators, even though predators had never 

visited those patches [121]. Collectively, these studies suggest that 

hypotheses about sharks must be tested at the level of the population and in 

the context of long-term datasets to fully capture the scope of the effect 

[122,123].  
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1.4 A MODEL REEF SYSTEM 

Today, over 75% of reefs are subject to a diverse range of anthropogenic 

disturbances [124] that include coastal development, climate change and 

“fishing down the food web” [125]. This makes it difficult to disentangle the 

effect of removing sharks on reef assemblages from the effects of, for 

example, pollution or sedimentation or the removal of other components of the 

food web through fishing. In addition, many studies have been short-term and 

small-scale, despite the fact that ecosystem processes operate at scales of 

entire reefs [126] and reefs may take years to recover from bottom-up 

disturbances [127].  

The Scott Reefs and the Rowley Shoals, a pair of atoll-like reef systems on 

the northwestern shelf of Australia, offer an ideal model to test hypotheses 

about the role of sharks on coral reefs without the confounding effects of other 

human forms of interference. The Scott Reefs consist of three reefs, 

Seringapatam, North Scott and South Scott, while the Rowley Shoals contains 

Mermaid, Clerke and Imperieuse reefs (Fig. 1.1). Both locations are situated 

over 300 km away from the nearest coastline and thus have minimal exposure 

to pollution and other human factors. Furthermore, they are independent 

systems with no interchange of fish larvae or sharks [115,128]. They have 

similar areas (~180 km2), similar productivity levels [129] and are both well 

described. Since 1994, the Australian Institute of Marine Science Long Term 

Monitoring Program (LTMP) has collected annual data on fish abundance and 

benthic cover on the outer reef slopes of both locations, revealing that 

although coral cover was reduced from ~60% to <10% by disturbance events 
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in 1996-1998 at both locations, both reefs recovered to pre-disturbance levels 

over the following decade [129].  

 

Figure 1.1 Map of the Scott Reefs, where sharks are targeted by Indonesian 
fishermen, and the Rowley Shoals, where sharks are protected, in 
northwestern Australia. Both systems are atoll-like, uninhabited, comprised of 
three individual reefs and are situated ~300 km away from mainland. They sit 
in 300-700 m of water on the edge of Australia’s northwestern shelf and are 
separated by ~450 km. 

 

The primary difference between the two locations is their fishing histories. The 

Rowley Shoals is a marine reserve established in 1990 and experiences 

negligible levels of charter fishing. The Scott Reefs on the other hand are 

located inside the 50,000 km2 Australian-Indonesian Memorandum of 

Understanding Box 74 (MoU74), a zone where Indonesian fishermen can 

legally capture sharks using traditional techniques. Although MoU74 was set 

up in 1974, the practice of exploiting sharks at the Scott Reefs has been 

prevalent for several centuries, though fishing pressure on sharks has 
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increased in the last twenty years [130,131]. As a result, sharks are 4-17 

times more abundant at the Rowley Shoals than at the Scott Reefs [132], 

whereas populations of mesopredators - smaller, mid-sized carnivorous fishes 

- are largely intact at both locations [129]. The targeted nature of shark fishing 

at the Scott Reefs offers an exceptional opportunity to study the effects of 

removing these predators on coral reef systems. Typically, fisheries target 

bony fishes and remove sharks as by-catch [100], such that the reduction of 

shark-induced risk effects is compounded by the imposition of a new type of 

mortality and a loss of selected species within the food web. This “fishing 

down the food chain” is likely to obscure trophic cascades and prevent natural 

experiments from understanding the role of sharks on coral reefs.  

Consistent with the hypothesis that loss of apex predators can trigger trophic 

cascades, Ruppert et al. (2013) analysed AIM’s 15-year LTMP dataset to 

demonstrate that the shark-depleted fish assemblages at the Scott Reefs had 

significantly greater numbers of mid-sized carnivores and fewer herbivores 

than the Rowley Shoals [129]. Importantly, Ruppert et al. (2013) also 

demonstrated that while the abundance of planktivores and corallivores 

fluctuated in accordance with disturbance events such as bleaching or 

cyclones at both locations, “bottom up” effects did not affect the density of 

mesopredators, which remained constant within each location throughout the 

period [129].  
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1.5 AIMS OF RESEARCH 

The overall objective of this thesis is to test hypotheses about the impact of 

sharks on coral reef fish assemblages at ecologically relevant scales using 

multiple techniques. The research questions that this thesis aimed to answer 

may be summarised as follows: 

1. How can “natural” experiments be used to study ecological processes, 

particularly in the context of accelerating environmental destruction? 

2. Do reef sharks influence the abundance and biomass of prey 

assemblages, and is this effect dependent on prey size and trophic 

level? 

3. Does the presence of reef sharks alter growth rates in prey fishes? Do 

prey grow more slowly in the presence of predators to minimise 

foraging-related mortality, or do they accelerate growth in order to 

attain size refuge? 

4. What do reef sharks eat, do their diets evolve as they grow, and do 

they display individual specializations? 

5. How does loss of sharks affect the diet, niche width and trophic 

position of reef fishes and is the effect of shark loss “transmitted” to 

lower trophic levels via predatory release, competitive release or both? 

6. Overall, how does loss of sharks influence one of the most important 

fitness traits in fishes, body condition?  
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1.6 OUTLINE OF THESIS 

Chapter 1 

In this General Introduction, I discuss declines in apex predators and how loss 

of sharks may alter marine ecosystems. I also describe a model system in 

northwestern Australia where hypotheses about the ecological function of 

sharks can be tested.  

Chapter 2 

Despite the need for large-scale ecological studies, “natural” experiments 

remain relatively rare. In this chapter, I examine insights gained from natural 

experiments and discuss their role in the context of accelerating 

environmental change.  

Chapter 3 

This chapter examines whether removal of sharks at the Scott Reefs may 

have altered the abundance and biomass of prey assemblages relative to the 

Rowley Shoals. I also explore whether the effect depends on the size and 

trophic level of prey.  

Chapter 4 

There is conflicting evidence about the effect of predation on prey growth 

rates. This chapter tests the hypothesis that increased predation risk selects 

for faster growth when prey can attain size refuge, but slows growth when no 

refuge is available.  

Chapter 5 

This chapter uses stable isotope analysis to characterise the trophic position 

and niche width of sharks at the Rowley Shoals. I also compare the niche 

width and trophic position of mesopredators between locations in the context 

of predatory vs competitive release.  
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Chapter 6 

Predator-induced changes in foraging behaviour, growth rate and diet can 

influence the prey condition. Here, I examine whether the condition of 

mesopredators differs between locations in terms of weight, body depth and 

body height for a given length. 

Chapter 7 

This chapter is the General Discussion of thesis. It explores synergies 

between results from the different chapters and examines the implications of 

the findings in the context of other, similar work. It concludes with suggestions 

for future research.
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2 CHAPTER 2 

Science for Stamp-Collectors: the Power and the Pitfalls of 

Large-scale, Unreplicated Experiments 

2.1 ABSTRACT 

Large-scale, unreplicated natural experiments (LUNEs) have a unique power 

to test hypotheses at ecologically realistic scales and have delivered insights 

of great power into cosmology, evolution and geology. Yet LUNEs are 

relatively rare in the field of ecology and continue to meet resistance due to 

their lack of replication. However, in the vast majority of cases, large-scale 

experiments cannot replicated for practical and ethical reasons. Here, I make 

the case that LUNEs have had a disproportionately positive effect on 

conservation policy and are a crucial next-step in the extrapolation of our 

understanding of ecological processes from small-scale experiments to 

relevant scales, particularly in the context of the current “replication crisis” 

affecting many sciences. Greater inclusion of LUNEs in mainstream ecology 

will help humanity to solve global problems as human transformation of the 

planet accelerates in coming decades.  

 “All science is either physics or stamp collecting.” 

−Rutherford at Manchester by J. B. Birks (1962)   

 “We must rely more on long-term, ecosystem-scale 

experiments and real case histories, and less on small-

scale experimentation.” 

−David Schindler (2012) 

https://en.wikiquote.org/wiki/Science
https://en.wikiquote.org/wiki/Physics
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2.2 THE MODERN CHALLENGE 

Since the beginning of the Anthropocene, Homo sapiens has transformed the 

planet’s ecosystems via exploitation, deforestation, pollution, eutrophication 

and climate change [5,134]. Not only have we eradicated apex predators in 

many parts of the world [71,135], but we are a uniquely voracious 

“hyperkeystone” species and super-predator, consuming adult prey at a rate 

14 times that of any other predator [10,136]. Humanity failed to anticipate 

many of the ecological problems that it has caused, including the depletion of 

the ozone layer and bio-accumulation of DDT [103]. It has been argued that 

this lack of foresight was partly due to an overreliance on small-scale, short-

term experiments that failed to capture the complex nature of large-scale 

perturbations and net ecosystem responses [102,109–111; Table 2.1]. While 

small-scale, controlled studies provide a useful means to test hypotheses, 

there is an urgent need to replicate findings at the level of ecosystems to 

better anticipate ecological “surprises” [126,137–139]. However, a significant 

challenge remains: how does one robustly test hypotheses at large scales? 

2.3 THE MODERN SOLUTION?  

The solution to this problem may lie in ecologists making greater use of large-

scale but unreplicated “natural experiments” (LUNEs). LUNEs have been 

generated by natural phenomena such as El Niño, hurricanes and tsunamis 

[140,141]. However, these “accidental” experiments [sensu 142] are also a 

by-product of scientific and economic activities, including fisheries, large-scale 

infrastructure projects such as the Suez canal, carbon capture and storage 
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projects and catastrophic oil spills such as Deepwater Horizon and the fur 

trade [22,143,144]. LUNEs, regardless of their origin, can be used to test a 

priori hypotheses about ecosystem-level processes and provide a crucial 

complement to the findings of classical laboratory and field experiments [142].  

However, LUNEs constitute a Faustian bargain: in exchange for rare insights 

into net ecosystem responses, the ecologist may have to sacrifice treatment 

replication [145,146]. Replication has traditionally been considered a 

prerequisite for extrapolating results to other systems, and, where 

manipulations are included, for inferring cause [147]. Yet the replication of 

LUNEs is typically challenging for ethical and practical reasons (how does one 

mimic a tsunami or build a life size replica of the Panama Canal?) In the 

deepest sense, ‘fully controlled’ replication of any natural experiment is 

impossible, because the initial conditions have not been fully described. 

Furthermore, the “treatments” that create LUNEs are often unique to a single 

location [148], and even if true replicates exist, the number required to 

preclude a Type II error may be prohibitively high due to the variability 

inherent in ecosystems [109].  

LUNEs may nonetheless contribute a modern solution to the current 

“replication crisis” affecting science [149,150]. Relatively few attempts are 

typically made to replicate research findings and a disconcerting proportion of 

studies have turned out to be irreproducible [151]. In response, some critics 

have sought to redefine the role of replication in science, arguing that exact 

replications should no longer be treated as all-powerful, “one-off” 

confirmations or rejections of a theory [150]. Instead, scientists should 
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prioritise “conceptual” replications that test the real-world relevance of 

theories in diverse field contexts [152]. LUNEs offer a way to conduct such 

conceptual replications, as exemplified recently by Atwood and others 2015. 

2.4 THE POWERS OF LUNES 

LUNEs have led to new insights into a range of ecological issues, including 

the role of apex predators and prey within ecosystems, the effectiveness of 

ocean “geo-engineering” and the impact of climate change on marine 

communities, in addition to habitat fragmentation and eutrophication 

[42,102,141,153,154]. Yet LUNEs remain an under-utilized minority in the 

scientific literature relative to classical experiments, i.e. small-scale, controlled 

and replicated studies [142]. Ecologists and journal referees largely continue 

to view the latter as the scientific “gold standard” [155], even though some of 

the most influential, manipulative field experiments in the history of ecology 

lacked replication [101,156,157]. As a result, few LUNEs are conducted in the 

first place and fewer still are accepted for publication. However, in the context 

of emerging environmental challenges, LUNEs are uniquely positioned to 

answer challenging, time-sensitive ecological questions [136]. 

2.4.1 POWER 1: TESTING LOGISTICALLY AND/OR ETHICALLY 

CHALLENGING HYPOTHESES 

Under rare circumstances, scientists have conducted controlled and 

randomized experiments at large spatial scales [158,159]. However, in most 

cases, conducting classical experiments at large spatial scales is prohibitively 

expensive, time consuming, labour-intensive or unethical. As a result, LUNEs 
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provide one of very few means available to scientists to test hypotheses at 

ecologically relevant scales [102,146]. For example, the construction of the 

Panama Canal created a unique opportunity to investigate competitive 

exclusion in previously isolated communities of freshwater fishes [144]. The 

Deepwater-Horizon oil spill provided Kessler (2011) with a unique and 

otherwise unobtainable simulation of the effects of climate change on subsea 

deposits of methane hydrates. Similarly, the invasions of Guam by brown tree 

snakes Boiga irregularis and Christmas Island by yellow crazy ants 

Anoplolepis gracilipes yielded insights into the ecological roles of keystone 

prey species that were unreplicable due to the ethical challenges around 

reducing the abundance of protected, endemic species [37,160]. 

2.4.2 POWER 2: SYSTEMS THAT HAVE NO REPLICATES 

In many cases, replicating a LUNE is not only ethically unconscionable but 

also impossible because the system is unique [110,161]. For example, it is 

impossible to replicate natural experiments that explore the effect of invasive 

species on fauna endemic to specific islands or locations [37,160]. Similarly, 

true replicates for LUNEs that examine lake and river processes remain 

elusive due to differences between water bodies in species composition, 

water chemistry and other factors (but see Schindler and others [1978] for 

statistical/partial mitigation measures). To circumvent this problem, studies 

may compare upstream, “control” stretches of river to downstream, 

“treatment” stretches that have been experimentally manipulated 

[163,164].The task of finding true replicates for natural experiments conducted 

on coral reefs can also be daunting. Ruppert and others (2013) compared two 
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reef systems in north western Australia that were similar with respect to 

disturbance history, productivity, habitat structure, and a number of other 

characteristics, the primary difference being that one of the systems had a 

history of targeted shark exploitation. This study generated valuable evidence 

consistent with the hypothesis that depletion of sharks may lead to trophic 

cascades on coral reefs. However, it is difficult to imagine an exact “replicate” 

pair of reef systems due to the unique disturbance histories of coral reefs, the 

scarcity of pristine sites and the nature of fishing, which typically leads to the 

removal of not just sharks but also their prey [125].  

2.4.3 POWER 3: META-ANALYSES 

Given the challenges of replicating LUNEs, the gradual accumulation of 

independent, unreplicated studies may be the only way to gather evidence at 

the ecosystem level [145,148,165]. Like lawyers, ecologists can then “build a 

case” in favour or against hypotheses [166]. Ultimately, such studies can fuel 

meta-analyses in which drivers in common are reinforced when seen in 

combination [136,167]. Although meta-analyses based on unreplicated 

studies have been criticised [168], they have provided insights into a range of 

important ecological issues including trophic cascades and overfishing 

[106,169,170].  

Meta-analyses of LUNEs have played a particularly important role in 

demonstrating the effectiveness of marine reserves [171]. Many reserves are 

established precisely because a site is unique or contains endemic fauna 

[172], precluding replication. Before-after-control-impact (BACI) analyses, in 

which samples are collected from “control” and “treatment” sites before and 
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after a reserve is established, have played a key role in circumventing this 

problem [173]. However, relatively few reserves are subject to long-term 

monitoring programs. Moreover, BACIs may constitute temporal 

autocorrelation [174]. Meta-analyses of unreplicated studies can provide a 

solution, but considerable time will be required to amass a sufficient number 

of studies to “fuel” the analysis, particularly if there is a publishing bias 

towards replicated studies [175].  

2.4.4 POWER 4: ECOLOGICAL GRADIENTS 

LUNEs provide a particularly powerful tool when they operate across an 

ecological gradient. This approach allows a regression model to be fitted to 

the data, predictions to be made about how a variable changes in response to 

another variable and may identify “tipping points” within ecosystem function 

[176]. Indeed, Kreyling and others (2014)  recommend that such regression 

analyses be used to develop simulation models, which, in turn, can be 

validated by further experiments and ultimately generate data that is more 

informative about ecosystem processes than that produced by small-scale, 

manipulative experiments. Regression analyses based on LUNEs have 

proven to be particularly useful for exploring the role of large piscivores on 

coral reef systems. For example, a LUNE created by a gradient in fishing 

pressure along the Northern Line islands in Hawaii has been used to study 

relationships between predator biomass and prey biomass, behaviour and 

condition, providing important validations of hypotheses generated at smaller 

scales [22,31]. 
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2.4.5 POWER 5: QUALITATIVE ARGUMENTS 

Some have argued that the most robust LUNEs use evidence-based 

arguments rather than inferential statistics to describe ecological patterns. For 

example, even though Likens and others' (1970) large-scale deforestation 

experiment at Hubbard Brook was unreplicated, it met with approval from 

critics because it, “convincingly demonstrated the effects of the experimental 

variables, without resorting to inferential statistical tests that would have been 

inappropriate” [179]. Similarly, of the more than nine large-scale, unreplicated 

iron and phosphorus enrichment ocean-based experiments that have been 

conducted globally, only two used inferential statistics, drawing criticism from 

Hale and Rivkin (2007). Moreover, LUNEs provide a powerful test of 

hypotheses when the effect is both consistent with a priori hypotheses and the 

magnitude of the effect is ecologically meaningful [181,182]. For instance, 

when there is a single perturbation in an otherwise unmanipulated, well-

described lake, it is possible to infer causality (Schindler, D.W., pers. comm.). 

2.5 THE PITFALLS OF LUNES 

 

Although LUNEs offer unique insights into ecological processes, they are 

fallible and must be replicated in a range of systems before becoming the 

basis for changes in policy. However, it is increasingly common for the results 

of unreplicated studies to be treated as definitive (an "ill-informed" strategy; 

Ioannidis 2005). In contrast, I would argue that ecologists who conduct 

LUNEs should present their results as either “consistent” or “inconsistent” with 

the tested hypothesis, while thoroughly exploring and ranking alternative 
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explanations. In addition, it is important that the other scientists and the public 

be aware of the limitations of LUNEs and view the results in the context of 

other studies.   

 

A cautionary example of the pitfalls associated with the interpretation of 

LUNEs is provided by the recent critique of Myers and others (2007), a study 

that linked the collapse of a scallop fishery in the Atlantic Ocean to declines in 

large sharks due to overfishing. This LUNE not only led to changes in fishing 

policy but also a vigorous campaign to reduce numbers of the cownose ray 

Rhinoptera bonasus, a slow-growing species with poor resilience to fishing. 

Recently, however, the findings were questioned [72]. I would argue that both 

studies, despite their seemingly contradictory results, are crucial steps in the 

accumulation of the large-scale evidence needed to test hypotheses about 

ecological processes. Indeed, Worm and Paine (2016) recently argued that 

the findings of Myers et al. (2007) and Grubbs and others (2016) may be 

reconciled by taking into account non-trophic and/or behavioural factors. 

2.6 CONCLUDING REMARKS 

Ernest Rutherford, the father of nuclear physics, dismissed the great majority 

of non-replicable and/or qualitative sciences as mere “stamp collecting.” 

However, despite their lack of replication, LUNEs have a unique power, not 

attainable in any other way, to test hypotheses at large scales and in complex 

systems. For example, cosmologists get by with just the one Big Bang [184], 

seismologists rely on sound waves generated by unpredictable earthquakes 

to constrain deep Earth structures [185] and the single submarine slump that 
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entombed unique Cambrian fauna allows the Burgess Shale to be a key 

calibrant of evolutionary radiation models [186]. Of course, there are 

limitations to what conclusions can be drawn from LUNEs and findings must 

be viewed in the context of classical experiments, models, and long-term 

monitoring programs. However, as noted by Lennon (2011), “unreplicated 

results do not equal lies, just as replicated results do not equal truth.” The 

potential pitfalls introduced by diminished control can be mitigated against by 

a willingness to explore and rank alternative interpretations, in addition to the 

appropriate use of statistical tests. In line with the recent “replication crisis”, 

LUNEs also provide a way to conceptually replicate the findings of smaller-

scale, controlled experiments.  

Demonstration that human activities are altering ecological processes is often 

necessary for policy changes to occur [187]. In cases where rapid action is 

required to avert environmental disaster, I would therefore argue that LUNEs 

and other large-scale studies should be prioritized. An illustration of this point 

is the dramatic decline in water quality in rivers and lakes in North America in 

the 1960s. Whereas small-scale experiments implicated nitrogen and carbon, 

David Schindler’s large-scale, unreplicated and manipulative experiments on 

lakes eventually persuaded the Canadian government and several US states 

to ban phosphorus [110]. Similarly, the discovery of a hole in the ozone layer 

precipitated a global consensus to ban chlorofluorocarbons, even though 

evidence based on small-scale lab experiments and modelling had existed for 

almost 20 years [187]. These examples suggest that when an environmental 

threat is immediate and significant, policy-makers will act on large-scale 

evidence and that these actions are largely appropriate. Our review suggests 
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that we must urgently fast track such LUNEs if we are to anticipate 

ecosystem-level feedbacks to contemporary perturbations. 
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Table 2.1 Contrasting results from small- and large-scale experiments and potential confounding factors 

Subject Small scale results Large-scale results Confounding factors 

Carbon Capture and Storage and earthquakes Unlikely to trigger seismicity  Earthquake potential  Pressures at small scales unrealistic [154] 

Invasive cane toads Bufo marinus  >30% of all snake species in 
Australia vulnerable  

Most snake species unaffected; some 
increase  

Unexpected trophic cascades; stochastic 
weather events [139] 

Effect of elevated CO2 on temperate forests  25% reduction in water loss  <3% increase in catchment run-off  Feedbacks from soil/atmosphere, plant–
animal interaction dampen response [138] 

Species diversity and ecosystem function More diversity = higher rate of 
ecological processes  

Species composition, not diversity per 
se, determines ecosystem properties  

Species interactions [209] 

Effect of plant roots on soil respiration Free-living microbial 
heterotrophs key 

Roots contribute >54% of soil 
respiration  

Edge effects from small-scale tests [137] 

Influence of climate change on physiological variability 
in mammals and insects 

Undetectable at small scales Climate variability important to 
metabolic rates and thermal 
tolerances  

Undetectable at small scales [210] 

Livestock and grassland diversity Grazing enhances diversity  Grazing may reduce biodiversity  Biological effects [211] 
Influence of catastrophic windstorms on forests 
dynamics 

Unpredictable because wind 
gusts are more random at 
smaller scales  

Predictable based on wind speed, 
topography, disturbance & land-use 
history  

Topography [212] 

Environmental influences on foraging and biology of 
Atlantic salmon Salmo salar 

No effect of temperature, prey 
density or currents  

Temperature determines growth; prey 
density/current speed affects foraging 

Large-scale variation in currents, 
temperature regimes [136] 

Abundance of Atlantic cod and its prey in the North 
Atlantic  

Prey-predator abundance 
negatively correlated or 
uncorrelated 

Abundances positively correlated  Small scale predator avoidance by capelin 
and prey depletion by cod [42] 

Relationship between abundance of marine organisms 
and seagrass height & density 

Significant effect  Of 23 significant responses on small 
scales, 15 in significant at large-
scales  

Stochastic settlement of larvae on 
seagrass beds [41] 

Larval supply and reef fish abundance  Post-settlement mortality 
density-dependent  

Mortality density independent  Predation risk and distribution/ abundance 
of spatial refugia [213] 

Impact of herbivorous fishes on macroalgae Where herbivores are present 
they crop macroalgae  

Intact and structurally intact herbivore 
communities may fail to consume 
algae  

Behavioural variation; habitat differences 
[214] 



        Chapter 2 

 

 
43 

Effect of Daphnia on zooplankton in eutrophied lakes Dissimilar to whole-lake 
dynamics 

Tests in large enclosures had close 
agreement with whole-lake dynamics  

Competition [43] 
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3 CHAPTER 3 

Species diversity, abundance, biomass, size and trophic 

structure of reef fish assemblages in relation to shark 

abundance 

3.1 ABSTRACT  

Theory predicts that loss of gape-limited sharks should lead to increases in 

the abundance and biomass of smaller prey size classes. I used stereo-baited 

remote underwater video stations (stereo-BRUVS) and stereo-diver operated 

video systems (stereo-DOVS) to characterise the shark and bony fish 

assemblages on two remote, atoll-like reef systems in northwestern Australia, 

the Rowley Shoals and the Scott Reefs. The Rowley Shoals is a marine 

reserve where sharks are abundant while at the Scott Reefs shark numbers 

have been reduced by centuries of targeted fishing. The results of 

comparisons across these two locations were consistent with the hypothesis 

that sharks as trophic omnivores alter the abundance of low- to mid-trophic 

level fishes, including mesopredators, herbivores and detritivores, at sizes of 

up to 50 cm. The stereo-BRUVS demonstrated the greatest differences at low 

trophic levels, with the 20-30 cm size class having 227% more biomass at the 

predator-depleted reef assemblage relative to the reef system where sharks 

were abundant, while the stereo-DOVS found a 27.6% relative increase in 

biomass of 30-50 cm fishes at the Scott Reefs relative to the Rowley Shoals. 

This technique-dependent difference in outcome emphasizes the importance 

of using multi-technique approaches when surveying fish assemblages. 
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3.2 INTRODUCTION 

Body size is one of the most influential factors governing the fitness of 

animals [188,189]. Across a range of taxa and in marine and terrestrial 

ecosystems alike, body size has been shown to influence mortality rates 

[190,191], lifespan [192,193], reproductive fitness [194–196], abundance 

[197–202], predation and vulnerability to predation [203–210], diet [211–213], 

metabolism [192,214–216], range size [217], trophic level [218–223] and 

competitive interactions [190]. Size distributions can therefore provide insights 

into the structure and function of communities [188,215,219]. Predator-prey 

interactions in marine systems are particularly dependent on body size 

because many piscivores are gape-limited predators that swallow prey whole, 

constraining them to eating prey that is both smaller than themselves and also 

in fixed proportion to their gape width [224–228]. Gape-limited piscivores 

typically consume prey <~40% of their own length [229–233]. While reef 

sharks rarely consume prey over 36% of their own length [233], other shark 

species, such as the tiger shark G. cuvier, which have teeth and jaws 

designed to remove bites of flesh, are not limited to consuming prey smaller 

than their mouth gape and are therefore may not drive rapid growth in prey 

despite altering size distributions through other means [234,235]. 

An implication of gape limitation is that the removal of reef sharks from marine 

systems should alter the size structure of fish assemblages in a predictable 

way. Multiple studies have demonstrated a correlation between the removal of 

piscivores and an increase in the abundance and/or biomass of smaller prey 

fishes both in temperate systems [33,71,106,125,215,236–249] and on coral 
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reefs, at both small scales [tens of metres; 250,251–253] and large-scales 

[100s of kms; 88,129,254]. Indeed, at a global scale, there is evidence that 

declines in the abundance of marine predators over the last century may be 

responsible for a 130% increase in the biomass of small prey [255]. However, 

other studies failed to find evidence for increases in prey abundance following 

loss of marine predators [90,91,256–258], and it has been suggested that 

trophic cascades may be attenuated in coral reef ecosystems by high levels of 

diversity, functional redundancy and omnivory [106,259–261].  

The effect of sharks on the species diversity of bony fish assemblages 

remains debated. Predators may act as keystone species that promote 

species diversity and coexistence by reducing competition between prey 

species, as illustrated by Paine’s (1966) experimental removal of the starfish 

Pisaster ochraceus, which led to significant reductions in species diversity an 

intertidal zone in Makah Bay, Washington [262]. Terborgh (2015) surmised 

that predators have a “universal” impact on species diversity and that their 

removal can cause ecosystems to shift to alternative states characterised by 

fewer species and different species composition [15]. They may do this by 

prey-switching between species as they become rarer [263–265]. However, 

there is also evidence that predators may act as agents of extinction, cropping 

the rarest species and reducing species diversity overall [266–268], 

particularly on coral reefs [91,250,251,253].  

Sharks have traditionally been identified as the apex predators of coral reef 

ecosystems [97], but we know relatively little about their role in structuring fish 

assemblages and there is growing evidence that some species should be 
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reclassified as upper-tier mesopredators along with high trophic level fishes 

[95]. Some insight into the ‘apex’ vs ‘in the pack’ question can be gathered at 

ecologically relevant scales by comparing locations where sharks have been 

selectively reduced in number by fishing with those where the original 

populations of predators remain intact. However, these comparisons are often 

complicated by the fact that fishermen typically target multiple components of 

the fish community at multiple trophic levels (i.e. both sharks and their prey), 

such that the reduction of shark-induced risk effects is compounded by the 

imposition of a new type of mortality and a loss of selected species within the 

food web. 

The Scott Reefs and the Rowley Shoals offer a rare opportunity to examine 

the impact of highly selective shark removal on otherwise unexploited fish 

assemblages. These remote, atoll-like reefs lie on the edge of the continental 

shelf approximately 300 km off the coast in northwestern Australia and 

provide an attractive study location because they are similar with respect to 

productivity, habitat structure, composition of benthic communities, average 

coral cover, shelf position and total reef size [129], in addition to having 

independent, non-mixing fish and shark populations [128,269]. The primary 

difference between the two locations is that the Scott Reefs have been the 

target of Indonesian shark fishing for over 300 years [131], a practice that 

continues today due the establishment in 1974 of the 50,000 km2 Australian-

Indonesian Memorandum of Understanding Box 74 (MoU74) in which 

Indonesian fishermen can legally exploit sharks using traditional techniques 

[130], whereas the Rowley Shoals are a marine reserve protected from nearly 

all forms of fishing. As a result of selective shark take, shark populations at 
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the Scott Reefs are 4-17 times lower than at the Rowley Shoals due to fishing, 

with some species that are the preferred targets of fishing absent altogether 

[132].  

Since 1994, the Australian Institute of Marine Science Long Term Monitoring 

Program (LTMP) has used underwater visual census (UVC) to collect annual 

data on fish abundance and benthic cover on the outer reef slopes of both 

locations, revealing that although coral cover was reduced from ~60% to 

<10% by disturbance events in 1996-1998 at both locations, both reefs 

recovered to pre-disturbance levels over the following decade [129]. Ruppert 

et al. (2013) analysed the 15-year LTMP dataset and found that the shark-

depleted fish assemblage at the Scott Reefs had significantly greater numbers 

of mid-sized carnivores and fewer herbivores than the Rowley Shoals, 

consistent with the hypothesis that loss of reef sharks can trigger trophic 

cascades [129]. Importantly, Ruppert et al. (2013) also demonstrated that 

while the abundance of planktivores and corallivores fluctuated in accordance 

with disturbance events such as bleaching or cyclones at both locations, 

“bottom up” effects did not affect the density of mesopredators, which 

remained relatively constant within each location throughout the period [129]. 

Ruppert et al. (2013) examined shark abundance at the Scott Reefs and 

Rowley Shoals using single-camera BRUVS and fish abundance, in terms of 

dietary guild, using UVC. I build on this study by comparing the species 

abundance, biomass, size structure and trophic hierarchies of the shark and 

bony fish assemblages at the two locations using stereo-cameras. I 

hypothesized that removal of sharks would lead to increases in the 



 Chapter 3 

 

 
49 

abundance and biomass of fishes belonging to size classes typically targeted 

by gape-limited reef sharks. Consistent with Terborgh (2015), I also predicted 

that reduced numbers of sharks would be associated with reduced species 

diversity. Though our approach based on a large-scale, “natural” experiment 

cannot fully control against alternative explanations of patterns, it is an 

important means of gathering evidence at ecological scales relevant to a 

discussion of the impact of top-order predators. 

3.3 METHODS 

For my study I chose to compare shark and bony fish assemblages between 

the Scott Reefs and the Rowley Shoals using two complementary techniques, 

stereo diver-operated video systems (stereo-DOVS) and stereo baited remote 

underwater video systems (stereo-BRUVS). 

3.3.1 SAMPLING TECHNIQUES 

Both stereo-DOVS and stereo-BRUVS provide estimates of fish numbers and 

are non-destructive [270]. But because they differ in design and deployment, 

stereo-DOVS and stereo-BRUVS sample different aspects of fish 

assemblages, and it has been recommended that they be used in parallel 

[271]. While DOVS may provide better estimates than BRUVS of the 

abundance of small, rare, cryptic and site-specific species such as 

pomacentrids [271,272], they can only be used at diver-accessible depths 

[271,273–275]. In addition, the presence of divers in the water can introduce 

bias into the results by influencing the behaviour of fishes [276]. The “diver 

effect” may result in a decline of 52% in the mean number of fishes counted, 
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and declines of up to 70% in the more skittish, mobile families such as 

Scaridae [277]. 

In contrast to DOVS, BRUVS are remote systems that film fish from the sea 

floor. BRUVS capture up to 40% greater species diversity than DOVS 

[271,272], and, due to the use of bait and an absence of humans, they are 

more effective at sampling sharks, mesopredators and their prey [272–

274,278], although they also sample herbivores as effectively as DOVS [271]. 

BRUVS can be deployed in waters inaccessible to divers [279] and the 

collection of samples requires less manpower than do DOVS, allowing for 

larger sample sizes [280]. BRUVS samples may also be more representative 

of fish assemblages than DOVS samples because they are collected over an 

hour’s period whereas a DOVS transect typically lasts less than 6 minutes 

[273]. Langlois et al. (2010) concluded that BRUVS-based samples typically 

display less variability than those collected using DOVS and therefore 

improve the power of tests to detect subtle changes in fish assemblages 

[273,281,282]. However, the time of first arrival of fishes at the bait bag 

attached to BRUVS may be influenced by currents, motivation, appetite and 

search behaviour, and the composition of the fish assemblage in the field of 

view may be biased by inter- or intra-specific interactions [272,283,284]. 

Stereo configurations of DOVS and BRUVS allow for the lengths of fishes to 

be estimated accurately [285] and these lengths can be used to generate 

measures of  population biomass where length/weight relationships are 

known [286]. Length measurements from stereo-systems have been used to 
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investigate the effects of fishing pressure and marine reserves on the size 

distributions of several exploited fishes [287,288]. 

3.3.1.1 STEREO-DOVS DESIGN 
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The design of the stereo-DOVS used in this study followed Watson et al. 

(2005) [274]. Each rig consisted of two waterproof, pressure-resistant camera 

housings attached to a base bar with two hand grips. The PVC pipe camera 

housings converged inwardly at an angle of 8 degrees. SonyTM high definition 

Handycam® Camcorders (HDRCX110B) fitted with a 0.6x wide adapter were 

placed in the housings. Exposure and focus were set to ‘Auto’ and 

‘Infinity/Manual’, respectively, and ‘Standard Play’ mode was selected. A 

diode with a flashing light was visible in the field of view so that the videos 

could be synchronized during analysis. Each rig was calibrated prior to 

fieldwork to account for possible differences in construction using Cal 

software (v1.32, www.seagis.com.au). I deployed the stereo-DOVS following 

Watson et al. (2005) [274]. The operator swam slowly along each 50 m 

transect, approximately 70 cm above the substrate, with the cameras pointing 

forward, standardizing the sampling area of the stereo-DOVS between 

transects.  

http://www.seagis.com.au/
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Figure 3.1 Location of sampling and number (n) of stereo-BRUVS and stereo-
DOVS samples at the Rowley Shoals (nBRUVS=64 and nDOVS=9) and the Scott 
Reefs (nBRUVS=56 and nDOVS=15). Each red dashed line is equivalent to eight 
stereo-BRUVS samples and each yellow star comprises one stereo-DOVS 
sample composed of five transects. Image provided by the Australian Institute 
of Marin Science.  
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3.3.1.2 STEREO-BRUVS DESIGN 

The design and camera settings of the stereo-BRUVS followed Cappo et al. 

(2007) and were largely similar to that of the stereo-DOVS [289] . However, 

the housings of the stereo-BRUVS were placed within a trapezium-shaped 

steel frame that was lowered from a boat using polypropylene ropes attached 

to polystyrene surface floats and allowed to film on the seabed for a minimum 

of one hour. In addition, a bait bag was attached to each rig at the end of a 

1.5 m plastic rod made of 15 mm diameter plastic pipe [290]. The bait bag 

was made of 350 mm plastic mesh and contained one kilogram of freshly 

defrosted and crushed pilchards (Sardinops spp., sourced frozen in Western 

Australia), prepared in a consistent way to standardise the sampling area 

between samples. Stereo-BRUVS were randomly deployed within a sampling 

design stratified by site. A minimum distance of 450 m was maintained 

between stations to minimise spatial autocorrelation of the samples, 

exceeding the minimum distances for independence recommended by Cappo 

et al. (2004) [290]. The time, depth and GPS coordinates of each rig were 

recorded. Stereo-BRUVS were deployed in February 2014 at the Scott Reefs 

and in November 2013 at the Rowley Shoals.  
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Table 3.1 Number of samples and associated transects collected at each site 
and location, and the range of depths surveyed. Each stereo-DOVS sample 
represents the mean of five transects, whereas each stereo-BRUVS sample 
represents a single drop of a camera. 

 Location Site n 
samples 

n 
transects 

Depth [mean] 

DOVS Scott Reefs North Scott 6 30 9-11 [10] 

  South Scott 6 30 9-11 [10] 

  Seringapatam 3 15 9-11 [10] 

 Rowley Shoals Clerke 3 15 9-11 [10] 

  Imperieuse 3 15 9-11 [10] 

  Mermaid 3 15 9-11 [10] 

BRUVS Scott Reefs North Scott 16 16 34.8-58.0 [42.5] 

  South Scott 40 40 33.2-75.5 [53.4] 

 Rowley Shoals Clerke 16 16 54.4-71.1 [63.7] 

  Imperieuse 32 32 50.2-91.1 [68.7] 

    Mermaid 16 16 60-76.4 [67.1] 

 

3.3.2 SURVEY DESIGN  

The Scott Reefs and the Rowley Shoals were defined as locations (Fig. 3.1). 

For stereo-DOVS, I sampled at three sites at the Scott Reefs (North Scott, 

South Scott and Seringapatam) and three sites at the Rowley Shoals (Clerke, 

Imperieuse and Mermaid). In total, I collected 15 stereo-DOVS samples at the 

Scott Reefs and 9 stereo-DOVS samples at the Rowley Shoals, with each 

sample consisting of five 50 m transects (Table 3.1; Fig. 3.1). For the stereo-

BRUVS, I sampled at two sites at the Scott Reefs (North Scott and South 

Scott) and three sites at the Rowley Shoals (Clerke, Imperieuse and 

Mermaid). I collected 16 stereo-BRUVS samples at North Scott and 40 at 

South Scott. At the Rowley Shoals, I collected 16 samples at Clerke, 32 at 

Imperieuse and 16 at Mermaid. In total, I collected 56 stereo-BRUVS samples 

at the Scott Reefs and 64 stereo-BRUVS at the Rowley Shoals.  
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3.3.3 IMAGE ANALYSIS 

Video imagery from the stereo-DOVS and stereo-BRUVS was converted from 

MPE4 to AVI format using Xilisoft™ video conversion software.  

3.3.3.1 FISH IDENTIFICATION, ABUNDANCE AND LENGTH 

MEASUREMENTS 

Footage from the left camera of the stereo-DOVS and stereo-BRUVS was 

analysed using EventMeasure™ software package (www.seagis.com.au) and 

a custom interface (BRUVS1.5.mdb©, Australian Institute of Marine Science, 

2006) to identify species and estimate abundance. Species were identified to 

the lowest taxonomic level possible. Abundance was estimated as total 

abundance per transect (250 m2) on stereo-DOVS and the maximum number 

of individuals of a given species observed at any one time on a video (MaxN) 

on stereo-BRUVS The use of MaxN avoids double counting of individuals and 

therefore provides a conservative estimate of the relative abundance of 

species [270,291] and is hereafter referred to as relative abundance.  Analysis 

of each stereo-BRUVS sample began when the rig settled on the sea floor 

and continued for 60 minutes.  

All length measurements were made using EventMeasure™ following the 

uploading of a CAM calibration file unique to each rig. Footage from the left 

and right cameras was synchronized using the flashing diode. I then 

measured the length of individual fish from snout to fork, hereafter referred to 

as “length”. For the stereo-DOVS samples, all individuals were measured 

where possible, whereas on the stereo-BRUVS videos, lengths were 

http://www.seagis.com.au/


 Chapter 3 

 

 
57 

measured at time of MaxN. For both sets of video, I only measured fish which 

could be clearly distinguished from conspecifics, were fully in the field of view 

and were less than 8 m distance from the cameras. To ensure the accuracy of 

length measurements, I removed measures that significantly exceeded the 

maximum length of the species reported on Fishbase [292].  

3.3.3.2 HABITAT  

Stereo-DOV surveys were all conducted in comparable, highly rugose reef 

habitats. Since stereo-BRUVS were deployed remotely from a boat, there was 

inevitably some variation in habitats sampled. A still image from the start of 

each stereo-BRUVS sample was used to classify habitat as dominated by (1) 

high-profile massive, tabular or branching hard coral, (2) solitary or detached 

corals, (3) barrel sponge or filterers, (4) rubble with encrusting organisms and 

(5) soft coral. As the size and trophic structure of fish assemblages can be 

affected by habitat complexity, I further classified these groups as either 

highly rugose (hard coral, barrel sponge or filterer and rubble substrates with 

encrusting organisms) or low rugosity (solitary or detached hard corals, open 

sandy seabed and soft coral).  
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3.3.4 DATA ANALYSIS 

All EventMeasure data were compiled in Microsoft Excel and all statistical 

analyses used R, v 2.3.7.1 [293]. 

3.3.4.1 LENGTH ESTIMATION  

It is impossible to measure the length of all fishes counted using stereo-DOVS 

or stereo-BRUVS: poor positioning, distance from camera and the presence 

of large numbers of similar-sized conspecifics cause identity loss and 

therefore prevent measurement [294]. The lengths of individuals that were not 

measured were, in the first instance, estimated by taking the mean of 

conspecific lengths in the same sample. Where no individuals of a given 

species were measured in a sample, the mean length for the species from the 

same location (Scott Reefs or the Rowley Shoals) was used. If a fish was 

identified to genus or family but not to species, I estimated its length using a 

weighted mean of the lengths of all species belonging to that genus or family 

observed at the location.  

Where a species had only been measured at a single location, I used linear 

regression to estimate the length of an individual at the other location. Thus, I 

log-transformed the lengths of species present at both locations and then 

linearly regressed the lengths from the Rowley Shoals against the Scott 

Reefs, and vice versa. This approach recognizes the mean difference in 

species length between the two locations and allowed for the estimation of the 

(missing) length for species X at, for instance, the Rowley Shoals, based on 

the observed size at the Scott Reefs. While this approach has the potential to 
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exaggerate differences in lengths between the two locations, it is based on 

the observed average of differences. This allowed me to include species that 

would have otherwise been counted but not measured, avoiding biasing the 

comparison between abundance and biomass. To generate the antilog values 

for length, the formula � =  × log �� � +  was used. Some 

species could not be measured at either location due to their small size and/or 

complex schooling behaviour. For these species, I either used a common 

length as reported on Fishbase [292], or generated the length of the individual 

as 75% of the maximum length reported on Fishbase for the species or a 

similar-sized congener [292]. Supp. Tables S3.1 & S3.2 provide details of 

method and estimated lengths for all species. 

3.3.4.2 WEIGHT AND BIOMASS  

The weight of each individual was calculated using the allometric relationship 

between weight (W) and length (L) where = ×  and a and b were 

constants available on Fishbase. Where species-specific coefficients were 

unavailable, the relationship for a similarly-sized and shaped congener was 

used. Where no suitable congener was available, I used the relationship for 

the family or body shape [292]. I preferentially used values for a and b 

associated with fork lengths, however when length-weight relationships were 

only available for total length or standard length, I converted my length 

measurements into total or standard lengths using the appropriate equations 

[292]. Length-weight relationships for sea snakes were sourced from [295]. To 

estimate total biomass of a species per sample I summed the individual 

weights by species. 
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3.3.4.3 DEPTH AND HABITAT 

All stereo-DOVS transects were sampled at a mean depth of 9 m along the 

outer reef slope on the northeastern side of both locations as per standard 

protocols (Australian Institute of Marine Science Long Term Monitoring 

Program Temperature Database 2015). For the stereo-BRUVS, I tested if 

depth varied between locations using a one-tailed t-test assuming unequal 

variances. A 2x2 Chi-Square contingency table with no fixed margin was used 

to determine whether the two locations differed in rugosity. 

3.3.4.4 SHARK AND FISH ASSEMBLAGES 

The following method was applied to two subsets of my data, one that 

included only the sharks and another that included only fishes. For both 

datasets, I averaged values for species richness, abundance, length and 

biomass across either transects or deployments to derive mean values for 

each location. For stereo-DOVS, data were calculated for each of the five 

transects and these values then averaged to yield a final estimate for the 

sample. For the stereo-BRUVS, each deployment of a rig constituted a 

sample. To test whether mean values differed by location, I used one-tailed t-

tests assuming unequal variance with samples as the replicate nested in 

location. Differences in the composition of assemblages between the Scott 

Reefs and the Rowley Shoals were tested using permutational multivariate 

ANOVA (PERMANOVA), using the R function adonis (package ‘vegan’) on a 

Bray-Curtis dissimilarity matrix of log(x+1) transformed species’ abundance 

and biomass data (9999 permutations).  
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For the analysis of the shark assemblages, I defined the “encounter rate” of 

sharks as the number of samples in which sharks appeared divided by the 

total number of samples. To test whether the encounters differed between 

locations, I used a 2 x 2 Chi-Square contingency table with no fixed margin 

and a Yates correction on the uncorrected counts. I also used similarity 

percentage analysis (R function SIMPER; package ‘vegan’) to determine the 

contribution of each species of shark to differences in biomass and 

abundance between locations. This analysis used only stereo-BRUVS data 

due to the very low numbers of sharks observed on stereo-DOVS at both 

locations. 

For analysis of the fish assemblages, all individuals were divided into 10 cm 

size classes ranging from 0-9.99 to 180-189.99 cm. All species were assigned 

trophic levels based on Fishbase [292] and then accordingly divided into six 

trophic levels of 0.49 trophic units each, ranging from 2.00 to 4.99. Mean 

abundance, length and biomass were estimated by taking the average value 

for all fishes in a size class or trophic level by sample. Relative differences 

between locations in each size class in terms of abundance %∆  and 

biomass %∆  was calculated as:  

: %∆ = × [ − ]
 

Values were log10 (x+1) transformed using the R function log1p(). Differences 

between the assemblages in terms of the abundance, length and biomass of 

fishes in each size class and trophic group were tested using permutational 

multivariate analysis of variance (PERMANOVA) with the R function adonis. 
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PERMANOVA was used because it does not assume normality of errors and 

is robust to high numbers of zero counts [288]. The analysis was based on a 

Euclidian distance matrix (as per Watson et al., 2007 [297]), treating trophic or 

size class as factors. The contribution of each size class and trophic level to 

differences in locations was determined using the R function SIMPER. 

Unconstrained principal coordinates analysis was performed (function 

CAPSCALE, package ‘vegan’) on Bray-Curtis dissimilarity matrices calculated 

using log-transformed mean values of abundance and biomass by size class 

and trophic group at each location. The results were visualised using a biplot.  

In order to understand whether prey respond differently to removal of sharks 

based on diet, I also assigned fishes into eight guilds: piscivores (Pis), 

mesopredators or secondary consumers of fish and benthos (SecFB), 

secondary consumers of benthos (SecB), corallivores (SecC), secondary 

consumers of parasites such as cleaner wrasses (SecP), detritivores (Det), 

primary consumers (Pri) and Zooplanktivores (Zoo) [292,298]. Relative 

differences between locations in each guild in terms of abundance %∆  and 

biomass %∆  was calculated using . 

3.3.4.5 ESTIMATION OF SIZE REFUGE 

A number of sharks, including blacktip Carcharhinus limbatus, finetooth 

Carcharhinus isodon and spinner sharks Carcharhinus brevipinna, only 

consume prey with lengths that are less than 36% of their own body lengths. 

In particular, C. limbatus mainly eat prey 20-36% of their own length [331]. I 

multiplied 0.36 by the mean of the maximum lengths of the two most common 

species of gape-limited shark to estimate the “absolute” size refuge available 
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to prey, and by the mean length of the two species to estimate the “partial” 

size refuge, i.e. the size at which prey would escape predation by the most 

common size of shark. 

3.4 RESULTS 

3.4.1 SHARK ASSEMBLAGE 

Stereo-DOVS recorded zero sharks at the Scott Reefs vs 0.22 species and 

0.28 individuals per sample (all C. amblyrhynchos, n=5 in total) at the Rowley 

Shoals. Mean shark length and biomass at the Rowley Shoals were 72.2 cm 

and 1.17 ± 0.8 kg respectively and the encounter rate of sharks was 22.2% of 

samples (Table 3.2). Stereo-BRUVS recorded a higher species richness per 

sample at the Rowley Shoals than at the Scott Reefs (1.2 ± 0.11 vs 0.64 ± 

0.097 species per sample; t[120]=1.66, p=1.40E-04; Fig. 3.2). Sharks were 

more than twice as abundant at the Rowley Shoals than at the Scott Reefs 

(1.55 ± 0.16 vs 0.71 ± 0.12 sharks per sample; one-tailed t-test assuming 

unequal variance and unequal sample sizes, t[120]=1.66, p=2.4E-05). 

Encounter rate in stereo-BRUVS sampling was significantly higher at the 

Rowley Shoals compared to the Scott Reefs (75% vs 50%; 2×2 contingency 

table with no fixed margins and Yates correction, χ2
adj=6.998, p<0.01). Length 

per sample was also significantly higher at the Rowley Shoals compared to 

the Scott Reefs (129.6±8.52 vs 102.1±3.05 cm; t[76]=1.67, p=1.78E-03). 

Shark biomass per sample was over 12 times greater at the Rowley Shoals 

than at the Scott Reefs (121.8±22.5 vs 10.7±2.50 kg per sample; t[120]=1.67, 

p=3.14E-06).
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Table 3.2 Summary statistics for the shark assemblages at the Scott Reefs and the Rowley Shoals. All measures are presented as 
per sample-site, except for encounter rate, which is the % of sample-sites that contained a shark.  

Scott Reefs Family Species n Encounter  
rate (%) 

Abundance Length (cm) Biomass 
(kg) 

BRUVS (n=56) Carcharhinidae Carcharhinus 
amblyrhynchos 

21 32 0.38 [0.079] 99.4 [2.26] 4.70 [0.98] 

  Carcharhinus 
albimarginatus 

1 1.8 0.018 
[0.018] 

123.9 1.53 [1.53] 

  Galeocerdo cuvier 2 3.6 0.036 
[0.025] 

152.2 1.18 [0.82] 

  Triaenodon obesus 15 25 0.27 [0.065] 92.6 [3.32] 1.90 [0.50] 
  Stegastomidae Stegostoma fasciatum 1 1.8 0.018 [0.13] 139.1 1.42 [1.42] 
Rowley Shoals               
DOVS (n=9) Carcharhinidae Carcharhinus 

amblyrhynchos 
5 22.2 0.28 [0.19] 72.2 1.17 [0.79] 

BRUVS (n=64) Carcharhinidae Carcharhinus 
amblyrhynchos 

44 56.3 0.69 [0.10] 94.7 [2.87] 9.18 [1.78] 

  Carcharhinus 
albimarginatus 

36 35.9 0.56 [0.11] 105.8 [5.24] 39.11 [9.52] 

  Galeocerdo cuvier 8 12.5 0.13 [0.042] 342.6 [13.1] 61.26 [21.24] 
  Triaenodon obesus 3 4.69 0.047 

[0.027] 
118.8 0.73 [0.42] 

 Sphyrnidae Sphyrna lewini 7 9.38 0.11 [0.045] 198.5 [13.04] 9.67 [4.07] 
  Ginglymostomatidae Nebrius ferrugineus 1 1.56 0.016 

[0.016] 
215.91 1.90 [1.90] 
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The composition of the shark assemblage differed significantly in terms of 

abundance (n=120, F=12.00, p<0.0001, 9999 perms) and biomass (n=120, 

F=16.39, p<0.0001, 9999 perms) by location (Table 3.3). SIMPER analysis 

showed that C. amblyrhynchos, C. albimarginatus and T. obesus were the 

main determinants of differences in abundance in the shark assemblages 

(total contribution 78.4%; Fig. 3.3). Triaenodon obesus contributed 29% of the 

difference, followed by C. amblyrhynchos (28.9%), C. albimarginatus (20.5%), 

G. cuvier (9.4%), S. lewini (9.1%), S. fasciatum (2.0%) and N. ferrugineus 

(1.1%). In terms of biomass, the primary driver of differences between 

locations was C. amblyrhynchos (26% of the difference), followed by C. 

albimarginatus (25.9%).   

 

Figure 3.2 Characteristics of the shark assemblage (species richness, 
abundance, length and biomass) for the stereo-BRUVS at the Rowley Shoals 
(n=64) and the Scott Reefs (n=56). All values were calculated as means per 
sample.
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Figure 3.3 Abundance (sample-1) on stereo-BRUVS for shark species at the Rowley Shoals (dark, n=64) and the Scott Reefs (light, 
n=56), with standard error bars. The species of shark, from left to right, are C. amblyrhynchos (C. amb), C. albimarginatus (C. alb), 
G. cuvier (G. cuv), S. lewini (S. lew), T. obesus (T. obe), N. ferrugineus (N. ferr) and S. fasciatum (S. fascia).
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3.4.2 FISH ASSEMBLAGE 

3.4.2.1 LENGTH ESTIMATION 

Length measurements were available for 29.4% of fishes recorded on stereo-

DOVS and 37.6% of all fishes on stereo-BRUVS, comparable to the 

proportion of counted fishes measured by Johansson et al. (2008) by stereo-

BRUVS at depths >30 m (26%; [294]. We estimated the lengths of an 

additional 21.1% (n=6945) of all fish counted on stereo-DOVS and 31.0% 

(n=5050) of all fish observed on stereo-BRUVS by taking the mean of the 

lengths of conspecifics in the same sample and of 3.48% and 28.9% of fishes 

on stereo-DOVS and stereo-BRUVS by taking the average of conspecifics at 

the same location. I used linear regression to estimate the lengths of 0.36% of 

fishes on stereo-DOVS and 1.22% of all fishes on stereo-BRUVS. For stereo-

DOVs, the formula = . ×log ��+ .  was used to estimate the length 

of a given species at the Rowley Shoals (LR) from a known mean length at the 

Scott Reefs (LS), while the equation = . ×log � + .  was used to 

estimate the length of a species at the Scott Reefs (LSR) from its mean length 

at the Rowley Shoals. For stereo-BRUVs, the respective formulas were = . ×log ��+ .  and = . ×log � + .  (Supp. Table S3.3). The 

weighted mean length of congeners was used to estimate the lengths of 

0.19% of fishes on stereo-DOVS and 0.52% of fishes on stereo-BRUVS. 

Some species, particularly Pseudanthias pascalus, Thalassoma 

amblycephalum and Chromis margaritifer, were both small and abundant, 

precluding accurate measurement. To improve accuracy, common lengths 

from Fishbase were used to estimate the lengths of these types of fishes, 



 Chapter 3 

 

 
68 

which together accounted for 16.5% of total biomass recorded on stereo-

DOVS and 0.73% of fishes on stereo-BRUVS.  

3.4.2.2 SPECIES DIVERSITY, ABUNDANCE, LENGTH AND BIOMASS 

The majority of fishes were identified to species level: on the stereo-DOVS, 

fish were identified to species level in 98.7%, while on the stereo-BRUVS, 

fishes were identified to species for 97.1% of observations. The total number 

of species recorded by stereo-DOVS at the Scott Reefs was 131 species 

compared to 115 species at the Rowley Shoals. On stereo-BRUVS, 161 

species were recorded at the Scott Reefs vs 135 species at the Rowley 

Shoals. Species richness per sample on stereo-DOVS was significantly lower 

at the Scott Reefs than at the Rowley Shoals (19.5±0.98 vs 26.6±1.11 species 

per sample; t[24]=1.76, p=3.14E-4), but the opposite pattern was observed on 

stereo-BRUVS (15.8 ±1.22 vs 13.9±0.89 species per sample; t[120]=1.66, 

p=7.49E-4; see Table 3.4).  

Fish abundance was significantly lower at the Scott Reefs than at the Rowley 

Shoals on stereo-DOVS (72±8.49 vs 185.6±22.7 fishes per sample; one-tailed 

t-test assuming unequal variance, t[24]=1.83, p=1.05E-3) but there was no 

difference in abundance between the locations based on stereo-BRUVS 

observations (one-tailed t-test assuming unequal variance, t[120]=1.66, 

p=0.153). In terms of length, there was no statistically significant difference in 

fork lengths between the two locations based on stereo-DOVS (t[24]=1.75, 

p=0.098). However, the length of fish at the Scott Reefs was significantly 

lower than at the Rowley Shoals for fish observed on stereo-BRUVS 

(25.5±1.02 vs 36.3±1.08; t[120]=1.66, p=5.62E-11). There was no significant 
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difference in biomass between locations on stereo-DOVS (one-tailed t-test 

assuming unequal variance, t[24]=1.73, p=0.334) but stereo-BRUVS recorded 

lower biomass at the Scott Reefs than at the Rowley Shoals (24.5±3.01 vs 

33.7±2.30 kg per sample, t[120]=1.66, p=0.019). 
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Table 3.3 Summary statistics for the shark assemblages at the Scott Reefs and the Rowley Shoals. All measures are presented as 
the mean value per sample [SE], except for encounter rate, which is the % of sample-sites that contained a shark. One-tailed t-tests 
assumed unequal variance and unequal sample sizes. Chi Square tests were Yates Corrections with one degree of freedom 
(χ20.05=3.84 and χ20.01=6.63). Mean values were log-transformed for PERMANOVA analysis (9999 permutations with Euclidean 
distances) of the effect of shark species on differences in abundance and biomass between locations. No PERMANOVA was 
conducted on the shark assemblages on stereo-DOVS because too few sharks were observed using this method.   

Stereo-DOVS (n=24) Scott Reefs 
[SE] 

Rowley Shoals 
[SE] 

Statistical test 

Species Richness  0 0.22 [0.15] t[24] = 1.86, p=0.085 
Abundance 0 0.28 [0.19] t[24] = 1.86, p=0.089 

Encounter Rate 0 22.2 χ2 adj = 1.31, p>0.10 
Length (cm) NA 72.2 NA 
Biomass (kg) 0 1.17 [0.80] t[24] = 1.86, p = 0.089 

Stereo-BRUVS (n=120)       

Species Richness  0.64 [0.097] 1.20 [0.11] t[120] = 1.66, p=1.40E-04 
Abundance 0.71 [0.12] 1.55 [0.16] t[120] = 1.66, p=2.38E-05; PERMANOVA, F[120]=12.00, p<0.0001*** 

Encounter Rate  50 75 χ2 adj = 6.998, p<0.01*** 
Length (cm) 102.1 [3.05] 129.6 [8.52] t[76] = 1.67, p=1.78E-03*** 
Biomass (kg) 10.7 [2.50] 121.8 [22.5] t[120] = 1.67, p=3.14E-06; PERMANOVA, F[120]=16.39, p<0.0001*** 
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Table 3.4 Summary statistics for the fish assemblages at the Scott Reefs and the Rowley Shoals. One-tailed t-tests assumed 
unequal variance and unequal sample sizes. All values are presented as mean values per sample. PERMANOVAS were 
conducted on mean abundance and biomass values by size and trophic group (TG). Mean values were log-transformed for 
PERMANOVA (9999 permutations with Euclidean distances). All t-tests were one-tailed two-sample t-tests assuming unequal 
variances. 

Stereo-DOVS (n=24) Scott 
Reefs  

Rowley 
Shoals  

Statistical test 

Total species 131 115 NA 
Species Richness  19.5 [0.98] 26.6 [1.11] t-test, t[24]=1.76, p=3.14E-4*** 

Abundance 71.9 [8.49] 185.6 [22.7] t-test, t[24]=1.83, p=1.05E-3; PERMANOVA (size), F[24]=8.62, p=5.0E-04;  
PERMANOVA (TG), F[24]=16.18, p<1.00E-40*** 

Length (cm) 19.6 [0.51] 18.6 [0.59] t-test, t[24]=1.75, p=0.098 
Biomass (kg) 25.2 [0.54] 28.1 [2.77] t-test, t[24]=1.73, p=0.334; PERMANOVA (size), F[24]=1.17, p=0.294; 

 PERMANOVA (TG), F[24]=6, p=9E-04*** 
Stereo-BRUVS (n=120)       

Total species 161 135 NA 
Species Richness  15.8 [1.22] 13.9 [0.89] t-test, t[120]=1.66, p=1.01E-03*** 

Abundance 67.0[6.58] 54.3[9.37] t[120]=1.66, p=0.153; PERMANOVA (size), F[120]=16.1, p=1.00E-04;  
PERMANOVA (TG), F[120]=15.7, p<0.0001*** 

Length (cm) 25.5 [1.02] 36.3 [1.08] t[120]=1.66, p=5.62E-11*** 

Biomass (kg) 24.5 [3.01] 33.7 [2.30] t[120]=1.66, p=1.09E-2; PERMANOVA (size), F[120]=11.04, p=1.00E-04; 
PERMANOVA (TG), F[120]=11.32, p<0.0001*** 
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3.4.2.3 SIZE CLASSES 

PERMANOVA results (Table 3.4) from stereo-DOVS showed that the 

locations differed in the size structure of the fish assemblages with respect to 

abundance (F[24]=8.62, p=5.0E-04, 9999 perms) but not biomass 

(F[24]=1.17, p=0.29, 9999 perms). SIMPER analysis showed that the size 

class 20.00-29.99 cm was the main determinant of differences in abundance 

between assemblages (24.4% of the difference), with fishes in this class less 

abundant at the Scott Reefs than at the Rowley Shoals. The size class 30.00-

49.99 cm contributed a further 29.7% of the differences in abundance 

between the assemblages, with 13.4% more of these sized fish on average at 

the Scott Reefs than the Rowley Shoals (Fig. 3.4).  

The size structure of fish assemblages recorded on stereo-BRUVS was 

significantly different both in terms of abundance (PERMANOVA, 

F[120]=16.1, p=0.0001, 9999 perms) and biomass (PERMANOVA, 

F[120]=11.04, p=0.0001, 9999 perms) between the two locations. The main 

size class on stereo-BRUVS determining differences in the abundance of fish 

assemblages was 10.00-19.99 cm, with 139.9% more of these sized fish at 

the Scott Reefs than at the Rowley Shoals. The size class 20.00-29.99 cm 

contributed a further 13.1% of the differences in abundance between 

assemblages and there were 117.6% more fishes in this group at the Scott 

Reefs than at the Rowley Shoals. In terms of biomass, the size class 50.00-

59.99 cm was the main driver of differences between assemblages, and fish 

in this category had less biomass at the Scott Reefs than at the Rowley 

Shoals. Almost a third (32.1%) of the difference in biomass between 
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assemblages was due to small fishes (0.00-29.99 cm) and the biomass of 

fishes in this size class was on average 152.7% higher at the Scott Reefs 

than at the Rowley Shoals (Fig. 3.4; Supp. Table S3.4).   

3.4.2.4 TROPHIC LEVEL  

PERMANOVA results (Table 3.4) from stereo-DOVS showed that fish 

assemblages differed in trophic structure with respect to abundance 

(PERMANOVA, F[24]=16.18, p=0.0001, 9999 perms) and biomass 

(PERMANOVA, F[24]=6.0, p=9.0E-04, 9999 perms) of fish across trophic 

levels (TL; Fig. 3.5; Supp. Table. 3.5). SIMPER analysis showed that TL 

3.00-3.49 was the main driver of differences between assemblages in terms 

of abundance, with fish in this level less abundant at the Scott Reefs than at 

the Rowley Shoals.
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Figure 3.4 Size class distributions for fishes by abundance (left) and biomass (right) on stereo-DOVS (top) and stereo-BRUVS 
(bottom) at the Rowley Shoals (dark) and the Scott Reefs (light). 

Stereo-BRUVS 
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 3.5 Relative abundance (%∆ ; �) and biomass %∆ ; � ℎ�) per sample for fish trophic class at the Rowley Shoals and the 

Scott Reefs for stereo-DOVS and stereo-BRUVS, where %∆ = × � −�� . The same formula was used to calculate %∆ . 

Positive values indicate that the trophic class is either more abundant or has higher biomass at the Scott Reefs than at the Rowley 
Shoals. 
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Figure 3.6 Relative abundance (%ΔA) and biomass (%ΔB) per sample for fish guild at the Rowley Shoals and the Scott Reefs for 
stereo-DOVS and stereo-BRUVS, where %∆ = × � −�� . The same formula was used to calculate %ΔB. Positive values 
indicate that the guild is either more abundant or has higher biomass at the Scott Reefs than at the Rowley Shoals.
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Trophic level 4.00-4.49 drove a further 17.2% of the differences between 

assemblages in terms of abundance, with 198% more fish in this TL at 

the Scott Reefs than at the Rowley Shoals. In terms of biomass, TL 4.50-

4.99 was the most important contributor to differences between 

assemblages (29.6% of differences), with less biomass in this category at 

the Scott Reefs than at the Rowley Shoals. Trophic level 3.50-4.49 drove 

a further 34.9% of the difference between assemblages, with on average 

68.5% greater biomass in this category at the Scott Reefs than at the 

Rowley Shoals.  

The trophic structure of fish assemblages recorded on stereo-BRUVS 

was significantly different both in terms of abundance (PERMANOVA, 

(F[120]=15.7, P=0.0001, 9999 perms) and biomass (PERMANOVA, 

F[120]=11.32, p=0.0001, 9999 perms). The main TL driving differences in 

abundance between assemblages was 3.00-3.49 (30.0% of differences), 

with 22.4% more fishes in this category at the Scott Reefs than the 

Rowley Shoals. Together, TL 2.00-4.49 contributed 85.8% of the 

differences in abundance between fish assemblages, with 87.8% more 

fishes in this category on average at the Scott Reefs than at the Rowley 

Shoals. Differences in biomass between locations were driven by fishes 

in TL 2.00-2.49 (23.6% of differences), with 46.8% more biomass in this 

level at the Scott Reefs than at the Rowley Shoals. Overall, TL 2.00-3.49 

contributed 63.7% of the differences between assemblages, with 99.8% 

more biomass in this TL at the Scott Reefs than at the Rowley Shoals on 

average. Differences in dietary structure were confirmed using EQ1 (Fig. 

3.6) and differences in both trophic and dietary structure between the 
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Scott Reefs and the Rowley Shoals were confirmed using redundancy 

analysis of a distance matrix based on abundance and biomass per 

sample of fishes in each TL (Fig. 3.7-3.10).  

                                                      

                 

Figure 3.7 Unconstrained ordination biplots of redundancy analysis 
results for abundance (above) and biomass (below) of fish assemblages 
on stereo-DOVS at the Rowley Shoals (red) and the Scott Reefs (green) 
for trophic levels. 
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Figure 3.8 Unconstrained ordination biplots of redundancy analysis 
results for abundance (above) and biomass (below) of fish assemblages 
on stereo-BRUVS at the Rowley Shoals (red) and the Scott Reefs (green) 
for trophic levels. 
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Figure 3.9 Unconstrained ordination biplots of redundancy analysis 
results for abundance (above) and biomass (below) of fish assemblages 
on stereo-DOVS at the Rowley Shoals (red) and the Scott Reefs (green) 
for dietary guilds. 
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Figure 3.10 Unconstrained ordination biplots of redundancy analysis 
results for abundance (above) and biomass (below) of fish assemblages 
on stereo-BRUVS at the Rowley Shoals (red) and the Scott Reefs (green) 
for dietary guilds.
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3.4.2.5 HABITAT 

Mean depth in the stereo-BRUVS videos at the Scott Reefs and the Rowley 

Shoals (51.4 ± 1.44 m vs 66.5 ± 1.06 m, respectively) differed significantly 

(two-tailed t-test assuming unequal variances and unequal sample sizes, 

t[120]=1.66, p=1.78E-15). Habitat did not differ between the two locations 

(2×2 contingency table with no fixed margins: χ2=3.841, χobs
2=2.036, p>0.5). 

3.4.3 SIZE REFUGE 

Carcharhinus amblyrhynchos and C. albimarginatus dominated the shark 

assemblage and were, on average, almost four times more common than the 

next most common shark species, G. cuvier. Carcharhinus amblyrhynchos 

and C. albimarginatus had a combined mean length of 101.5 cm and a mean 

of maximum length of 152 cm at the Rowley Shoals. I therefore estimated that 

a size refuge from the most common size of the most common predators 

(101.5 cm) would begin at roughly 36.5 cm. I estimated that size refuge from 

the biggest sharks however would start at approximately 54.7 cm. 

3.5 DISCUSSION 

My results confirmed that the abundance, biomass and diversity of sharks at 

the Scott Reefs were significantly different to that of sharks at the Rowley 

Shoals. At the Rowley Shoals, sharks were almost twice as speciose, over 

twice as abundant, over 20 per cent longer and had over twelve times greater 

biomass per sample, with this pattern evident in both stereo-DOVS and 

stereo-BRUVS. The two dominant species of shark, C. amblyrhynchos and C. 

albimarginatus, were ~3 times more abundant at the Rowley Shoals than at 



 Chapter 3 

 

 
83 

the Scott Reefs, which was consistent with Ruppert et al. (2013) and suggests 

that the impact of shark fishing at the Scott Reefs has remained constant over 

the last decade [129]. Species that are the primary target of the shark finning 

trade such as S. lewini, C. albimarginatus, G. cuvier and C. amblyrhynchos 

were greatly reduced in number at the Scott Reefs relative to the Rowley 

Shoals, suggesting that fishing is the main driver of the variation in their 

abundance.  

Triaenodon obesus was the only shark species to show greater abundance 

and biomass at the Scott Reefs than at the Rowley Shoals. It is possible that 

this is because T. obesus is a low-value species traditionally not targeted by 

fisheries [299], however its relative abundance at the two locations may also 

reflect predatory and competitive release from larger sharks. The ecological 

role of sharks is highly context dependent, varying with an individual’s size 

relative to other predators [94,97]. Large sharks are a significant source of 

predation for smaller sharks [235,300,301] and their removal can therefore 

lead to increases in the numbers of both juvenile conspecifics [e.g. 302] and 

the adults of small-bodied species [71]. Thus my finding that T. obesus 

(maximum length of 213 cm) is more abundant at the Scott Reefs than at the 

Rowley Shoals may be because it has been released from predation 

pressure, both in terms of lethal and risk effects, and competition from larger 

sharks such as G. cuvier (maximum length: 750 cm), C. albimarginatus (300 

cm) and C. amblyrhynchos (255 cm). There may be limited functional 

redundancy between sharks [96] and Frisch et al. (2016) found that isotopic 

niche overlap was minimal between T. obesus and C. amblyrhynchos, 
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suggesting that increases in the former at the Scott Reefs relative to the 

Rowley Shoals are unlikely to be ecologically compensatory [95]. 

The results of both the stereo-DOVS and stereo-BRUVS were consistent with 

the hypothesis that removal of sharks leads to an increase in the abundance 

of mesopredators (“mesopredator release”, sensu [303]). Mesopredatory 

fishes, defined here as high-level (TL 4-4.49), omnivorous consumers of fish 

and benthos, were more abundant at the Scott Reefs than at the Rowley 

Shoals on both stereo-DOVS and stereo-BRUVS, although the magnitude of 

the observed difference was larger on stereo-DOVS (+198% vs +~21%, 

respectively). This “release” in abundance and biomass may be due to loss of 

lethal and risk effects, as demonstrated by several previous studies 

[129,241,244,304]. However, it is also consistent with the hypothesis that loss 

of reef sharks as mesopredators may lead to competitive release in other 

mesopredators due to functional redundancy [95]. However, my results were 

not consistent with the hypothesis that loss of sharks leads to competitive 

release in pelagic piscivores such as giant trevally Caranx ignobilis and green 

jobfish Aprion viriscens, which were more abundant at the Rowley Shoals 

compared to the Scott Reefs. The importance of pelagic prey to reef sharks is 

debated, with some studies suggesting C. amblyrhynchos derives 50-90% of 

its diet from pelagic sources [95,305] but others showing that pelagic fishes 

are scarce in the guts of reef sharks [95]. My results suggest that pelagic 

piscivores are not an important food item for reef sharks, supporting Frisch et 

al.’s (2016) contention that the pelagic signal in their diets is generated by 

reef-associated planktivores [95], although an analysis of gut contents from 



 Chapter 3 

 

 
85 

sharks would be necessary to confirm this and regional variation in prey 

preference is to be expected.  

Results from both stereo-DOVS and stereo-BRUVS were consistent with the 

hypothesis that removal of sharks as gape-limited predators may lead to 

increases in the abundance and biomass of prey. The stereo-DOVS 

demonstrated that fishes 30-50 cm in length were more abundant (+21%) and 

had greater biomass (+37%) at the Scott Reefs relative to the Rowley Shoals. 

The stereo-BRUVS suggested releases only in smaller fishes (<30 cm), with 

the 20-30 cm size class experiencing the greatest relative increase in biomass 

(+226%) at the Scott Reefs relative to the Rowley Shoals. This result is 

consistent with Dulvy et al. (2004), who reported a 17% increase in biomass 

of the 21-25 cm size class in response to predator removal [88]. Both the 

stereo-DOVS and stereo-BRUVS results support the hypothesis that gape-

limited predators create size refugia but that the refugia are defined not by the 

largest, rarer sharks, but by the most common size class of shark. Indeed, the 

stereo-DOVS and stereo-BRUVS suggest that a size refuge may exist at 30-

50 cm, which is lower than a size refuge based on the mean maximum length 

of the two dominant species of shark, ~55 cm and more consistent with that 

predicted from the mean lengths of the two species, ~36 cm.  

The results from the stereo-DOVS and the stereo-BRUVS were consistent 

with the hypothesis that removal of sharks can lead to increases in the 

abundance and biomass of lower trophic prey, not just mesopredators. The 

stereo-DOVS recorded higher abundances of herbivores and benthic 

invertivores at the Scott Reefs relative to the Rowley Shoals, in addition to 
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greater biomass of detritivores. This finding was echoed by the stereo-

BRUVS, which demonstrated that the abundance and biomass of herbivores, 

detritivores and zooplanktivores was greater at the shark-depleted location 

relative to the Rowley Shoals, with fish spanning the trophic levels 2-3.49 

characterised by 99% greater biomass at the former location relative to the 

latter. Gut contents analyses that have demonstrated that C. amblyrhynchos 

preys upon herbivores and detritivores such as scarids and acanthurids [306], 

yet several studies have failed to detect increases in the abundance of these 

trophic groups in response to loss of sharks [40,93,98,129]. Some studies 

have argued that this is because loss of sharks leads to “outbreaks” of 

mesopredators, which, in turn, suppress the number of lower trophic groups 

[e.g. 129]. Others have argued that the positive correlation between herbivore 

and shark abundance is an artefact of “fishing down the food web”[125], and 

that herbivore abundance should theoretically increase in response to loss of 

sharks [98]. Consistent with the latter, this study suggests that removal of 

sharks can lead to increases at multiple trophic levels.  

An implication of these findings is that removal of sharks may not lead to 

classic “top-down” trophic cascades but may instead alter the system from the 

“bottom up” and “middle out” via low- to mid-trophic level fishes. Lower-trophic 

level fishes play critical functional roles on reefs due to their diets of algae, 

sea urchins and coral, both dead and alive [307,308]. In particular, benthic 

excavators, grazers and scrapers influence recovery rates on coral reefs 

following disturbance events because they crop algae, protecting live coral 

[309], and erode dead coral stands, paving the way for coral recruitment 

[310]. A second implication of my results is that the removal of sharks may 
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ultimately influence the stability of reef communities. There is good evidence 

that lower trophic level fishes are faster growing, more fecund and have 

shorter life spans than higher trophic fish, which means that they also 

experience greater fluctuations in recruitment and population size 

[245,247,311].  

The stereo-DOVS and the stereo-BRUVS yielded conflicting evidence on the 

potential effect of sharks on species diversity. I hypothesized that loss of 

sharks would lead to a reduction in species diversity based on evidence that 

apex predators crop both prey and their prey’s competitors, promoting 

coexistence [15,262,312,313] and the evidence from the stereo-DOVS 

supported this hypothesis. In contrast, the stereo-BRUVS were consistent 

with studies that have shown that piscivores reduce the diversity of both fish 

recruits and adults on reefs [250], possibly by excluding the rarest species 

[314]. The conflicting results may simply reflect the difficulty of adequately 

sampling diverse ecosystems, however it is also possible that they reflect 

differences in the designs of the techniques. While both DOVS and BRUVS 

collect representative samples of herbivores, BRUVS are more powerful at 

measuring mesopredators and have been shown to detect up to 40% higher 

species richness than DOVS [272–274,278]. Thus, the stereo-DOVS and 

stereo-BRUVS may together suggest that removal of sharks leads to reduced 

diversity among competitors but promotes diversity among small, cryptic 

herbivores and other prey. 

The results of this analysis underline the significant effect that technique 

selection can have on understanding fish assemblages. This was also the 
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conclusion of McCauley et al. (2012) [315], Watson et al. (2010) [271] and 

Shedrawi et al. (2014) [316] and has led to calls for both techniques to be 

used in parallel or selected based on specific research questions where 

possible [271,272,317,318]. It is impossible to exclude the possibility that the 

stereo-DOVS results were impacted by the “diver effect,” which is known to 

reduce counts of mobile, skittish prey, particularly scarids [277]. Furthermore, 

on-screen interactions on the stereo-BRUVS, such as intraspecific 

competition, may have altered the results. There are also potential 

environmental reasons for why the results of the stereo-DOVS and stereo-

BRUVS diverged. The former technique occurred at depths of ~10 m while 

the latter were deployed at a mean depth of 60 m. Although total fish 

abundance is not thought to vary significantly across depth gradients on coral 

reefs [319], shark distribution – and therefore the “seascape” of fear (sensu 

[320]) that they create – may be biased towards depths of 30-60 m [118], 

suggesting that habitats surveyed by stereo-BRUVS may better reflect prey 

assemblages exposed to lethal and risk effects than the habitats captured by 

stereo-DOVS.  

As is the case with all natural experiments, the differences in the fish 

assemblages that I observed between the Scott Reefs and the Rowley Shoals 

may be influenced by more factors than just the loss of apex predators. 

Natural disturbance events can alter the trajectories of reef systems, causing 

variable responses in fish populations due to erratic recruitment, ecological 

plasticity and changes in growth, feeding behaviour and condition [321,322]. 

However, the Australian Institute of Marine Science has collected annual data 

on fish abundance and benthic cover on the outer reef slopes of both 
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locations since 1994, showing that although coral cover was reduced from 

~60% to <10% by disturbance events in 1996-1998 at both locations, both 

reefs recovered to pre-disturbance levels over the following decade [129]. 

Furthermore, Ruppert et al. (2013) demonstrated that while the abundance of 

planktivores and corallivores fluctuated in accordance with disturbance events 

such as bleaching or cyclones at both locations, “bottom up” effects did not 

influence the density of mesopredators, which remained constant within each 

system over a period of over 15 years [129]. In addition, Ruppert et al. (2013) 

found that the two systems were similar with respect to productivity, habitat 

structure, benthic communities, and average coral cover over a 15-year 

period, with shelf position and total reef size also similar [129]. 

The structure of fish assemblages can also be influenced by a number of 

environmental factors such as habitat complexity, i.e. the amount of shelters 

in the substrate [84,323]. However, my data suggested that there was no 

significant difference in habitat rugosity between locations. Differences in 

temperature are also unlikely to be a factor, as Chapter Six showed that 

temperature regimes were not significantly different between the locations. 

Although it is possible that the differences I observed between the two 

locations were due to fish immigrating or emigrating, this is unlikely as there is 

good evidence that the fish populations in this region are self-recruiting 

[128,324]. Variable recruitment may be a factor contributing to differences in 

abundance of small size classes between assemblages [325], however, it is 

unlikely that assemblage metrics would have been consistent across different 

guilds and trophic levels if recruitment were the key driver of the trends. 

Finally, it is possible that the results in terms of species diversity were 
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influenced by a number of factors besides predation, including resource 

quality, the number of niches available, interspecific competition and 

stochastic processes such as extinction and speciation [326].   

Several large-scale studies have identified a positive correlation between 

herbivore and shark abundance [e.g. 40,93,98,129], even though sharks are 

known to prey upon herbivores and other lower trophic prey [95,306]. Ruppert 

et al. (2013) implicated outbreaks of mesopredators following loss of sharks 

as the driving force behind suppression of herbivores [129]. Consistent with 

that study, I found evidence for increased abundance and biomass of 

mesopredators at the Scott Reefs relative to the Rowley Shoals, which could 

be due to predatory or competitive release. However, my results also suggest 

that removal of sharks can drive increases at multiple, lower trophic levels 

including herbivores, detritivores and zooplanktivores. Regardless of 

technique, my results suggested that removal of sharks may drive increases 

in small to medium size classes (20-50 cm) of fishes, but that these increases 

are not compensatory, leading to overall declines in biomass within the 

system, consistent with [88] and [51]. This study suggests that gape-limitation 

provides a mechanism by which reef sharks can trigger detectable trophic 

cascades, in contrast to Shurin et al. (2002)’s contention that trophic 

cascades in marine systems are weak [106]. My results suggest differences 

between two fish assemblages in terms of abundance, biomass and size and 

trophic structure that are consistent with a role for sharks as important 

influences on ecosystems, despite nuanced differences related to method.  
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4 CHAPTER 4 

Reef sharks and the trophic ecology of reef fish communities 

4.1 ABSTRACT 

Debate remains as to the importance of sharks in regulating coral reefs, and 

whether they are apex predators or mesopredators. I used stable isotope 

analysis to examine the diet and trophic ecology of the reef shark, 

Carcharhinus amblyrhynchos, in addition to the trophic positions and isotopic 

niche dimensions of potential prey of this predator on two remote, atoll-like 

reef systems, the Rowley Shoals and the Scott Reefs in northwestern 

Australia. The Rowley Shoals are a marine reserve where sharks are 

abundant, whereas at the Scott Reefs shark numbers have been reduced by 

centuries of targeted fishing. Comparing these two reef systems, I find support 

for the hypothesis that removing reef sharks may alter the trophic ecology of 

reef fishes. At the predator-depleted location, all mesopredators occupied 

higher trophic positions than was the case at the reef system where sharks 

were abundant. However, only the upper-tier mesopredators and close 

competitors to sharks displayed changes consistent with niche expansion. 

These results support the hypothesis that removal of sharks alters reef 

assemblages via a combination of both predatory and competitive release. 

However, due to the limitations of natural experiments, other factors cannot 

be ruled out as possible contributors to these changes, including variation in 

habitat and prey abundance, and these are topics for further research.
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4.2 INTRODUCTION 

Apex predators have a direct, “top-down” influence via consumption on prey 

assemblages in both terrestrial [14,303,327–329] and marine ecosystems 

[75,240,243,245,330–336]. Predators also regulate ecosystems indirectly, by 

creating costly “risk effects” that can alter foraging and other important 

behaviours in prey and may ultimately diminish their reproductive fitness 

[29,337–340]. Like lethal effects, there is good evidence for risk effects both 

on land [16,341–346] and in several aquatic systems including caves 

[347,348], lakes and rivers [349,350], temperate open ocean 

[33,51,73,75,351–353] and seagrass meadows [20,68,70,135,320,354,355]. 

In the case of the latter, seasonal variation in the abundance of tiger sharks 

G. cuvier has been shown to cause substantial shifts in the foraging behaviour 

of a range of taxa including dugongs Dugong dugon [20], harbor seals Phoca 

vituline [320], bottlenose dolphins Tursiops aduncus [69] and turtles Chelonia 

mydas [68]. 

The question of whether reef sharks induce risk effects on coral reefs remains 

unanswered, partly due to the logistical and ethical challenges associated with 

conducting experiments on large marine predators [33]. Indeed, most of the 

evidence for top-down effects on coral reefs has focused not on sharks but on 

large teleosts or the piscivore guild as a whole [21,80,86,356,357]. 

Furthermore, some studies have failed to find strong evidence that the 

piscivore guild regulates prey assemblages [89–93,358]. Of the relatively few 

studies that have explicitly examined the role of sharks on tropical reef 

systems [129,305,340], several have concluded that sharks may not be 
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keystone ecosystem regulators [94,98,305,359–362]. Studies such as these 

have led to the suggestion that marine trophic cascades may be weaker than 

those observed in freshwater systems [352].  

Lack of knowledge of diet has been a long-standing impediment to our 

understanding of the role of reef sharks in coral reef systems [363,364]. This 

problem is exemplified by one of the most abundant coral reef sharks in the 

Indo-Pacific [365], C. amblyrhynchos. Whether or not this shark species feeds 

opportunistically on prey in accordance with their abundance as predicted by 

optimal foraging theory [366] or whether individuals have specialized diets 

remains unclear [367,368]. It is also still unclear to what extent C. 

amblyrhynchos relies on pelagic vs reef-associated prey [95,305]. McCauley 

et al. (2012) reported that 86% of C. amblyrhynchos’ diet at Palmyra atoll in 

the central Pacific was derived from pelagic sources [305]. Frisch et al. (2016) 

also detected a pelagic signal in the diet of C. amblyrhynchos but due to lack 

of pelagic prey in the guts of sharks concluded that the signal may have been 

generated by reef-associated planktivores [95]. Furthermore, the extent to 

which reef sharks feed on mesopredators vs lower trophic prey remains 

debated. Some gut contents analyses [e.g. 369] and modelling studies 

[362,370] suggest that sharks feed on mesopredators, but some gut content 

studies also suggest that C. amblyrhynchos is trophically omnivorous [95]. 

These results are further complicated by significant variability in the diets of 

individual C. amblyrhynchos, in addition to ontogenetic shifts in prey choice 

[363]. 
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The means by which sharks might regulate reef systems are intimately related 

to their diet [368]. Depending on whether reef sharks target mesopredators or 

feed diffusely at several trophic levels, their removal from reef ecosystems 

might influence mesopredators either directly through predatory release or 

indirectly through competitive release. In the case of predatory release, prey 

have been shown to respond to the removal of predators by switching to food 

items that are riskier [341,371–373], higher in trophic position [374], more 

energetically profitable [69,338,375], situated in more exposed habitats 

[371,376–383] and/or larger [383–388]. In addition, prey may display 

increased activity levels [328,389,390] and feeding efficiencies in the absence 

of predation [391]. In the case of competitive release, loss of an apex predator 

may influence the trophic niche of mesopredators indirectly by increasing 

availability of shared prey and/or allowing them to access novel prey items 

previously monopolised by the apex predator [239,392–401]. 

Given uncertainties in the diet of reef sharks as predators, information on 

feeding of both the predator and the prey is required before we can identify 

predator-induced shifts in the trophic ecology of prey. Stable isotope analysis 

is an effective means of achieving this goal [402–409] and this is the 

technique used here to compare the trophic architecture of two reef 

assemblages in northwestern Australia, the Rowley Shoals and the Scott 

Reefs (Fig. 4.1). These remote systems, each of which is composed of three 

atoll-like reefs, lie on the edge of the continental shelf more than 300 km from 

the mainland. While the Rowley Shoals are a remote marine reserve with 

negligible levels of charter fishing, sharks at the Scott Reefs have been 

selectively targeted by Indonesian fishermen for several centuries [130,131], a 
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practice that continues today due to a 50,000 km2 area known as the 

Australian-Indonesian Memorandum of Understanding Box 74 (MoU74) that 

allows Indonesian fishermen to use traditional techniques to fish for sharks 

[410]. This traditional fishery has removed a disproportionately large number 

of sharks while leaving the population of other reef fishes relatively intact 

[129]. The targeted nature of shark fishing at the Scott Reefs offers an 

exceptional opportunity to study the effects of reducing the density of these 

predators on coral reef systems. Typically, fisheries target bony fishes and 

remove sharks as by-catch [100], such that the reduction of shark-induced 

risk effects is compounded by the imposition of a new type of mortality and a 

loss of selected species within the food web.  

Due to their very different histories of fishing but great similarities with respect 

to habitat structure, composition of benthic communities, average coral cover, 

shelf position and total reef size [129], the Rowley Shoals and the Scott Reefs 

constitute an attractive natural experiment with which to test a number of 

hypotheses about the role of sharks in the trophic ecology of coral reefs at 

ecologically meaningful scales. Based on previous studies [306,411,412], I 

predicted that C. amblyrhynchos would be trophically omnivorous, feeding on 

a range of herbivores, detritivores and mesopredators. I also predicted that C. 

amblyrhynchos would display an ontogenetic shift in diet from lower to higher 

trophic prey, based on the findings of Speed et al. (2012) [363]. Using five 

species of mesopredator as models, I hypothesized that all species would 

display compensatory increases in trophic position at the Scott Reefs relative 

to the Rowley Shoals due to loss of risk effects. Removal of an apex predator 

can lead to breakdown of niche partitioning between the predator and 
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competitors, leading to increased access to formerly rare, shared prey and 

niche expansion to include novel prey items [413–418]. Under this scenario, I 

hypothesized that mesopredators with the greatest trophic overlap with C. 

amblyrhynchos would occupy wider niches at the Scott Reefs relative to the 

Rowley Shoals.  

Natural experiments cannot fully control against some alternative explanations 

of the patterns observed, but the degree of consistency with any given 

hypothesis can help us rank and discriminate between the stronger and 

weaker explanations. This is fortunate because very few alternatives to the 

‘natural experiment’ approach are available to researchers studying the 

importance of sharks in coral reef ecosystems [22,361] due to the logistical 

and ethical challenges of manipulating the abundance of large carnivores at 

ecologically-relevant scales [33]. 

 

Figure 4.1 Map of the Scott Reefs, where sharks are targeted by Indonesian 
fishermen, and the Rowley Shoals, where sharks are protected, in 
northwestern Australia. 
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4.3 METHODS 

Quantifying the relative abundance of stable isotopes of carbon (13C:12C; 

δ13C) and nitrogen (15N:14N; δ15N) provides a useful tool to examine the 

trophic ecology of animals [402–409]. The approach offers many advantages 

over gut content analysis, including negating the need for lethal sampling 

[404]. Stable isotope analysis integrates dietary information over potentially 

long time periods [406], ranging from several months in sharks and 2-8 weeks 

in the case of bony fish muscle [419]. The trophic position of consumers can 

be estimated from δ15N because the δ15N in their tissues is typically enriched 

~3.2‰ relative to prey due to preferential excretion of lighter isotopes during 

the digestion process [402,420,421].  

By contrast, changes in δ13C between trophic levels are negligible [~1.5‰, 

402,422] and can therefore be used to identify an animal’s fundamental 

source of carbon [423]. In marine systems, several different potential carbon 

sources can be discriminated using their δ13C signatures, including coral, 

macroalgae, turf algae, red algae, sea cucumbers, seagrass, mangroves, 

zooplankton and phytoplankton [408,424–427]. For instance, McCauley et al. 

(2012) used δ13C signatures to distinguish fine scale differences in prey 

choice and habitat use of reef sharks on Palmyra Atoll in the western Pacific 

Ocean based on differences between the δ13C signatures of prey items in the 

lagoon, on the forereef and offshore, and concluded that forereef and lagoon 

δ13C values were more positive than pelagic δ13C values [305]. 
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4.3.1 STUDY SPECIES  

Carcharhinus amblyrhynchos reaches a maximum length of 255 cm and 

matures at 122-137 cm [292]. As potential prey for C. amblyrhynchos I 

selected five species of mesopredatory fish (Lutjanus bohar, Lutjanus 

decussatus, Lutjanus gibbus, Lutjanus kasmira and Monotaxis grandoculis), 

one omnivorous chaetodontid (Forcipiger flavissimus) and five largely 

herbivorous species (Chlorurus microrhinos, Chlorurus sordidus, Siganus 

vulpinus, Zebrasoma scopas and Pomacentrus vaiuli; see Table 4.1 for 

sample sizes and trophic positions).  
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Table 4.1 Summary of samples collected at each location (Rowley Shoals and Scott Reefs) including sample size (n), mean length 
(L; mm) and SE in parentheses, trophic level (TL; Fishbase) and maximum length (mm; Fishbase), sorted by trophic level (highest 
to lowest). 

 Rowley Shoals Scott Reefs    

Species n Mean L (SE) n Mean L (SE) Family TL Max 
L  

Lutjanus bohar 13 469.9 (40.4) 14 455.0 (38.3) Lutjanid 4.3 900 
Lutjanus gibbus 10 332.2 (12.7) 10 271.5 (8.0) Lutjanid 4.1 500 
Carcharhinus 
amblyrhynchos 

9 1221.7 (80.0) 0 na Carcharinid 4.1 2550 

Lutjanus decussatus 10 239.8 (9.9) 9 212.1 (6.7) Lutjanid 4 350 
Lutjanus kasmira 13 205.5 (3.3) 14 201.6 (1.5) Lutjanid 3.9 400 
Monotaxis grandoculis 14 241.5 (16.1) 13 222.6 (14.9) Lethrinid 3.4 600 
Pomacentrus vaiuli  12 54.71 (2.4) 13 59.5 (0.6) Pomacentrid 3.1 100 
Forcipiger flavissimus 10 149.3 (6.8) 9 142.6 (2.0) Chaetodontid 3.1 220 
Siganus vulpinus 10 202.9 (3.7) 10 190.1 (3.9) Siganid 2.7 250 
Chlorurus sordidus 10 224.6 (4.2) 11 210.6 (4.5) Scarid 2.6 400 
Chlorurus microrhinos  10 411.1 (10.7) 11 374.1 (20.6) Scarid 2.6 700 
Zebrasoma scopas 10 121.2 (3.2) 8 117.9 (5.0) Acanthurid 2 400 
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Lutjanus bohar, L. gibbus and L. decussatus largely feed on fishes, 

supplementing their diets with invertebrates such as shrimps, crabs, lobsters, 

cephalopods, echinoderms and ophiuroids [292]. The red bass L. bohar is 

commonly found near its maximum length of ~90 cm. The checkered snapper 

L. decussatus reaches a maximum length of 35 cm but is more commonly 

found at lengths of 29 cm [292]. The humpback red snapper L. gibbus has a 

maximum length of 50 cm and a common length of 45 cm. Lutjanus kasmira, 

which feeds on fishes, shrimps, crabs, stomatopods, cephalopods, and 

planktonic crustaceans, reaches maximum total lengths of 40 cm but is 

commonly found at lengths of 25 cm [292]. Monotaxis grandoculis, a nocturnal 

predator of fishes, gastropods and echinoids [428], reaches a total length of 

60 cm, and is commonly found at lengths of 40 cm [292].  

The longnose butterflyfish F. flavissimus (max total length: 22 cm) feeds on a 

wide variety of animal prey including hydroids, fish eggs, small crustaceans, 

echinoderms, sea urchins, and polychaetes. The steephead parrotfish C. 

microrhinos (max total length: 70 cm, common length: 54 cm) is a large 

“excavator” that feeds on epilithic algae, live coral and detritus [429–432]. The 

bullethead parrotfish C. sordidus (max total length: 40 cm) is a smaller-bodied 

“scraper” that also feeds on epilithic algae, organic detritus and calcareous 

sediments [433,434]. The foxface rabbitfish S. vulpinus (max total length: 30 

cm, common length: 20 cm) is a grazer that feeds on a mix of cyanobacteria, 

sediment and red corticated algae, particularly in crevices [435,436]. The 

twotone tang Z. scopas (max length: 47 cm) grazes on thallate and 

filamentous red and green algae [433].The ocellate damselfish P. vaiuli (max 

fork length: 10 cm) feeds on filamentous algae and small invertebrates [292].  
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4.3.2 SAMPLE COLLECTIONS 

At the Rowley Shoals, nine C. amblyrhynchos were caught using fishing line 

and hooks. A sample of dorsal muscle sample was extracted from each 

shark’s dorsal fin using a biopsy sampler, and the shark was then released 

back into the water. Ten individuals of each potential prey species were 

collected at each location, the Rowley Shoals and the Scott Reefs. Free-

divers with spearguns collected individuals of all species except the small 

herbivorous damselfish P. vaiuli, which was collected by SCUBA divers with 

clove oil. The fork lengths of all sharks and fishes were measured and fishes 

were also weighed using a digital scale. Free-divers also collected turf algae 

(n=8), and five samples each of the sea cucumber Holotheria atra, hard coral 

Acropora spp (air-picked from coral skeletons), macroalgae and zooplankton 

(333 �m mesh plankton net) at the Rowley Shoals.  

4.3.3 SAMPLE PREPARATION 

White muscle removed from each fish in the field was homogenized using a 

mortar and pestle. Approximately 1 mg of sample was placed in tin cups and 

analysed for δ13C and δ15N values using a Europa Hydra 20/20 isotope ratio 

monitoring mass spectrometer (irm-MS) at the UC Davis Stable Isotope 

Facility. Stable isotopes were expressed in standard delta (δ) notation as 

parts per thousand (‰), where R is the ratio of 13C:12C or 15N:14N: 

�� : �   � = ( − )  ×  
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Results were reported relative to Vienna Pee Dee Belemnite (VPDB) for �  

and atmospheric air for � . Powder standards (NB519) were analysed to 

assess instrument drift and calculate precision.  

4.3.4 DATA ANALYSIS 

4.3.4.1 SHARK DIET 

To estimate the trophic position of each shark, I used the equation: 

�� : � = + � − �∆�  

where ‘2’ is the trophic position of the baseline primary consumers, �  is 

the �  of the consumer, �  is the baseline �  for the food web and ∆�  is the consumer’s trophic fractionation value [437]. I used a shark-

specific value of 2.3 for ∆� , following [438]. Primary consumers are 

typically used as baseline indicators rather than primary producers because 

they exhibit less temporal variability than the latter [423,437,439]. Appropriate 

baseline indicators are usually relatively large, long-lived, abundant and 

ubiquitous species with minimal levels of omnivory [440]. Anderson and 

Cabana (2007) recommended the use of scrapers and concluded that it was 

best not to average values across functional groups [441]. I therefore selected 

C. sordidus as the baseline indicator because it displayed the lowest δ15N 

value of any primary consumer, was relatively large (maximum length: 40 cm) 

in addition to being a scraper [442]. In addition, C. sordidus is long-lived 

(maximum age: 19 years, similar to the maximum age of C. amblyrhynchos 

(12-25 years; [292]) and is abundant and evenly-distributed [Chapter Three]. 
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Chlorurus sordidus is therefore likely to temporally and spatially integrate the 

isotopic composition of local primary producers [439]. To estimate δ15Nb, I 

took the mean of all δ15N values for C. sordidus at the Rowley Shoals.  

The relative contributions of potential prey species to the diet of sharks at the 

Rowley Shoals were estimated using simmr, a Bayesian stable-isotope mixing 

model [443]. The simmr analysis uses the software R [444] and Markov chain 

Monte Carlo simulations to repeatedly estimate the dietary proportions of 

each prey item until it finds the best fit. It also allows users to include sources 

of uncertainty and individual-specific trophic fractionation values (Δδ13C and 

Δδ15N) in the analysis. To estimate Δδ13C and Δδ15N for each individual prey 

item I used formulae developed by [445] where: 

�� : ∆� = − . � − .  and 

∆� = − . � + . , 
following the approach of [446]. Because L. bohar, L. decussatus and L. 

gibbus were isotopically indistinct, I pooled their values into a single group for 

the analysis. After running the model, I confirmed that the convergence 

diagnostics were correct (diagnostic values were ~1). I extracted the mean 

percent contribution to diet, standard deviations and 95% credibility intervals 

of each prey species consumed by each shark. The weighted trophic mean 

was calculated by multiplying the trophic position of each prey category by the 

sum of the % contribution to diet and then dividing the value by 100. 

Regression analysis was used to test for a significant relationship between 

weighted trophic position of shark prey and shark length. 
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4.3.4.2 FISH TROPHIC POSITION 

I compared mean fork length and weight of all species between locations 

using one-tailed t-tests assuming equal variance. One-tailed t-tests were used 

because a directional difference was expected in length and weight [Chapter 

Three]. To estimate the trophic positions of individual mesopredators at the 

Rowley Shoals and the Scott Reefs, I used the formula described above 

(EQ2). Trophic enrichment factors for each species were calculated based on 

[445] (see Supp. Table S4.2). I then tested for an effect of location on 

individual log10 transformed trophic values by species using a one-tailed t-

test assuming equal variance. For each mesopredatory species, I estimated 

the percentage difference in mean trophic position (%ΔTP) at the Scott Reefs 

relative to the Rowley Shoals using the equation: 

�� : %Δ� = × (� − �� ) 

This metric provides an indication of the relative difference in trophic position 

of mesopredators at the Scott Reefs and the Rowley Shoals, with positive 

values indicating that trophic position is higher at the Scott Reefs. I also 

disentangled the potential effect of predatory release from that of competitive 

release on trophic shift by regressing %ΔTP against the percentage 

contribution of species to shark diet (%CSD).  

4.3.4.3 ISOTOPIC NICHE DIMENSIONS  

I used the coordinates of the convex hull generated by the R package siar to 

estimate isotopic niche width (δ13C range) and isotopic niche height (δ15N 
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range) for each species of mesopredator at each location. The convex hull is 

described by all of the individuals of a species in an δ15N and δ13C bi-plot and 

is widely used to understand dietary niches [447–454]. I chose to use the 

convex hull approach rather than Bayesian ellipses because the potential 

range of prey items included in the diets of mesopredators, rather than the 

population mean, was of more interest [448]. I then used the coordinates to 

estimate the % difference in isotopic niche height (%ΔH) and width (%ΔW) at 

the Scott Reefs relative to the Rowley Shoals by substituting H or W for TP in 

EQ4. Finally, I regressed %ΔH and %ΔW of mesopredators against TP. This 

allowed for the testing of the prediction that species that were closer 

competitors of C. amblyrhynchos would display greater niche expansion than 

species that displayed less trophic overlap with sharks. I also regressed %ΔH 

and %ΔW against %ΔTP. This allowed me to test the prediction that species 

that experienced the greatest niche expansion would also display the greatest 

increases in trophic position at the Scott Reefs relative to the Rowley Shoals.   

4.4 RESULTS 

4.4.1 SHARK DIET 

Sharks ranged in length from 77 cm to 163 cm (mean: 122.2 ± 80 cm). There 

was a high degree of variability among individuals in δ13C (−12.42 ± 2.04, 

range: – 16.28 to – 9.89) and in δ15N (11.32 ± 0.89, range: 10.54 to 13.35) 

with sharks ranging in trophic position from 3.2 to 4.4 (mean: 3.52 ± 0.13). 

The major sources of prey according to simmr were fishes with isotopic 

signatures similar to the herbivorous excavator C. microrhinos (mean % diet 

contribution: 38.5%; 95% CI: 0.9-77.8%), the scraper C. sordidus (mean: 
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27.6%; 95% CI: 0.8-81.3%) and the lower-tier mesopredator L. kasmira 

(7.6%, 0.6%–46%) (see Supp. Table S4.1 and Fig. 4.2). Regression analysis 

showed that there was a significant positive relationship between the 

weighted mean trophic position of prey (TP) and shark fork length (SL), where 

TP=(0.0042×SL)+2.42 (R² = 0.60; p=0.024; see Fig. 4.3). The regression 

analysis excluded a single shark that was a notable outlier. 

 

 

Figure 4.2 Percentage mean contribution to diet of prey species to reef 
sharks C. amblyrhynchos, with 95% credibility intervals (see Supp. Table 
S4.1 for values) 
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Figure 4.3 Regression of weighted trophic position (TP) of prey, against shark 
length (SL) where Weighted TP = 0.0042×SL + 2.42 (R² = 0.60; p=0.024). 
Male sharks are indicated by black circles while females are black triangles. 
The outlier is indicated by a grey triangle.  

 

4.4.2 FISH TROPHIC POSITION 

The two locations revealed no significant differences in either fork length or 

weight of fishes (length: one-tailed t-test, df=20, t=0.36, p=0.363; weight: 

df=20, t=-0.18, p=0.42). One-tailed t-tests assuming equal variance showed 

that the mean trophic position of mesopredators was significantly higher at the 

Scott Reefs relative to the Rowley Shoals for L. bohar (2.21 vs 3.10; p=0.040, 

df=26), L. decussatus (3.30 vs 3.06; p=0.00017, df=18), L. kasmira (2.96 vs 

2.56; p=2.83E-06, df=26) and M. grandoculis (2.90 vs 2.67, p=0.0015, df=26). 

Trophic position was marginally higher for L. gibbus at the Scott Reefs but not 

significantly so (3.20 vs 3.07; p=0.053, df=19). Relative increases in trophic 
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position between the Scott Reefs and the Rowley Shoals ranged from 3.5-

15.5% (L. bohar: 3.5%; L. decussatus: 7.9%, L. gibbus: 3.9%; L. kasmira: 

15.5%; M. grandoculis: 8.5%; Fig. 4.4). Regression of %ΔTP against %CSD 

was significant (%TP = 2.68×%CSD - 4.82; R2=0.87; p=0.02; see Fig. 4.5 C).  

 

Figure 4.4 Mean trophic position of five species at the Rowley Shoals (dark) 
and the Scott Reefs (pale). Species are ranked based on % difference in 
trophic position between location (highest to lowest, values presented above 
chart). P-values from one-way t-tests assuming equal variance performed on 
log10 transformed values are also presented above each species.  

 

4.4.3 ISOTOPIC NICHE DIMENSIONS  

By species, isotopic niche width (δ13C range) was larger at Scott Reefs for L. 

bohar (7.6 v 3.8‰; 101.6% increase at the Scott Reefs relative to the Rowley 

Shoals), L. gibbus (3.8 v 2.4‰; +52.4%) and L. decussatus (3.1 v 2.4‰; 

31.8%) but not for L. kasmira (3.1 v 4.4‰; -13.2%) or M. grandoculis (4.0 v 

4.6‰; -29.1%). Isotopic niche height (δ15N range) was higher at the Scott 
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Reefs for L. bohar (1.9 v 1.7‰; +15.8%), L. decussatus (1.4 v 1.4‰; 

+230.9%), L. gibbus (2.3 v 0.68‰; +0.70%) and M. grandoculis (2.5 v 1.7‰; 

46.7%) but not L. kasmira (1.4 v 2.1‰; -31.0%). See Table 4.2 for isotopic 

niche dimensions. Regression of %ΔW against TP was significant (p=0.035, 

df=4, F=13.6; Fig. 4.5 A) but not for %ΔH (df=4, F=0.475, p=0.475). 

Regressions of %ΔW and %ΔH against %ΔTP were also insignificant (%ΔW: 

df=4, F=9.37, p=0.0549, Fig. 4.5 B; %ΔH: df=4, F=1.60, p=0.295). 
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Figure 4.5 Regression of % change in isotopic niche width (%ΔW) or % 
change in trophic position (%ΔTP) at Scott Reefs relative to the Rowley 
Shoals against trophic position (TP) or % contribution to shark diet (%CSD) 
for five mesopredator species, where (a) %W = 185(TP)-508; R2=0.82; 
p=0.035, (b) %W = -9.41(%ΔTP)+103; R2=0.759; p=0.055 and (c) %ΔTP 
=2.68(%CSD)-4.82; R2=0.87; p=0.02). See Table 4.2 for values.
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Figure 4.6 Isotopic niche areas at the Rowley Shoals (top, pale) and the Scott Reefs (bottom, darker shades) for L. bohar, L. 
decussatus, L. gibbus, L. kasmira and M. grandoculis. See Table 4.2 for width and height values. 
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Figure 4.7 Ranges of δ13C values at the Scott Reefs (grey) and the Rowley Shoals (black) ordered by trophic level (lowest to 
highest).
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Table 4.2 Isotopic niche width (range in δ13C; W (‰)) and isotopic niche 
height (δ15N range; H (‰)) for five species of mesopredator at the Rowley 
Shoals (R) and the Scott Reefs (S), in addition to %ΔW and %ΔH. Units for W 
and H are ‰. 

  Isotopic niche width (W) Isotopic niche height (H) 

Species WR WS %ΔW HR HS %ΔH 

L. bohar 3.76 7.58 101.6 1.65 1.91 15.8 
L. gibbus 2.50 3.81 52.4 0.68 2.25 230.9 
L. decussatus 2.36 3.11 31.8 1.42 1.43 0.7 
M. grandoculis 4.55 3.95 -13.2 1.67 2.45 46.7 
L. kasmira 4.43 3.14 -29.1 2.10 1.45 -31.0 

 

4.5 DISCUSSION 

Consistent with my hypotheses, the results of this study suggest that C. 

amblyrhynchos is a trophic omnivore that includes significant amounts of 

herbivorous fishes in its diet. In particular, C. amblyrhynchos appears to 

consume reef-associated fishes with isotopic signatures resembling those of 

excavating scarids such as C. microrhinos. These results suggest that the diet 

of C. amblyrhynchos can vary significantly between reef systems as 

McCauley et al. (2010) found that the primary prey of this shark were pelagic 

fishes [305]. However they are consistent with Papastamatiou et al. (2010), 

who found that herbivores comprised a significant proportion of the diet of the 

black tip reef shark Carcharhinus melanopterus, a species with similar habitat 

associations to C. amblyrhynchos [364]. Because excavators limit the 

establishment and growth of macro- and epilithic algae and keep substrate 

clear for coral recruitment [433,455], these findings suggest that C. 

amblyrhynchos has the potential to exert strong, direct effects on reefs by 
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regulating numbers of herbivores wherever it consumes them regularly, as 

appears to be the case here. 

There was a significant relationship between the size of sharks and the 

trophic position of their prey, indicating that C. amblyrhynchos may feed 

higher up the food chain as it grows. The existence of this type of ontogenetic 

niche shift in C. amblyrhynchos has been suggested by an earlier study [363] 

and may be a widespread phenomenon given the evidence for such shifts in a 

number of other shark species [360,364,456,457]. However, my analysis 

excluded a single “outlier”, a medium-sized (119 cm) individual with a δ15N 

value that was 18% higher than the average. This result may reflect 

idiosyncratic patterns of feeding by sharks so that some individuals target a 

diet rich in mesopredators or alternatively, it may have been due to the 

condition of this animal, since this may mask the effect of size on δ15N in reef 

sharks [364]. It is therefore impossible to exclude the possibility that while 

many reef sharks may be well-rounded trophic omnivores, there are 

individuals that specialise in mesopredators. If this is the case, the exact 

nature of the trophic cascade triggered by loss of sharks may depend on the 

dietary specialization displayed by individuals and how widespread that 

specialization is in the population.  

Consistent with the hypothesis that the removal of sharks would lead to 

competitive release among intraguild predators, I found that the species that 

displayed the greatest trophic overlap with sharks (L. bohar, L. gibbus and L. 

decussatus) had the largest isotopic niches at the Scott Reefs relative to the 

Rowley Shoals. This analysis suggests that niche expansion in these “upper-
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tier” mesopredators was driven almost entirely by the inclusion of novel prey 

with relatively enriched δ13C values (e.g. excavating scarids) (Figs 4.6 & 4.7). 

One possible explanation for this result could be that the removal of sharks 

has increased the abundance of once rare prey species that were shared 

among predators. For example, Dulvy et al. (2000) found that loss of large 

skates led to heavier feeding in smaller cuckoo Leucoraja naevus and spotted 

rays Rostroraja montagui on shared prey [458]. Reef sharks and upper-tier 

mesopredators have similar diets and occupy similar isotopic niche space 

[95], a pattern that has been documented in other taxa and localities 

[73,400,458–461] and in particular McCauley et al. (2012) reported overlap in 

isotopic niches between L. bohar and C. amblyrhynchos [305]. 

In addition, many carnivore guilds, including sharks and other piscivores 

[462–466], display niche partitioning, in which subtle differences in diet and/or 

habitat use, buttressed by non-trophic “trait-mediated” indirect interactions, 

reduce the likelihood of direct competition [413–418]. When an apex predator 

is removed, the partition may dissolve, allowing competitors to access novel 

prey items [387,392,398,467–470]. For example, declines in the blue shark 

Prionace glauca may have led to changes in habitat use by the salmon shark 

Lamna ditropis, allowing them to incorporate new cephalopod prey into their 

diets [398]. Similarly, loss of niche partitioning at the Scott Reefs due to 

removal of C. amblyrhynchos may have enabled mesopredators to “absorb” 

novel, δ13C-enriched prey into their diets, driving niche expansion.  

As predicted, all mesopredators occupied significantly higher trophic positions 

at the Scott Reefs than at the Rowley Shoals. This result suggests that where 
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sharks are rarer, mesopredators feed higher up the food chain, either on more 

carnivorous species or on larger prey, given the significant relationship 

between body size and δ15N in many reef fishes [471,472]. However, contrary 

to expectation, I found that species that experienced the greatest increases in 

trophic position were also the least likely to undergo niche expansion at the 

Scott Reefs relative to the Rowley Shoals. Lutjanus kasmira, for example, 

demonstrated a 16% increase in trophic position at the Scott Reefs relative to 

the Rowley Shoals but a 29% decline in isotopic niche width, while L. bohar 

displayed a 3.5% increase in trophic position and a 102% increase in isotopic 

niche width. One potential explanation for why niche expansion is inversely 

correlated to increased trophic position in upper-tier mesopredators such as L. 

bohar, L. gibbus and L. decussatus is that they are constrained in terms of 

how much higher up the food chain they can eat, unlike the lower-tier species 

L. kasmira and M. grandoculis. Moreno et al. (2006) also found evidence for 

subtle differences in mesopredator response to competitive release [392]. 

Upper-tier pumas Puma concolor responded to loss of jaguars Panthera onca 

via “lateral” niche expansion to include previously rare, shared prey items 

whereas the lower-tier ocelot Leopardus pardalis responded by feeding on 

significantly larger, novel prey items, consistent with my results.  

It is also possible that predatory release has influenced the results. I found 

that the mesopredators that contributed the most to shark diet, L. kasmira and 

M. grandoculis, underwent the greatest increase in trophic position at the 

Scott Reefs relative to the Rowley Shoals (Fig. 4.5 C and Fig. 4.6). In aquatic 

ecosystems, reduced predation may cause prey to shift from sheltered 

habitats to open water [210,473] and from smaller to larger, riskier prey 
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[383,384,387,388,474,475]. On coral reefs, where fishes typically undergo 

ontogenetic trophic shifts [471,472], prey switching from smaller to larger 

items could potentially cause the trophic position of predators to increase, and 

thus explain the large increases in trophic position displayed by L. kasmira 

and M. grandoculis at the Scott Reefs relative to the Rowley Shoals. Further 

evidence that these species have undergone predatory release is their 

increased diet selectivity for δ13C-depleted prey items at the Scott Reefs 

relative to the Rowley Shoals (Fig. 4.7). Ibrahim and Huntingford (1989) also 

found that reduced predation led to increased diet selectivity in the three-

spined stickleback Gasterosteus aculeatus [476]. However, Zandona et al. 

(2011) found that guppies at low-predation sites fed on a wider range of low-

quality food items, becoming more selective for higher-quality food as risk 

increased [19]. Houtman and Dill (1998) concluded that reduced predation 

should only select for greater diet selectivity when riskier food items are less 

energetically profitable [344]. Applying these findings to my results, greater 

diet selectivity where predation is reduced in L. kasmira and M. grandoculis 

may therefore indicate that they have switched to feeding on more profitable, 

riskier prey items at the Scott Reefs relative to the Rowley Shoals.   

As is the case with all natural experiments, the differences in fish 

assemblages observed between the Scott Reefs and the Rowley Shoals have 

also been influenced by factors other than a reduction in numbers of reef 

sharks. It is possible for example that differences in trophic ecology between 

the two locations were not due to variation in shark abundance but were 

instead caused by biases in the length, weight and age of the sampled fish 

given that larger, older fish typically occupy higher trophic positions than 
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smaller, younger individuals [471,472]. However, I could find no significant 

difference between locations in terms of the length, weight or age [Chapter 

Five] of sampled fishes, i.e. the a priori hypothesis presented in this study has 

the more powerful consistency with the results than this alternative 

explanation.  

Another alternative to consider is that the observed differences in niche width 

may be due to differences in the density of mesopredators. There is evidence 

that competition for resources can cause individuals to undergo niche 

expansion via behavioural plasticity [477,478]. For example, Svanback and 

Bolnick (2007) found that three-spine sticklebacks responded to resource 

limitation induced by increased density by diversifying their diets [477]. Such 

explanations are not consistent with the findings of this study given that L. 

decussatus, L. gibbus, L. kasmira and M. grandoculis were, respectively, 

182%, 240%, 154% and 81% more abundant at the Scott Reefs than at the 

Rowley Shoals, while L. bohar was 97% more abundant at the Rowley Shoals 

than at the Scott Reefs [Chapter Six]. If competition for resources were an 

important factor, on the basis of their relative abundance one would expect to 

see niche expansion in all species except L. bohar, but this is not what was 

observed. 

There is also evidence that diet selectivity can be influenced by energetic 

requirements for growth, with higher energy demands associated with higher 

rates of feeding and reduced prey discrimination [479]. However, the species 

that displayed the largest isotopic niche expansion at the Scott Reefs relative 

to the Rowley Shoals, L. bohar, also had significantly higher growth rates at 
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the Rowley Shoals [Chapter Five], suggesting that energetic requirements 

were not driving the observed trends in diet selectivity.  

The observed differences between mesopredators at the locations in terms of 

trophic position and isotopic niche could also be influenced by differences in 

disturbance history at the two locations. Ruppert et al. (2013)’s analysis of a 

long-term (>15 years) monitoring dataset of fish abundance at these reefs 

suggested that lower trophic groups (herbivores, detritivores, planktivores) 

were strongly affected by disturbances that reduced coral cover, such as 

cyclones and bleaching and led to a “bottom-up” structuring of fish 

communities [129]. In contrast, abundances of meso- and apex predators 

were largely unaffected by these phenomena. However, Ruppert et al. (2013) 

also found that the two locations were very similar with respect to productivity, 

habitat structure, benthic communities, average coral cover, shelf position and 

total reef size, which strongly suggests that differences in habitat are an 

unlikely explanation for the observed trends [129]. Temperature differences 

are also unlikely to explain the differences between locations in the trophic 

position of mesopredators, since loggers deployed in reef slope habitats 

recorded no consistent differences in average water temperatures between 

locations over five years [Chapter Six]. 

There are some further challenges in the interpretation of stable isotope data. 

For example, the samples were taken during relatively short visits of a few 

weeks across a range of sites at each location. However, the animals that 

were sampled have themselves sampled the reef population over much 

longer time scales than a few weeks i.e. the effective time scale of the 
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sampling is much higher, ensuring that sampling time scales of one to two 

months are achieved in the case of fishes [419] and up to two years in the 

case of sharks [480]. The interpretation of stable isotopes may be further 

complicated by temporal and spatial fluctuations in the isotopic signatures of 

primary producers [423,481]. There is growing evidence that factors such as 

prey type and environmental conditions can influence fractionation values 

[421]. A specific baseline must be adopted in order to estimate shifts in 

relative trophic position, but this introduces some uncertainty [423]. To 

minimise these uncertainties several steps were taken to ensure that an 

appropriate indicator was selected (see Methods). Furthermore, the analysis 

used an enrichment model that incorporates the influence of dietary δ15N 

values on discrimination [445].  

Another challenge of stable isotope analysis is that in principle it relies on 

comprehensive sampling of all possible prey items, which is logistically 

impractical on coral reefs and in particular for sharks, which have poorly 

understood diets. A wide range of potential prey species that were isotopically 

distinct from each other were therefore sampled to minimise the likelihood that 

important groups had been excluded. An important caveat to this approach is 

that specific species should not be considered as prey items, rather they 

should be viewed as indicative of broader classes of prey with similar isotopic 

signatures. However, the results of gut contents analyses lend confidence to 

my conclusions that C. amblyrhynchos preys upon scarids and other low-

trophic prey. Furthermore, the use of the convex hull approach to investigate 

trophic niche can also be problematic because outliers and unequal sample 
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sizes can bias results [450], although such bias was here likely to be minimal 

as sample sizes were similar between locations. 

My results suggest that C. amblyrhynchos may exert classic predatory risk 

effects on lower-tier mesopredators such as L. kasmira and M. grandoculis 

through its diet. Even though these species did not constitute a significant 

proportion of the diet of C. amblyrhynchos, there is good consensus that 

trophic cascades can be induced via risk effects alone [68,95,482]. Indeed, 

despite recent reclassification of reef sharks as mesopredators [95], it is 

possible that C. amblyrhynchos has the potential to significantly alter prey 

assemblages by virtue of its relative abundance and site fidelity [115,118]. 

The findings of this thesis also suggest that removal of reef sharks may 

influence the trophic ecology of upper-tier mesopredators via competitive 

release, allowing them to include prey items in their diets formerly either 

monopolised by or inaccessible due to C. amblyrhynchos. Niche expansion 

hints at the possibility of functional redundancy and ecological compensation, 

which could in theory mask trophic cascades following loss of reef sharks 

consistent with Pace et al. (1999) [239], the relatively weak marine trophic 

cascades documented by Shurin et al. (2002) [352] and Frisch et al. (2016)’s 

reclassification of reef sharks as mesopredators [95]. In contrast, it has been 

argued that lack of functional redundancy in some terrestrial ecosystems can 

leave the extinct predator’s niche vacant, exacerbating the effect of its 

disappearance on the ecosystem [483].  

An important, but poorly understood, caveat is that mesopredatory teleosts 

are typically more efficient hunters and breeders than reef sharks [484,485]. 
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As a result, the consequences of competitive release may not be a matter of 

partial or even full “compensation” but rather overcompensation, i.e. 

catastrophic declines in previously stable prey populations [34,303,486–489]. 

Indeed, if the primary prey items of C. amblyrhynchos and its competitors are 

indeed benthic excavators, as the results of this study and others suggest, 

competitive release might be expected to fundamentally alter the reef system 

itself by reducing the abundance of herbivores, indirectly leading to increased 

algal growth and reduced coral recruitment. This would be consistent with a 

number of studies that have found that greater shark biomass is associated 

with higher abundances of large herbivores [40,361,490]. Ongoing declines in 

reef shark populations due to the twin threats of bycatch [51,491] and targeted 

exploitation for fin [52,57,492,493] may therefore, alongside other threats 

such as overfishing and sedimentation, partly explain global declines in reef 

health.
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5 CHAPTER 5 

Growth rates of mesopredatory fishes with different 

abundances of reef sharks  

5.1 ABSTRACT 

Apex predators have sub-lethal effects on prey behaviour that can alter their 

growth rates and ultimately affect their reproductive fitness. The potential 

influence of sharks on the growth trajectories of potential prey species has not 

been explicitly examined in the field before at ecologically relevant spatial 

scales. I use a large-scale natural experiment to test the hypothesis that 

gape-limited predation by reef sharks selects for rapid growth in potential prey 

to sizes at which they are no longer vulnerable to such predation. The 

resulting growth curves show that a range of potential prey species are 

longer-at-age on reefs where sharks are abundant than is the case on shark-

depleted reefs. Until they entered size refugia, larger-bodied prey species 

grew more rapidly on reefs where sharks are more abundant than on 

predator-depleted reefs. In contrast, the growth trajectories of smaller-bodied 

species that could not attain size refugia were more complex, suggesting that 

they may go through phases of rapid growth due to the benefits of early 

maturation and the perennial advantages of larger sizes when predators are 

abundant. 
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5.2 INTRODUCTION 

Size, and, by implication, growth rate, have been shown to strongly influence 

key fitness traits including survival [494–496], fecundity [494,497–500], age-

at-maturity [501], ontogenetic niche shifts [213,231], and vulnerability to 

predation [30,189,213,502–508]. Growth rates are influenced by a number of 

factors including temperature [509], food availability [341,510–513] and 

predation risk. Amongst these factors, the effect of predation risk on growth 

rate remains contentious: is there a ‘dash-for-size’ under predation (to 

outgrow predators’ gapes and gain size refugia), or should the removal of 

predators enable more efficient feeding and hence faster growth 

[213,341,505,514–522]? While some studies have shown that prey suppress 

foraging in the presence of predators [e.g. 523,524], restraining growth rates 

accordingly [504,508,525], other studies suggest that there are certain 

circumstances under which rapid growth can be advantageous [502,526,527].  

In fishes, predation may select for faster growth during the larval phase, thus 

minimising time spent in the risky pelagic zone [528–532]. In addition, as fast 

growth leads to larvae becoming larger than slower-growing larvae of the 

same age, they are likely to be less vulnerable to predation [213,509,532–

539] and post-settlement [522,530,533,540–546]. Many aquatic predators are 

gape-limited, thus fast growth may also allow some fishes post-settlement to 

attain size refugia [224–228,547]. Piscivores typically consume prey <~40% of 

their own length, including largemouth bass Micropterus salmoides [232], 

tigerfish Hydrocyon vittatus [231] and reef sharks [233]. In contrast, larger 

shark species such as G. cuvier are not limited to consuming prey smaller 
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than their gape and are therefore not expected to drive rapid growth in prey 

[234,235], although they still impose strong risk effects and may still alter prey 

size distributions [68,70]. Furthermore, it is unclear how growth rates in small-

bodied prey may respond to predation. Some studies have found that small 

prey respond to predation via slow growth and early maturation [548,549], 

while others suggest a more complicated response in which prey grow rapidly 

to maturity, slow growth during breeding, and then switch back to a fast 

growth strategy [e.g. 550]. 

Otoliths can be analysed to estimate the ages of individual fishes [551], in 

addition to growth [552–554], mortality rates [555], age-at-settlement or 

maturity [556,557], effectiveness of minimum legal lengths [558] and the 

demography of populations [559]. Otoliths are bony structures consisting of 

aragonite-protein increments that are deposited annually, even as somatic 

growth slows, allowing age to be estimated [560–563]. Although, in earlier 

decades, it was expected that tropical ecosystems lack the seasonality 

required to generate annual otolith increments, otoliths have in fact been used 

to generate robust age estimates and growth curves in a number of tropical 

species [564–567].  

This study uses otolith analysis to test hypotheses about the effect of sharks 

on the growth rates of potential prey at ecologically relevant spatial scales. It 

takes advantage of a unique “natural” experiment at two coral reef systems 

(the Scott Reefs and the Rowley Shoals) on the northwestern shelf of 

Australia, recognising that natural experiments are becoming an increasingly 

popular method to study the role of apex predators in ecosystems due to the 
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logistical challenges of experimentally manipulating the abundance of large, 

marine predators [22,129,361,568,569]. The Scott Reefs are a series of atoll-

like reefs where Indonesian fishermen have targeted sharks for several 

centuries [130,131], significantly reducing their numbers [129].  By 

comparison, the Rowley Shoals, which lie roughly 300 km southwest of the 

Scott Reefs, form a largely pristine marine reserve with relatively intact shark 

populations (Fig 1.1). As a result, sharks are 4-17 times more abundant at the 

Rowley Shoals than at Scott Reef [132]. Long-term monitoring data suggests 

that the primary difference between these two locations is their shark fishing 

history, with other traits such as coral cover, reef structure, shelf depth, 

temperature (as recorded at depths of 6-7 m by loggers over a five year 

period; Chapter 6) and teleost fishing-related mortality being similar [129].  

I predicted that the greater numbers of sharks and thus likely higher rates of 

predation at the Rowley Shoals compared to the Scott Reefs would select for 

larger sizes-at-age at the Rowley Shoals compared to the Scott Reefs in four 

teleost prey species belonging to the family Lutjanidae, consistent with the 

perennial benefits of larger size in predator-rich systems. The four lutjanids 

differed with respect to maximum body size (35-90 cm; [292]) and age-at-

maturity (1-9 years; [570–572]). For the larger-bodied, late-maturing species 

Lutjanus bohar, I hypothesized that increased risk would select for a fast-

growth strategy until size refuge was attained. In contrast, I predicted that the 

growth rates of smaller-bodied prey species that could never attain size 

refuge (Lutjanus gibbus, Lutjanus decussatus and Lutjanus kasmira) would 

initially be faster at the Rowley Shoals relative to the Scott Reefs due to the 

twin benefits of “bigger is better” and early maturation and then slow due to 
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energy reallocation to reproduction. Lastly, I predicted that growth rates would 

reach an asymptote in smaller-bodied species at larger sizes at the Rowley 

Shoals compared to the Scott Reefs due to the benefits of attaining a partial 

size refuge from gape-limited predators. 

5.3 METHODS 

5.3.1 PREY SPECIES  

Lutjanids, more commonly known as snappers, provide a good model to 

explore the influence of sharks on reef fish assemblages because they are 

both preyed upon by and compete with reef sharks such as Carcharhinus 

amblyrhynchos [411]. In addition, lutjanids are omnivorous, opportunistic 

feeders that take a wide range of prey and therefore have the potential to 

undergo shifts in foraging behaviour in response to changes in predation, 

which could be reflected in growth rate  [292]. Lutjanids are a relatively well-

studied taxa that generally spawn throughout most of the year around islands 

and display size-dependent fecundity [573]. Four species of lutjanid that 

differed in terms of life history (maximum size, age-at-maturity, diet, sociality, 

body depth and site fidelity) were selected to test hypotheses about the 

influence of sharks on the growth rates of reef fish: L. decussatus, L. gibbus, 

L. kasmira and L. bohar.  

5.3.1.1 LUTJANUS DECUSSATUS  

The checkered snapper L. decussatus is the smallest species in the study, 

reaching a maximum total length of 35 cm. Largely found at shallow (<35 m) 

depths, the diet of L. decussatus consists of fishes and invertebrates [318]. 
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The species is known to be a broadcast spawner, but there is no empirical 

data on size at sexual maturity [574]. Lutjanus decussatus is the only study 

species to occupy territories, with larger fishes occupying larger ranges [575]. 

Although different-sized individuals may have overlapping territories, similar-

sized individuals display agonistic behaviour towards each other, possibly due 

to competition for food [575]. 

5.3.1.2 LUTJANUS GIBBUS 

The humpback snapper L. gibbus reaches a maximum total length of 50 cm 

and is found at depths of up to 150 m [292]. Lutjanus gibbus typically feeds on 

fishes and invertebrates, including shrimps, crabs, lobsters, cephalopods, 

echinoderms and ophiuroids. The species is a broadcast spawner [574], with 

males maturing slightly earlier than females. Length-at-maturity in females 

has been reported as 17.2-19.4 cm [576] and 18-23 cm [577], while male L. 

gibbus mature at sizes of 12.6-14.8 cm [576] and 14 cm [577]. Lutjanus 

gibbus is characterised by an unusually deep body relative to the other study 

species [578]. A deep body is thought to confer greater manoeuvrability but 

lower burst speeds than a narrower body [578].  

5.3.1.3 LUTJANUS KASMIRA  

The blue-striped snapper L. kasmira reaches maximum total lengths of 40 cm 

and is found at depths of up to 265 m [579]. Primarily a nocturnal predator of 

larval and adult fishes, L. kasmira supplements its diet with invertebrates and 

is a broadcast spawner [580], with both sexes maturing at similar sizes. 

Maturity in females has been recorded at lengths of 10.5-12.7 [576], 12 [577] 
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and 16.5-19.4 cm [570]. For males, maturity has been recorded at 12.8-15 

[576], 14 [577] and 16.5-19.4 cm [570]. Lutjanus kasmira typically displays 

high site fidelity and is often found in large aggregations [579].  

5.3.1.4 LUTJANUS BOHAR 

The two-spotted red snapper L. bohar is the largest and longest-living of the 

study species, reaching maximum total lengths of 90 cm and ages of 55 years 

[292]. Juveniles are generally found in shallow, sheltered waters (5-20 m) 

while older individuals frequent deeper waters [572,581]. Lutjanus bohar 

typically feeds on fishes, but also eats invertebrates [292]. Lutjanus bohar is a 

broadcast spawner [582] with females generally spawning multiple times 

between August and April [572]. Unlike other lutjanids, males and female L. 

bohar appear to have similar growth rates, although there is evidence males 

mature at smaller sizes and younger ages than females [572,582,583]. In 

females, maturity has been reported at lengths of 42.8 [572], 43 [577], 45 

[581] and 48.6 cm [583], while maturity has been reported in males at lengths 

of 30 [572,577] and 49 cm [583].  
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Table 5.1 Summary statistics for fishes collected at the Rowley Shoals and 
the Scott Reefs, including sample size (n), % females (F), % males (M), and 
mean lengths with SE (mm). For L. gibbus and L. bohar, a single mean length 
estimate is provided for each location as there was no sex effect. 

 Rowley Shoals 

Species n Ages % F % M Mean LF (SE) Mean LM (SE) 

L. decussatus 47 2-17 50 50 234.1 (4.52) 239.2 (3.69) 
L. gibbus 40 4-34 55 45 322.8 (4.93) 
L. kasmira 41 1-16 41 59 205.7 (2.46) 211.9 (2.53) 
L. bohar 33 2-53 52 48 480.6 (17.29) 
 Scott Reefs 

L. decussatus 48 1-16 65 35 213.0 (38.26) 204.3 (4.85) 
L. gibbus 45 2-22 56 44 289.8 (4.37) 
L. kasmira 46 1-14 36 64 199.6 (1.68) 200.2 (3.28) 
L. bohar 25 1-44 44 56 407.0 (4.22) 

 

5.3.2 FISH COLLECTIONS 

Fish were collected at the Scott Reefs and the Rowley Shoals by free divers 

with spear guns at depths of up to 30 m. Individuals of the four target species 

were measured to the nearest one millimetre from snout to fork, and sex was 

recorded based on macroscopic gonadal examination. Otoliths were extracted 

from each fish, cleaned and dried. 

5.3.3 OTOLITH PREPARATION  

Otoliths were prepared according to standard methods [as described by 

562,584,585]. The left otolith was selected for analysis unless it was 

damaged, in which case the right one was used. The otolith was embedded in 

epoxy resin and sectioned on a Buehler Isomet saw to produce a series of 

250 μm-wide transverse sections that included the otolith’s core. Otolith 

sections were then mounted on microscope slides with a cover slip using 
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casting resin. The slides were examined under a Leica Mz 7.5 dissecting 

microscope using reflected light and a black background. The imaging 

software Leica IM 1000 and a Leica DC300 camera were then used to count 

the number of opaque zones on each otolith, following Lek et al. (2012) [554].  

5.3.4 AGEING 

A number of studies have validated that the annual formation of growth 

increments for L. decussatus [586], L. gibbus [574,587], L. kasmira [571] and 

L. bohar [572]. As a proxy for age, I counted the number of annuli along a 

transect starting at the primordium of the otolith and ending at its proximal 

surface, adjacent to the ventral margin of the sulcus acousticus. As the timing 

of spawning is not known for each species, it was not possible to calculate the 

exact ages of individual fish based on a mean spawning time, counts of 

opaque zones, time of capture and the size of the peripheral opaque zone, 

however annulus counts provide a robust proxy for age. The reader (SCB) 

received preliminary training from three experienced otolith readers and a 

“blind” trial was conducted to ensure SCB could accurately count the annuli. 

All counts were made by SCB to ensure consistency, and annuli were read on 

two occasions separated by at least a month. When estimates differed 

between months (n=22 of 325 otoliths), the later estimate was used as it was 

assumed that the reader was more experienced at this stage.  
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5.3.5 GROWTH CURVES 

5.3.5.1 LENGTH 

Growth, with respect to fish body length, was described by fitting von 

Bertalanffy growth curves [588,589], i.e.:  

= ∞ =  { − exp [− � − � ]} 
where  is the length at age � (y);  ∞is the asymptotic length (cm);  is the 

Brody growth coefficient which defines the rate at which fish approach ∞ (y-

1); and �  is the hypothetical age (y) at which fish would have a length of 0 cm 

if the growth trajectory had been defined by the model. Initially, growth curves 

were fitted separately to the lengths at age of each sex of each species in 

each region, employing AD Model Builder to minimize the negative log-

likelihood, λ, for each curve, calculated as: 

λ = [ln � + ln � + ] 
where n = sample size, and �  is the variance calculated from the sum of 

squared residuals between the observed and expected lengths. 

For each species at each location, a likelihood-ratio test [590] was used to 

test the null hypothesis that the data for males and females of a given species 

at a given location would be better described by a common growth curve 

against an alternative hypothesis that the data for each sex would be better 

described by separate growth curves [590]. The test statistic was determined 

as twice the difference between the log-likelihoods obtained by fitting a 

common growth curve to the data for the two sexes combined and by fitting 
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separate growth curves to the data for each sex. The hypothesis that the 

growth of the two sexes could be appropriately described by a single growth 

curve was rejected at the � = 0.05 level of significance if the above test 

statistic exceeded �� , where q is the difference between the numbers of 

parameters in the two approaches, i.e. 3 [590]. As this test demonstrated that 

the growth curves differed between the two sexes for L. decussatus and L. 

kasmira (p < 0.001, see results), separate growth curves were used to 

describe the growth of these species at each location. Likelihood ratio tests 

were next used to compare the growth curves for each sex (L. decussatus 

and L. kasmira) or species (L. bohar and L. gibbus) between the two 

locations.  

Finally, estimates of the rate of change of  over a range of values of  were 

calculated for each species in each location from the parameters of the von 

Bertalanffy growth curve as:  

� �� = ∞ −  

I plotted � ��  against  and compared ∞ at the two locations (the Rowley 

Shoals, R, and the Scott Reefs, S) as % ∞ = × [ �∞ −�∞�∞ ]. I also used 

this equation to compare the relative difference in estimated length at a series 

of ages and plotted the results against age.  

5.3.5.2 MASS-AT-AGE 

To describe the patterns of growth of fish in terms of fish body mass, initially, 

the generalised von Bertalanffy growth equation was fitted to mass-at-age 

data using the equation: 
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= ∞{ − exp[− � − � ]}  

where Mt = the total mass (g) at age t (years), M = the mean asymptotic total 

weight (g), k = the growth coefficient (year-1), t0 = the hypothetical age (years) 

at which fish would have zero weight and b is a parameter that describes the 

shape of the curve [591].  

As also found by Lek et al. (2012), preliminary analysis demonstrated that 

there was insufficient information in the mass-at-age data to reliably estimate 

the value of b using the above model [554]. This was overcome by using the 

growth-in-mass model described by Lek et al. (2012), which may be described 

as a “coupled pair of models” that simultaneously estimate, but using separate 

data sets, the relationship between mass and length, and also that between 

mass and age.  The model is: 

log = { log [ ] for mass at length data log [ ∞{{ − exp[− � − � ]} }] for mass at age data  

The model was is fitted (in AD Model Builder [592]) by maximising the 

summed likelihoods of the deviations of the natural logarithms of the recorded 

masses from the natural logarithms of the predicted masses, assuming that 

these deviations were normally distributed, with a mean of zero and, for each 

subset of data, a constant variance. The model was fitted assuming a 

common mass-length relationship for the two sexes, but separate mass at 

age curves for each sex. For each species in each region, the mass-length 

component of this model was fitted using data for all individuals for which 

information on their age and/or sex was not available. The mass-age 

component was fitted to data for which both the age of the fish and the sex 
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was known. Lek et al. (2012) proposed that growth, expressed in terms of 

mass, provides information on changes in volume and may therefore allow for 

more informative comparisons between species because it is independent of 

allometry [554].  

As described by Lek et al. (2012) [554], estimates of the rate of change of 

mass over a range of masses were calculated by first estimating the age at 

which the expected mass predicted by the generalised von Bertalanffy growth 

curve would be equal to the specified value of mass, i.e. 

� = � − log [ − ( ∞) − ] 
The resulting value of age was then inserted into the following equation to 

produce the required estimate of the expected rate of change of mass, � ��  

at different values of Mt. 

� �� = ∞exp− − { − exp− − } −
 

5.3.6 SIZE REFUGIA AND SIZE-AT-MATURITY 

Carcharhinus amblyhrynchos and C. albimarginatus are the two most 

common shark species at the Rowley Shoals, collectively four times more 

abundant than the next most common species, G. cuvier [Chapter Three]. 

Reef sharks tend to eat prey with lengths that are 20-36% of their own body 

length [233], similar to other predator to prey size ratios in other taxa 

[229,230]. I multiplied the mean of the maximum lengths of C. amblyrhynchos 

and C. albimarginatus (152 cm) by 0.36 to estimate the “absolute” size refuge 

available to prey. I also used the mean length of the two species (~100 cm) 
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multiplied by 0.36 to estimate a “partial” size refuge. I chose these two 

approaches in order to test whether size refugia are determined by the largest 

sharks on reefs, even though they are rare, or by the “most common threat.” 

To estimate a mass-based size refuge, weight-length relationships were used 

to estimate mean maximum shark mass from the mean maximum length of 

the two dominant species of shark, where = . × − [� . ] [493]. The 

upper limit of prey mass likely to be consumed by sharks was then estimated 

based on Woodward et al. (2005) [215]. 

5.4 RESULTS 

5.4.1 FISH COLLECTIONS 

A total of 165 and 172 fishes were collected at the Scott Reefs and the 

Rowley Shoals respectively (Table 5.1). Comparable sample sizes were 

collected for each of the species from the two locations: L. decussatus 

(nS=48, nR=48), L. gibbus (nS=45, nR=40), L. kasmira (nS=46, nR=41) and L. 

bohar (nS=25, nR=33). Females comprised 41-55% of all samples at the 

Rowley Shoals, and 35-64% of the samples collected at the Scott Reefs. 

There was no significant difference in mean length of fishes at the Rowley 

Shoals and the Scott Reefs (t-test assuming unequal variances, df=4, t=2.13, 

p=0.43). Length ranges at the Scott Reefs and the Rowley Shoals, 

respectively, were recorded for L. decussatus (154-244 mm; 204-295 mm), L. 

gibbus (217-342 mm; 262-405 mm), L. kasmira (149-223 mm; 175-231 mm) 

and L. bohar (207.5-651.5 mm; 270-690 mm). 
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5.4.2 AGEING 

The maximum ages attained by fishes were greater at the Rowley Shoals 

than at the Scott Reefs (17 v 16 years; L. decussatus; 34 v 22 years; L. 

gibbus; 16 v 14 years; L. kasmira; 53 v 44 years; L. bohar). One-year old 

fishes were recorded for all species except for L. gibbus, where the youngest 

fishes were two years old.  

5.4.3 SEX AND LOCATION EFFECTS 

Sex had a significant effect on growth rate for L. decussatus (p=1.11E-06) 

and L. kasmira (p=2.19E-06), but not for L. gibbus or L. bohar (Supp. table 

S5.1). Female L. decussatus grew faster and attained larger sizes-at-age 

whereas males were the faster growing sex for L. kasmira. Location had a 

significant effect on growth rate for all species (Table 5.2; see Supp. Table 

S5.2 for model output parameters).  
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Figure 5.1 Plots showing (A) Length vs age (annulus counts) and (B) the 
instantaneous growth in length δL(δt) (mm year-1) plotted against length for 
four species of mesopredator at the Scott Reefs (grey) and the Rowley Shoals 
(black).
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5.4.4 GROWTH CURVES 

5.4.4.1 LENGTH-AT-AGE 

All species were longer for a given age at the Rowley Shoals relative to the 

Scott Reefs (Fig. 5.1A). The greatest differences between length-at-age 

between locations occurred at younger ages across all species (Fig. 5.2). 

Lutjanus bohar grew more rapidly at the Rowley Shoals relative to the Scott 

Reefs until it reached a length of 52 cm (Fig. 5.1B). Growth rates of this 

species reached an asymptote at fork lengths of approximately 70 cm at the 

Rowley Shoals and 93.5 cm at the Scott Reefs. The youngest samples of L. 

decussatus, L. gibbus and L. kasmira at the Rowley Shoals (~1-2 years old) 

had already reached sizes at which individuals of this species are expected to 

have attained maturity (see Table 5.3 for estimates of size-at-maturity for 

each species). Shortly after reaching sizes associated with maturity, growth 

rates in these species decreased at the Scott Reefs relative to the Rowley 

Shoals, with intersection points occurring at 22 cm (L. decussatus), 27 cm (L. 

gibbus) and 20 cm (female L. kasmira). However, male L. kasmira show 

consistently higher growth rates at the Scott Reefs relative to the Rowley 

Shoals throughout the growth trajectory. The slope of � ��  against length 

declined much more steeply for females than males. 
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Figure 5.2 Percentage increase in estimated length at the Scott Reefs relative 
to the Rowley Shoals against age (annulus counts) for four mesopredatory 
species, illustrating that the difference in size-at-age between locations is 
greatest at younger ages and declines with age. 

 

Table 5.2 Test statistics (χ2) and p-values (pχ2) for VGBF growth curve 
output applied to males vs females (MvF) and Scott Reefs vs Rowley Shoals 
(SvR) either by sex or, where there was no sex effect, by location alone. 
Significance is indicated by asterisks, where 0.01<p<0.05*, 0.001<p<0.01** 
and p<0.001***. The test statistic was significant at the level of 0.05 when 
χ2>7.81. There was a significant sex effect for all species except for L. gibbus 
and L. bohar; all location effects were significant. 

 Sex effect Location effect 

Species χ2 p (χ2) Sex χ2 p (χ2) 
L. decussatus 30.50*** 1.11E-06 M 21.40*** 8.61E-05 
   F 12.36** 6.26E-03 
L. gibbus 7.503 5.75E-02 All fish 19.05*** 2.67E-04 
L. kasmira 29.04*** 2.19326E-06 M 19.12*** 2.58E-04 
   F 12.96*** 4.72E-03 
L. bohar 4.98 1.73E-01 All fish 40.44*** 8.58E-09 
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5.4.4.2 MASS-AT-AGE 

Mass-at-age plots showed that L. bohar was initially heavier-at-age at the 

Rowley Shoals than at the Scott Reefs with more variable trends detected 

in L. gibbus, L. decussatus or L. kasmira (Fig 5.3). For L. bohar, rates of 

growth in mass were higher at the Scott Reefs relative to the Rowley Shoals 

until a weight of 3.8 kg in females and 4.5 kg in males. This was also the case 

for male and female L. decussatus less than ~200 g and female L. gibbus, 

although there was no data coverage at the likely inflection point. In contrast, 

rates of growth in mass for L. kasmira were consistently higher at the Rowley 

Shoals relative to the Scott Reefs. Male L. gibbus showed no obvious 

difference in rates of growth in mass (Fig 5.4 and Table 5.2b; also see Supp 

Table S5.3 for model output parameters). 
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Figure 5.3 Mass-at-age for four species of mesopredator by sex, showing 
observed mass-at-age (dots) and estimated mass-at-age (lines). 
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Figure 5.4 Instantaneous rates of growth in mass (g year−1) expressed in 
terms of mass at the Scott Reefs (grey) and the Rowley Shoals (black). 
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Table 5.2b. Test statistics (χ2) and p-values (pχ2) for mass models applied to 
males vs females (MvF) and Scott Reefs vs Rowley Shoals either by sex or, 
where there was no sex effect, by location alone. Significance is indicated by 
asterisks, where 0.01<p<0.05*, 0.001<p<0.01** and p<0.001***. The test 
statistic was significant at the level of 0.05 when χ2>7.81. There was a 
significant sex effect for all species; all location effects were significant. 

Mass model Location effect 

Species Sex χ2 p χ2  

L. decussatus M 48.15*** 1.98E-10 

 

 F 56.23*** 3.76E-12 

 

L. gibbus All fish 67.43*** 1.52E-14 

 

L. kasmira M 102.4*** 4.62E-22 

 

 F 45.23*** 8.27E-10 

 

L. bohar All fish 13.25** 0.0041 
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5.4.5 SIZE REFUGIA  

I estimated that a size refuge from the largest predators would begin at 

approximately 54.7 cm. I also predicted that a size refuge from the mean size 

of the most common sharks (101.5 cm) would begin at roughly 36.5 cm. 

Based on the mean maximum length of the two dominant species of shark 

(152 cm), the mean maximum shark weight was estimated to be 45 kg, 

implying an upper prey mass limit of ~4.5 kg. 

Table 5.3 Length-at-maturity (Lm; mm) for study species and Li, the length at 
which the slopes of vs length interacted for each species. 

Species Sex Lm Li Lmax References 

L. decussatus F/M NA 220 339 NA 
L. gibbus F 172-230 285 418 [576,577] 
 M 126-148 285 418 [572,576] 
L. kasmira F 105-194 200 388 [570,576,577] 
 M 140-194 NA 388 [570,576,577] 
L. bohar F 428-486 520 947 [572,577,581,583] 

 

5.5 DISCUSSION  

My results show that all species of lutjanids were larger-at-age at the Rowley 

Shoals than at the Scott Reefs. This supports the hypothesis that increased 

predation selects for larger prey sizes because larger individuals have fewer 

predators and are harder to consume than smaller fishes 

[227,543,545,593,594]. The findings also support the prediction that gape-

limited predators select for rapid growth in prey that can attain size refugia. 

Lutjanus bohar grew significantly faster at the Rowley Shoals than at the Scott 

Reefs until it attained a body length of ~52 cm, at which point the growth rate 

at the former location fell below that at the latter location. Given that 54.7 cm 
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was the predicted size refuge from predation by the largest sharks, the 

outcome therefore supports the hypothesis that predation may select for rapid 

growth among large-bodied species that can delay reproduction until they 

enter size refugia. Empirical observations from stereo-BRUVS footage 

[Chapter Three] that depict large individuals feeding aggressively alongside 

reef sharks support the premise that L. bohar escapes predation at larger 

sizes.  

This finding is consistent with a number of experimental studies that have 

demonstrated the benefits of attaining size refugia in a range of taxa including 

mudminnows Umbra limi [543], plaice Pleuronectes platessa [595,596], 

Japanese flounder Paralichthys olivaceus [597], flatfish and winter flounder 

Pleuronectes americanus [598]. Biro et al. (2005) found that prior to attaining 

size refuge, rainbow trout Onchorhynchus mykiss foraged more actively and 

grew faster, but that growth slowed once the refuge was reached, with energy 

being diverted into condition [599]. Similarly, Commito (1982) found that a 

large-bodied bivalve Mya arenaria followed a fast-growth strategy (~5 mm yr-1 

for its first five years) until it approached size refuge, at which point growth 

slowed [548]. It has been argued that increased predation risk should 

suppress foraging in prey due to the increased mortality rates associated with 

heightened activity in the presence of predators, and that growth rates should 

decline accordingly [518,600–602]. Although the findings of this study do not 

inform on foraging behaviour, they suggest that prey can grow faster in the 

presence of gape-limited predators when size refuge is attainable.  



 Chapter 5 

 

 
147 

Growth rates in L. decussatus and L. gibbus at the Rowley Shoals 

approached an asymptote at lengths of ~38 cm, similar to the size at which it 

was predicted that they would escape predation by the most common size of 

the two most common species of shark, while growth ceased at smaller sizes 

in conspecifics at the Scott Reefs. It is possible that although these species 

cannot attain an absolute size refuge, risk selects for faster growth post-

maturity at the Rowley Shoals relative to the Scott Reefs because this allows 

escape into a “partial” size refuge from the most common threat. This 

interpretation would be consistent with Urban (2007), who concluded that size 

refugia, far from being fixed, fluctuate constantly in response to the birth, 

death and ontogenetic shifts in diet and hunting style of gape-limited 

predators [502]. Another reason why sizes >38 cm may offer prey access to 

size refugia is behavioural: predators are known to avoid prey that are close 

to the upper limits of their gape size because they are more likely to escape, 

injure the predator or block the digestive tract [226,231,475,603]. This would 

also be consistent with the finding that growth rates in L. bohar at the Rowley 

Shoals fell below those at the Scott Reefs at 52 cm, just prior to the predicted 

absolute size refuge of 55 cm.  

The youngest L. decussatus, L. gibbus and L. kasmira sampled by this study 

were already larger for a given age at the Rowley Shoals relative to the Scott 

Reefs. Although relatively young, with annulus counts of 1-2, fishes at this age 

were already 15-22 cm long and therefore already vulnerable to risk effects 

from adult C. amblyrhynchos, which is known to consume prey of this size 

and smaller [306]. At this length, fishes are also vulnerable to predation by 

juvenile sharks at lengths of >42 cm [233]. Furthermore, Frisch et al. (2016) 
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demonstrated that small prey comprised an unexpectedly large proportion of 

the gut contents of reef sharks [95]. Thus, although it is impossible to 

completely discount the possibility that rapid initial growth in the lutjanids was 

due to a range of piscivores and not just sharks, it is still likely that sharks 

constitute an important source of predation for them at this age. 

One- to two-year L. decussatus, L. gibbus and L. kasmira initially had lower 

instantaneous growth rates than conspecifics at the Scott Reefs. The small 

sample size precluded direct estimation of age- and size-at-maturity for these 

species at the two locations, however, the youngest samples had already 

reached published sizes associated with maturity. If fishes grow more rapidly 

at the Rowley Shoals than at the Scott Reefs, they may reach maturity 

sooner, leading to diversion of energy away from growth towards reproduction 

earlier in life, consistent with several previous studies [604–608]. Indeed, 

there is good evidence that increased predation selects for early maturation in 

prey exposed to risk across multiple life stages because it increases the 

likelihood of reproduction and can potentially extend an individual’s 

reproductive lifespan [526,601,609–616]. There is also good theoretical 

[549,617] and empirical [611,618–621] evidence that the onset of maturity 

diverts energy away from growth. My results support those of Seed and 

Brown (1978) [550], but conflict with Commito (1982), who found that the 

small-bodied bivalve Macoma balthica responded to risk via a slow-growth 

strategy. However, in the case of the latter, the risk effects were considered to 

be weak due to availability of spatial refuges [548].  
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Patterns in the mass-at-age curves were less consistent across species than 

the length-at-age curves. Mass is a function of several factors including length 

and fat reserves, thus variability in the mass-at-age curves may reflect the 

conflicting selection pressures that mass may be subject to at the two 

locations. Whereas at the Rowley Shoals predation may select for larger 

masses-at-age due to pressure to grow in length, conditions at the Scott 

Reefs may also select for larger masses-at-age due to reduced risk effects 

and increased foraging (i.e. improved condition) such that limited differences 

in the variable can be detected between locations. While L. bohar grew faster 

in length at the Rowley Shoals than at the Scott Reefs, it gained weight more 

rapidly at the latter location, a result that is consistent both with evidence that 

rapid growth imposes significant costs on condition [e.g. 622] and also 

Chapter Six, which finds that fishes at the Scott Reefs have higher quality 

diets than those at the Rowley Shoals and are heavier at a given length. 

Indeed, L. bohar put on weight more rapidly at the Scott Reefs relative to the 

Rowley Shoals until ~3.8 kg and 4.5 kg for females and males, respectively, 

roughly the point at which they were predicted to enter size refuge. This is 

consistent with the hypothesis that condition should equalise between the two 

locations once fishes are in the size refuge.  

Trends in the instantaneous growth in mass curves were less clear for the 

other species. With the exception of male L. gibbus, species largely gained 

weight more rapidly at the Rowley Shoals than at the Scott Reefs, over the 

range observed. With the exception of male L. kasmira, the curves suggest 

inflection points where, below a given weight, the animals gain weight more 

rapidly at the Scott Reefs, consistent with the pattern observed in L. bohar. 
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The small sample sizes for male L. gibbus and male L. kasmira may partially 

explain the discrepancy between these species’ mass growth curves and 

those of the other species and the instantaneous growth in length curves. 

Generally, however, these results suggest that although smaller-bodied 

species are heavier-at-length at the Scott Reefs relative to the Rowley Shoals 

[Chapter Six], rates of growth in length are consistent with rates of growth in 

mass at larger sizes when individuals may experience selection pressure to 

outgrow the most common sizes of sharks.  

I have suggested that the differences in observed growth rates are consistent 

with differences in predation regimes, but other influences such as 

competitive release need also to be considered. Interspecific competition 

between mesopredators and sharks has been shown to lead to reduced 

growth rates [623–625]. However, if this were a dominant factor, lower growth 

rates would have been observed at the Rowley Shoals relative to the Scott 

Reefs. Intraspecific competition also needs to be considered [626–634]. White 

et al. (2007) argued that because they were not competing with conspecifics, 

solitary bluehead wrasse Thalassoma bifasciatum grew faster and reached 

size refuge before group-living conspecifics [635]. However, this hypothesis 

also fails to explain my results. Lutjanus decussatus, L. gibbus and L. kasmira 

were, respectively, 182%, 240% and 154% more abundant at the Scott Reefs 

than at the Rowley Shoals, while L. bohar is 97% more abundant at the 

Rowley Shoals [Chapter Six]. If intraspecific competition were an important 

factor, L. bohar, for example, should have displayed lower growth rates at the 

Rowley Shoals relative to the Scott Reefs, which is the opposite of what was 

observed. Moreover, Chapter Six will show that the study species were in 
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better condition at the Scott Reefs relative to the Rowley Shoals, suggesting 

that fishes at the former location are not resource limited. 

Variable prey availability may also explain the difference in growth rates 

observed between the two locations. If prey were more abundant at the 

Rowley Shoals relative to the Scott Reefs, mesopredators may have 

consumed more calories and grown more rapidly at the former location 

relative to the latter. However, an analysis of stereo-BRUVS and stereo-

DOVS [Chapter Three] suggested, to the contrary, that lower trophic prey 

items were present in greater biomass at the Scott Reefs, therefore prey 

availability is an unlikely explanation for the observed patterns in growth rate. 

It is difficult to accurately survey invertebrate populations due to their 

sheltering behaviour in crevices inside the reef, therefore the possibility that 

abundance of invertebrate prey was higher at the Rowley Shoals than at the 

Scott Reefs cannot be excluded. However, it is unlikely that there is an 

ecologically significant difference in invertebrate density between the two 

locations due to their similar levels of coral cover, shelf depth and habitat 

structure [129].  

Another possible explanation for the observed difference in growth rate 

between locations is that these species are naturally less abundant at the 

Rowley Shoals relative to the Scott Reefs because the Rowley Shoals 

represents marginal habitat and the conditions are therefore not optimal for 

growth. However, both the Rowley Shoals and the Scott Reefs lie in the 

centre of the distributions of all four lutjanid species, which are found 

throughout the Indo-Pacific [292]. Differences in water temperature may also 
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have contributed to the observed differences in growth between the two 

populations of the four lutjanid species, as temperature is one of the most 

important factors known to influence growth rates and maximum body sizes of 

fish and other ectotherms [636]. Populations exposed to higher water 

temperatures typically grow more rapidly early in life [637,638] and even 

subtle differences in temperature (<1°C) can alter growth rates [639]. 

However, there was no significant difference in water temperature between 

locations [Chapter Six]. Even if there were a temperature difference between 

the Scott Reef and the Rowley Shoals due to geography, the direction of the 

change in latitude should select for higher growth rates at the Scott Reefs, 

which was the opposite of what was observed. Finally, a possible source of 

error in this study is that it was limited to relatively small sample size, thus is it 

possible that a small number of outliers might have had a large influence on 

the results and increased the imprecision of parameter estimates. However, 

the consistency of the trend across species adds weight to the conclusions of 

this study.  

It is also possible that the results presented here have been influenced by 

fishing. Although Indonesian fishers at the Scott Reefs primarily target sharks, 

it is plausible that they also remove bony fish at the same time. Consistent 

with my results, fishing would be expected to lead to reduced maximum sizes 

[640] at the Scott Reefs and, potentially, slower growth rates if the fishing 

pressure is targeted at larger sizes. Another possible explanation for the 

observed results is that the age estimates were inaccurate. In rare 

circumstances, increment formation in a given year may be suppressed, 

which can lead to inaccurate estimates of age [566]. Moreover, human error 
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cannot be excluded. However, the reader received training from an 

experienced otolith reader at the beginning of the study and independent 

estimates of age were compared to confirm the accuracy of the trainee. 

Another issue is that sample sizes were limited due to restrictions on lethal 

sampling in a marine reserve, and the expense and logistics of sampling 

remote areas. As a result, it is possible that a small number of outliers might 

have had a large influence on certain results as did lead to imprecise 

parameter estimates, particularly in the case of L. kasmira. In addition, I 

sampled more small fishes at the Scott Reefs than at the Rowley Shoals, 

which precluded direct comparison of instantaneous growth rates at smaller 

sizes between locations.  However, good fits between the expected and 

observed lengths-at-age and consistency in the response of different species 

suggest that this is a minor issue. 

Large-scale experiments are essential for testing hypotheses about the role of 

apex predators at ecologically-relevant spatial scales but alternative 

explanations need to be considered and tested for consistency [248–252]. 

The results of this study suggest that differences in the growth rates of 

mesopredators between the Scott Reefs and the Rowley Shoals are 

consistent with the hypothesis that increased predation selects for fast-growth 

strategies in prey when they can attain size refuge. In addition, my results 

suggest that fast growth may also be favoured in smaller-bodied 

mesopredators but only during distinct life phases. It is possible that the 

benefits of early maturation and attaining partial size refugia select for fast 

growth “spurts” in smaller-bodied mesopredators. This interpretation would be 

consistent with Urban’s (2007) conclusion that size refugia fluctuate 
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constantly in step with growth, ontogenetic shifts in hunting style and diet and 

mortality in the predators. While the inferences that can be drawn from natural 

experiments need to be considered cautiously, this analysis suggests that 

recent global declines in shark populations [253,254] have the potential to re-

structure fish prey communities and influence fitness via key life history 

attributes such as growth rate.
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6 CHAPTER 6 

Does shark abundance affect the diet and condition of 

mesopredators on coral reefs?  

6.1 ABSTRACT  

Reef sharks may influence the foraging behaviour of mesopredatory teleosts 

on coral reefs via both risk effects and competitive exclusion. I used a natural 

experiment to test the hypothesis that the loss of sharks on coral reefs can 

influence the diet and body condition of mesopredatory fishes by comparing 

two remote, atoll-like reef systems, the Rowley Shoals and the Scott Reefs, in 

northwestern Australia. The Rowley Shoals are a marine reserve where 

sharks are abundant, whereas at the Scott Reefs numbers of sharks have 

been reduced by centuries of targeted fishing. On reefs where sharks were 

rare, the diet of five species of mesopredator largely contained fish while on 

reefs with sharks, there was a larger proportion of benthic invertebrates in 

mesopredatory guts. These measures of diet were correlated with changes in 

body condition, such that mesopredator condition was significantly poorer on 

reefs with higher shark abundance. Condition was defined as body weight, 

height and width for a given length and also estimated via several indices of 

condition. Due to the nature of natural experiments, alternative explanations 

cannot be discounted.  However, the results were consistent with the 

hypothesis that loss of sharks may influence the diet and condition of 

mesopredators and by association, their fecundity and trophic role. 

Regardless of the mechanism (risk effects, competitive release, or other), my 
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findings suggest that overfishing of sharks has the potential to trigger trophic 

cascades on coral reefs and that further declines in shark populations globally 

should be prevented to protect ecosystem health.  

6.2 INTRODUCTION 

There is good evidence that apex predators can trigger trophic cascades in 

ecosystems by consuming prey [14,641]. Less understood are the costly, sub-

lethal “risk” effects that predators impose on prey, causing them to alter their 

behaviour in order to reduce their risk of being consumed [16–18]. To avoid 

predation, prey have been shown to shift to safer, less profitable habitats 

[20,41,70,642], forage less actively and/or efficiently [22,394,395], consume 

less food overall [23], alter diet selectivity [344,388], feed on smaller [643] or 

more nutritious [19] prey, spend more time in shelter [21], mate less frequently 

[25], engage less frequently in combat [27] and become more vigilant [28]. 

Risk effects may indirectly alter the growth rates and reproductive fitness of 

prey [337,371], yet they are subtler and harder to observe than lethal effects 

and have only recently been recognized as important and pervasive in marine 

and terrestrial systems [22,342,355,482]. 

Most of the evidence for “top-down” effects on reefs has come from studies 

focused not on sharks but on piscivores generally. Mesocosm studies in 

which prey are exposed to predatory cues [644], exclusion experiments 

[21,357,645], the deployment of “model” predators [22,23,340] and 

manipulative field experiments [e.g. 251] have demonstrated that piscivore-

induced risk effects can alter both the foraging behaviour and morphology of 

prey. At larger scales (whole reefs), the only evidence for or against the 
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importance of large piscivores comes from “natural” experiments where they 

have been removed by the pervasive and chronic human activity of fishing. 

Some of these studies have failed to find clear evidence for trophic cascades 

on reefs [40,89–93,358], yet an elegant natural experiment conducted at the 

Northern Line islands, where fishing has created a 5 to 7-fold difference in 

predator abundance across reefs [40], demonstrated that sites with higher 

predator abundance were characterised by reductions in several prey 

attributes including abundance [22], foraging activity [22], size and longevity 

[85], condition [31] and size-at-sex change [86]. In addition, nocturnal prey 

were more diurnally active at sites where predators were depleted, suggestive 

of temporal niche expansion due to loss of risk effects [357]. 

Of the relatively few studies that have explicitly examined the trophic ecology 

of reef sharks, some have supported the hypothesis that sharks may influence 

bony fish assemblages [76,129,305,340,363,364,646] while others have 

questioned their importance [94,97,361]. Frisch et al. (2016) recently 

contended that reef sharks should not initiate trophic cascades because they 

are trophic mesopredators rather than apex predators [95]. However, there is 

good evidence that, despite this demotion, loss of reef sharks still has the 

potential to trigger trophic cascades on coral reefs via a mix of predatory and 

competitive release, including: (1) their gape-limitation, which has the 

potential to create size refuges and alter growth rates, a trait for instance not 

necessarily shared by tiger sharks G. cuvier [235,502], (2) their site fidelity, 

which means that they have the potential to create pervasive risk effects on 

reefs, in contrast to larger, roving sharks [364,646], and (3) good evidence 

that consumption is not a prerequisite for risk effects, which can “remotely” 
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affect target and non-target prey alike [17,22]. Furthermore, competitive 

release following loss of mesopredatory sharks has the potential to trigger 

trophic cascades because mesopredatory teleosts are typically faster growing 

and more fecund than sharks [77,647]. 

Comparisons between coral reefs where the loss of sharks has created bony 

fish communities not subject to risk effects and reefs where shark 

assemblages are still relatively intact offer a rare opportunity to examine the 

role of apex predators on reefs at an ecologically relevant scale. While this 

approach cannot fully control against alternative influences to shark depletion 

[33], it offers a way to gather evidence at scales likely to be relevant to those 

of the scales of movement of top-order predators such as sharks within 

tropical marine ecosystems (entire reefs and groups of reefs). However, a 

potential problem with the use of natural experiments to understand the role of 

sharks in ecosystems is that in many cases, fishing does not simply target 

sharks; indeed, sharks are usually part of by-catch [100]. Fishing tends to 

remove not just sharks but also the species upon which they may prey, so 

that the reduction of shark-induced risk effects is compounded by the 

imposition of a new type of mortality and a loss of selected species within the 

food web [98].  

Two reef systems off the coast of northwestern Australia provide a means to 

explicitly examine how the loss of sharks may influence bony fish 

assemblages on coral reefs in a situation that is largely free of the secondary 

effects of fishing on other elements of the reef fish community. The Scott 

Reefs consist of three reefs, Seringapatam, North Scott and South Scott, 
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while the Rowley Shoals contains Mermaid, Clerke and Imperieuse reefs (Fig. 

1.1). Both locations are situated over 300 km away from the nearest coastline 

and thus have minimal exposure to pollution and other human factors. 

Furthermore, they are independent systems with no interchange of fish larvae 

or sharks [115,269,324] and have relatively similar areas (~180 km2), 

productivity levels [129] and disturbance histories [129]. The Australian 

Institute of Marine Science Long Term Monitoring Program (LTMP) has 

collected annual data on fish abundance and benthic cover on the outer reef 

slopes of both locations since 1994, revealing that although coral cover was 

reduced from ~60% to <10% by disturbance events in 1996-1998 at both 

locations, both reefs recovered to pre-disturbance levels over the following 

decade [129].  

The primary difference between the two locations is their fishing histories. The 

Rowley Shoals is a marine reserve established in 1990 and receives 

negligible levels of charter fishing. In contrast, the Scott Reefs are located 

inside the 50,000 km2 Australian-Indonesian Memorandum of Understanding 

Box 74 (MoU74), a zone where Indonesian fishermen can legally exploit 

sharks using traditional techniques. Although MoU74 was set up in 1974, the 

practice of exploiting sharks at the Scott Reefs has been prevalent for several 

centuries, though fishing pressure has increased in the last twenty years 

[130,131]. Shark populations at the Scott Reefs are now 4-17 times lower 

than at the Rowley Shoals due to fishing, with some species that are the 

preferred targets of fishing absent altogether [132,648]. The contrast in shark 

abundance between these reefs offers the opportunity to examine the 

importance of risk effects within the context of a large-scale (hundreds of km, 
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multiple reefs) natural experiment. Ruppert et al. (2013) used this natural 

experiment to demonstrate that the shark-depleted fish assemblage at the 

Scott Reefs had significantly greater numbers of mid-sized carnivores and 

fewer herbivores than the Rowley Shoals [129]. Importantly, Ruppert et al. 

(2013) also demonstrated that while the abundance of planktivores and 

corallivores fluctuated in accordance with disturbance events such as 

bleaching or cyclones at both locations, “bottom up” effects did not affect the 

density of mesopredators, which remained constant within each location 

throughout the period [129]. 

The aim of this analysis is to build upon Ruppert et al. (2013) by examining 

whether differences between the diet and condition of five species of 

mesopredator at the Scott Reefs and the Rowley Shoals are consistent with 

loss of shark-induced risk effects. Both field evidence and theory predict that 

differences in risk effects between environments should be reflected in the 

habitat and dietary preferences of prey. In response to increased predation 

risk, animals have been shown to switch from “risky”, profitable habitats to 

safer, lower quality habitats that offer better escape routes [20,41,482] or 

more refuges [18,82,251,356]. Animals that forage more actively are more 

vulnerable to predation [341,524]. Thus, animals may also respond to risk by 

suppressing foraging behaviour [21,22,649] and/or switching to prey items 

that have lower handling times and smaller sizes [385,394,395,649,650]. 

Because prey typically differ in calorific content, long-term, consistent prey 

switching may ultimately result in measurable differences in condition 

between populations of the same species experiencing different levels of risk 

effects. Condition of prey should also improve in response to loss of predators 
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due to lower investment in costly and unnecessary anti-predator behaviours 

and increased allocation of energy to fat reserves [31]. 

I hypothesize that if risk effects are an important driver of behaviour in reef 

fishes, then mesopredators at the Rowley Shoals, where reef sharks were 

abundant, should preferentially feed on less risky, lower quality prey such as 

benthic invertebrates and more fish and squid than mesopredators at the 

Scott Reefs. Predation risk has been shown to be greater higher up in the 

water column [635,651–653] and lower closer to benthic refuges 

[18,82,251,654]. In addition, benthic invertebrates have lower handling times 

than fish prey [655]. A diet of benthic invertebrates, therefore, reduces risk by 

allowing mesopredators to avoid making risky excursions into the water 

column and reducing their overall activity levels, reducing exposure to 

predators. As diet is a key determinant of condition, I also hypothesized that 

mesopredators at the Scott Reefs would display better condition, as 

measured by body weight, height and width for a given length, and several 

indices of condition, than those on the Rowley Shoals. The evidence for these 

hypotheses is examined and, within the context of this natural experiment, 

alternative processes (e.g. differences in prey availability and behaviour) that 

might also create the observed patterns in diet and condition between these 

fished and unfished reef systems are considered.  

6.3 METHODS 

 

6.3.1 Shark assemblages 
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Ruppert et al. (2013) estimated that reef sharks (primarily silvertip 

Carcharhinus albimarginatus and grey reef C. amblyrhynchos) were ~3 times 

more abundant at the Rowley Shoals than at the Scott Reefs, based on baited 

remote underwater video systems (BRUVS). The mean of the maximum 

number of sharks seen together in a single frame of BRUVS footage was 0.4 

per hour at the Scott Reefs vs ~1 per hour at the Rowley Shoals [129]. 

Whereas the Scott Reefs shark assemblage is characterised primarily by 

relatively small, “mesopredatory” shark species such as grey reef C. 

amblyrhynchos, zebra Stegostoma fasciatum and white tip Triaenodon 

obesus, the Rowley Shoals assemblage additionally contains larger, species 

such as silvertips C. albimarginatus, tiger Galeocerda cuvier, scalloped 

hammerhead Sphyrna lewini and great hammerhead Sphyrna mokarran 

[648]. 

 

6.3.2 ABUNDANCE DATA 

Data on fish abundance for the five focal species and an additional nine other 

mesopredators (see Supp. Table S6.1) were extracted from the Long Term 

Monitoring Program (LTMP) database of the Australian Institute of Marine 

Science (AIMS), which annually surveyed three sites per location (the Scott 

Reefs and the Rowley Shoals) between 1994 and 2008. This dataset was 

used rather than the output of the stereo-DOVS and stereo-BRUVS [Chapter 

Three] because a longer-term dataset is more likely to reflect an integrated 

picture of assemblage structure relevant to long-term condition than the 

relative snapshot provided by a dataset collected over a few months, although 
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the outcomes of the two datasets for focal species were largely consistent. 

Each site was comprised of five, 50 m-long transects marked with star pickets 

marked every 10 m at a depth of 6-9 m. Transects were 10 m apart. For each 

survey date, a trained scuba diver counted large, mobile species at a distance 

of up to 2.5 m on either side of the transect line, maintaining a speed of 10 

m/min. An assistant swam 10 m behind the surveyor, laying a tape measure 

on the sea floor. Once the five transects were complete, the surveyor returned 

along the tape measure and counted small, site-attached species.  

6.3.3 FISH COLLECTIONS 

Fishes of five focal species were collected at the Scott Reefs in November 

2012 and February 2014 and at the Rowley Shoals in April 2013 and 

November 2013. Up to 90 individuals of Lutjanus gibbus, Lutjanus decussatus 

and Lutjanus bohar and 50 individuals of Lutjanus kasmira and the lethrinid 

Monotaxis grandoculis were sampled by free divers using spear guns at each 

location (Table 6.1). Fishes were collected at depths of up to 20 m and stored 

in an ice slurry for a maximum of three hours. Body dimensions in mm (mouth 

to caudal peduncle, fork and total length, body height at the anterior the edge 

of dorsal fin, and body width at the first ray of the dorsal fin) were recorded, as 

were total wet weight (g) and sex after examination of the gonads. Guts were 

removed and preserved in 10% formalin for a month, before being washed in 

water and the formalin replaced with 70% ethanol.  

6.3.3.1 FISH ECOLOGY 
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Reef sharks feed on a range of sizes of pelagic and epibenthic teleosts 

including acanthurids, scarids, holocentrids [95,306,411]. Lutjanus gibbus 

reaches a maximum length of 50 cm, while L. decussatus, L. kasmira, M. 

grandoculis and L. bohar attain lengths of 35 cm, 40 cm, 60 cm and 90 cm, 

respectively [292]. The diets of lutjanids and lethrinids are broad, including a 

range of crabs, bivalves, gastropods, echinoderms, worms, cephalopods, 

shrimp and fish, including lizardfish Saurida spp, pufferfish Chelonodon spp 

and sweetlips Plectorhinchus spp [656]. These species were chosen for 

several, independent reasons. Firstly, they are omnivorous, consuming both 

fishes and benthic invertebrates, and therefore have the potential to display 

significant, detectable dietary shifts in response to changes in risk effects. In 

addition, the selected species are relatively abundant at both locations, a 

prerequisite for comparing populations between reefs. Moreover, the species 

differ in their life histories (maximum size, size at reproduction, longevity, 

foraging behaviour, etc.) allowing for the generality of the findings to be 

tested. Although lutjanids are not the main prey of reef sharks, which seem to 

feed on a diverse array of acanthurids, scarids, holocentrids and other 

teleosts [95,306,411], there is good evidence that they are subject to risk 

effects regardless [68,343,482]. 

6.3.4 DATA ANALYSIS 

6.3.4.1 COMPARABILITY OF COLLECTIONS AND LOCATIONS 

The LTMP dataset was filtered for the 16 most abundant mesopredators and 

years common to both locations. Data from 1994, 1999, 2003 and 2004 were 

excluded because only one location was sampled in these years. Mean 



 Chapter 6 

 

 
165 

abundances per site and location (the Scott Reefs and the Rowley Shoals) 

were calculated for each species (Supp. Table S6.1). Mean abundance was 

compared between location using a paired two sample for means t-test. Mean 

abundance data for each species in each location was then analysed using 

least squares regression. I used a 2 x 2 Chi-Square contingency table with no 

fixed margin to determine whether sex ratios of sampled fishes differed 

between locations. The data met the independence and sample size 

assumptions of this test. Total lengths of each species were compared 

between locations using a t-test based on the log10 transform of individual 

values. A value of 0.05 was used for alpha in all analyses. Water 

temperatures (oC) were obtained from the AIMS LTMP temperature database 

[296]. Data series of temperature for the same time period and depths were 

available for single sites on the reef slopes of the Scott Reefs (6 m water 

depth) and the Rowley Shoals (Mermaid Reef, 7 m water depth) between 

June 2007 and August 2012. Mean monthly average temperature at each 

location was compared using a paired t-test. 

6.3.4.2 GUT CONTENT ANALYSIS  

Intact guts from L. gibbus, L. decussatus and L. bohar were blotted on paper 

to remove excess moisture before measurement of volume and wet mass. 

Prey items were then extracted from the guts and blotted on paper.  The 

presence of scales, beaks, jaws, bones, operculi and gill rakers was used to 

identify fish, while eyes, carapaces and chelipeds were used to identify 

crustaceans. The length and morphology of beaks were used to distinguish 

between squid and octopi [657]. Prey items were identified to species where 
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possible using compound and dissection microscopes and photographed. 

Empty stomachs were excluded from the data analysis. Prey items were 

pooled into ten categories (bivalve, crab, echinoderm, fish, gastropod, isopod, 

octopus, marine worm, shrimp and squid) and two broader groups: “water 

column” (fish, shrimp, squid) and “benthic” (bivalve, crab, gastropod, 

echinoderm, isopod, octopus, and marine worm). To assess whether the 

percentage of prey items in the guts that originated in the water column was 

significantly higher at the Scott Reefs than at the Rowley Shoals, a 2×2 Chi-

Square contingency table with no fixed margin was used. The data met the 

independence and sample size assumptions of this test. The percentage of 

water column-derived prey items found in the guts was calculated for each 

individual to account for the fact that some mesopredators contained more 

than one prey item.   
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Table 6.1 Sample size (n), % females and mean (range) values for total length of five mesopredatory fishes at the Scott Reefs (S) 
and the Rowley Shoals (R).  The p-values for results of a 2x2 contingency table with no fixed margins (% females) and a two-
sample t-test assuming unequal (L. decussatus, L. kasmira and L. bohar) and equal (L. gibbus, M. grandoculis) variances (total 
length) are shown, where α = 0.05. 

 

  n % Females   Total length 

  S R S R p S R p  

L. gibbus 87 87 32.1% 39.0% ns 330.8 (260-399) 343.4 (266-402) 0.005 
L. decussatus 87 78 63.3% 52.3% ns 223.8 (195-258) 239.0 (199-262) 0.005 
L. kasmira 49 43 56.0% 57.8% ns 211.3 (187-237) 223.2 (192-241) 0.0001 
M. grandoculis 50 50 38.1% 53.1% ns 279.2 (199-462) 288.1 (204-483) 0.5 
L. bohar 86 90 38.5% 55.1% 0.025<p<0.05 484.1 (221-715) 515.4 (230-713) 0.05 
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6.3.4.3 CONDITION 

I calculated length–weight relationships, where condition was estimated from 

the residuals of an ordinary least squares regression of log-transformed body 

mass against length, following [658]. Lengths (L; mm) and weights (W; g) for 

each fish were log10 transformed to stabilize variance and analysed using 

least squares linear regressions. A dummy variable (DV = 1 for the Scott 

Reefs, 0 for the Rowley Shoals) was included to test for a main effect (DV) 

and the presence of an interaction × log . The general model was log = + × log + [ × ] + [ × log × ]. Predicted weight at the 

minimum, median and maximum lengths was back-calculated ( log �) for 

each species at each location and the difference between the two estimates 

calculated as the percentage difference in weight: 

%∆ = × [ − ]
 

This approach was repeated for body height (%∆H) and width (%∆Wi) on 

length using non-transformed data. Two independent indices of condition, 

including Fulton’s condition factor (K) and relative condition factor Kn were 

also calculated (see Supp. Materials: Supp. Methodology). Finally, increase 

in trophic position at the Scott Reefs relative to the Rowley Shoals (%ΔTP; 

Chapter Four) was regressed against relative increase in condition 

(%ΔWeight) in order to investigate whether there was a relationship between 

changes in condition as a proxy for diet and trophic ecology. 
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6.4 RESULTS 

6.4.1 COMPARABILITY OF COLLECTIONS AND LOCATIONS 

The bony fish assemblage at the Scott Reefs was characterized by greater 

numbers of mesopredators than the Rowley Shoals (paired two-sample for 

means, one-tailed t-test: p=0.004, t16 =1.753). The slope of the regression of 

mesopredator abundance at the Scott Reefs vs. abundance at the Rowley 

Shoals was significantly different from 1 (b1 = 1.79 ± 0.16 s.e.m.; see Fig. 

6.1). At the Scott Reefs, L. gibbus, L. decussatus, L. kasmira and M. 

grandoculis were 2.8, 1.7, 1.9 and 1.6 times more abundant than at the 

Rowley Shoals, respectively. In contrast, L. bohar was 0.5 times less 

abundant at the Scott Reefs than at the Rowley Shoals.  

A total of 707 fish of the five focal species were collected from the Scott Reefs 

and the Rowley Shoals (Table 6.1). The sex of 70% of these fishes was 

determined. Sex ratios were consistent between locations for all species 

except L. bohar (2×2 contingency table with no fixed margins: χ2= 4.9, 

0.025<p<0.05). Mean length was similar at the Scott Reefs and the Rowley 

Shoals for M. grandoculis (two-sample, two-tailed t-test assuming equal 

variances: p=0.5, t100= 0.68) and L. bohar (two-sample, two-tailed t-test 

assuming unequal variances: p=0.05, t176=2.0), but differed for L. gibbus (two-

sample, two-tailed t-test assuming equal variances: p=0.005, t174=2.8), L. 

decussatus (two-sample, two-tailed t-test assuming unequal variance: p=3.7E-

05, t165=4.24), and L. kasmira (two-sample, two-tailed t-test assuming unequal 

variance: p=0.0001, t95=4.0; see Supp. Fig. S6.1 for frequency distributions). 

There was no significant difference in paired monthly temperatures between 
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the two locations over the last five years (paired two-sample, two-tailed t-test 

for means: p=0.45, t82= 0.76).    

 

 

Figure 6.1 Plot of regression of mean abundance (A) of 16 species of 
mesopredator at the Rowley Shoals against the Scott Reefs where 
AS=1.79×AR+0.38; n=16, p=1.7×10-8, R2 = 0.90, α = 0.05). The plot includes 
the five study species (grey) and eleven non-focal species (white). See Supp. 
Table S6.1 for values for each species. The dashed line shows a 1:1 
relationship between abundances at each location.  
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6.4.2 GUT CONTENT ANALYSIS 

A total of 401 prey items were extracted from the stomachs of 75 L. gibbus, 71 

L. bohar and 65 L. decussatus (Table 6.2). Guts were dominated by fish and 

crabs, although other benthic prey items such as gastropods were also 

abundant, particularly in L. gibbus (see Supp. Fig. S6.3). For all 

mesopredators, counts of water column-derived prey items were significantly 

higher at the Scott Reefs than at the Rowley Shoals (2×2 contingency table 

with no fixed margins; L. gibbus, χ2=10.7, 0.001<p<0.005; L. decussatus, 

χ2=11.9, p<0.001); L. bohar, χ2=30.9, p<0.001). Water column-derived prey 

items were more common in the guts of mesopredators at the Scott Reefs 

relative to the Rowley Shoals for L. gibbus (40.1%±6.6% vs 25.5%±6.1%), L. 

decussatus (78.4%± . % vs 49.4%±8.9%) and L. bohar (85.6%±4.6% vs 

63.8%±7.3%; Fig. 6.2). Prey in the guts of L. bohar included five scarines, 

one syngnathid Corythoichthys spp and a juvenile M. grandoculis at the Scott 

Reefs and a juvenile serranid (possibly Epinephelus fasciatus), an acanthurid, 

two juvenile balistids and a chaetodontid at the Rowley Shoals. Crabs 

belonging to the family Trapeziidae and hermit crabs belonging to Diogenidae 

were also common in the guts of L. bohar at both locations. In addition, a 

juvenile scarine was found in the guts of an L. decussatus collected at the 

Scott Reefs. Echinoderms were only found in the guts of L. gibbus at the 

Rowley Shoals.  
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Figure 6.2 Plot of the mean percentage of prey items from the water column 
(±SE) in the guts at the Scott Reefs (pale grey) and the Rowley Shoals (dark 
grey) for three species of mesopredator (2 x 2 Chi-Square contingency table 
with no fixed margin: L. bohar, χ2=30.9, L. decussatus, χ2=11.9, p<0.001 and 
L. gibbus, χ2=10.7, 0.001<p<0.005).  
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Table 6.2 Number of prey items and their percentage contribution (in parentheses) in the guts of L. gibbus, L. decussatus and L. 
bohar at the Scott Reefs (S) and the Rowley Shoals (R). Sample sizes for each species and reef system are shown in square 
brackets. 

 

 
  

L. gibbus L. decussatus L. bohar 

 S [n=35] R [n=40] S [n=37] R [n=28] S [n=37] R [n=34] 

Benthic prey             

Bivalve 6 (8.8) 13 (13.7) 0 (0.0) 0 (0.0) 1 (2.0) 1 (1.0) 
Crab 21 (30.9) 31 (32.6) 11 (22) 20 (50) 8 (16) 58 (59.2) 

Echinoderm 0 (0.0) 2 (2.1) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 
Gastropod 12 (17.6) 32 (33.7) 0 (0.0) 1 (2.5) 0 (0.0) 1 (1.02) 

Isopod 0 (0.0) 0 (0.0) 0 (0.0) 1 (2.5) 0 (0.0) 1 (1.02) 
Marine worm  2 (2.9) 1 (1.1) 0 (0.0) 1 (2.5) 0 (0.0) 2 (2.04) 

Octopus 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (2.04) 

       

Water Column       

Fish  21 (30.9) 12 (12.6) 27 (54) 13 (32.5) 33 (66) 30 (30.6) 
Shrimp  4 (5.9) 0 (0.0) 10 (20) 2 (5.0) 6 (12) 0 (0.0) 

Squid 2 (2.9) 4 (4.2) 2 (4.0) 2 (5.0) 2 (4.0) 3 (3.06) 
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6.4.3 CONDITION 

All linear regressions on log-transformed length and weight data were 

significant with a clear effect of location (Fig. 6.3; Supp. Table S6.3; Supp. 

Fig. S6.3). All species were heavier for a given length at the Scott Reefs 

relative to the Rowley Shoals including L. gibbus (+7.6%), L. decussatus 

(+14.6%), L. kasmira (28.2%), M. grandoculis (7.5%) and L. bohar (8.8%). 

Lutjanus bohar was the only species that had a significant interaction between 

length and location, with an inflection point at 601 mm. Up until this length, L. 

bohar were heavier for a given length at the Scott Reefs than at the Rowley 

Shoals. At the observed median length of 468 mm, fish were 8.8% heavier at 

the Scott Reefs than the Rowley Shoals, while at the maximum length of 715 

mm, animals at the Scott Reefs were 2.4% lighter (see Supp. Fig. S6.2). 

Linear regressions on height-length data were also significant for all species, 

with an effect of location but no interactions for all species except L. gibbus 

(Supp. Table S6.3). Respectively, L. decussatus, L. kasmira, M. grandoculis 

and L. bohar were 4.1%, 5.1%, 3.5% and 8.8% taller for any given length at 

the Scott Reefs than at the Rowley Shoals (Supp. Table S6.2). Linear 

regressions on width-length data were also significant for all species except L. 

gibbus and only L. decussatus and L. bohar had a significant interaction 

between location and length. Lutjanus kasmira and M. grandoculis were 9.2% 

and 7% wider respectively for a given length at the Scott Reefs than the 

Rowley Shoals. Lutjanus decussatus were 105% wider for a given length at 

median length; at � , fish were 114% wider for a given length, while at the 

 they were 96.2% wider. The significant interaction between length and 
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location for L. bohar (linear regression, DVxL, p=0.021, n=78, SE=5.07, α = 

0.05) meant that while individuals were 5.1% wider at the median length at the 

Scott Reefs than at the Rowley Shoals, the smallest animals were no different 

in width between the two locations ( � :0.2%) while they were substantially 

wider at the Scott Reefs at the largest sizes (10.3% wider at 702 mm). Finally, 

regression analysis of increase in trophic position at the Scott Reefs relative to 

the Rowley Shoals (%ΔTP) against relative increase in weight for a given 

length (%ΔW) was significant where %ΔW= 0.49(%ΔTP) + 1.30 (R² = 0.80; 

p=0.040; Fig. 6.4). 
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Figure 6.3 Regressions of (A) Log length (L) on Log weight (Log W), (B) 
Length on height (H) and (C) Length on width (Wi) for L. gibbus, L. 
decussatus, L. kasmira, M. grandoculis and L. bohar at the Scott Reefs (grey) 
and the Rowley Shoals (black). See Supp. Table S6.3 for statistics. 
Differences in the regression lines between species might be obscured due to 
variation in the range of the axes. 
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Figure 6.4 Regression analysis of increase in trophic position at the Scott 
Reefs relative to the Rowley Shoals (%ΔTP) against relative increase in 
weight for a given length (%ΔW) for five species of mesopredator, where 
%ΔW= 0.49(%ΔTP) + 1.30, R² = 0.80, p=0.040). The graph suggests that 
species that displayed the greatest difference in weight for a given length 
between the two locations also displayed the greatest relative increase in 
trophic position. 

 

6.5 DISCUSSION 

My results were consistent with the hypothesis that reef sharks influence the 

diet and condition of mesopredators on coral reefs. On the shark-depleted 

reefs, mesopredatory fishes were relatively abundant and fed on a diet that 

was largely composed of fishes and squid, whereas at the Rowley Shoals, 

where higher densities of sharks were present, abundances of mesopredators 

were lower and the diets of the same species were dominated by benthic 
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0

4

8

12

16

0 5 10 15 20 25 30

%
ΔT

P
 

%ΔW 



 Chapter 6 

 

 
178 

heavier, deeper-bodied and wider for a given body length than fishes of the 

same species at the Rowley Shoals. The results of this study suggest that 

sharks may impose significant top-down effects on reef fish assemblages, 

however it is unclear whether the mechanism by which these predators 

structure ecosystems is based on risk effects, competition, or a mixture of 

both.  

Consistent with the hypothesis that reef sharks are important predators that 

impose risk effects on potential prey, mesopredators consumed a greater 

proportion of low-risk, benthic food items at the Rowley Shoals relative to 

conspecifics at the Scott Reefs. As a prey source in a predator-rich 

environment, benthic invertebrates living within the interstices of the reef 

represent a less risky prey option than fishes or squid, which are typically 

located in the water column, where risk of predation is higher [659]. Fishes are 

also faster-moving, rove over larger areas, require more activity and energy to 

capture and have longer handling times than benthic invertebraes 

[226,655,660]. Additionally, the act of predation on reef fishes generates alarm 

cues, alerting other prey to the presence of the predator and initiating learning 

about predator behaviours that makes future prey harder to catch [661,662]. 

Together, these factors make fish and squid far riskier prey items than benthic 

invertebrates for mesopredators in situations where they, in turn, are subject 

to the threat of being consumed. These results are consistent with previous 

studies showing that dugongs, bottlenose dolphins and turtles preferentially 

feed on lower-quality patches of seagrass when tiger sharks are abundant 

because they are closer to deep water refugia than more energetically 

profitable meadows [20,41,69].  
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It is entirely possible that the shift in diet recorded in mesopredators at the 

Scott Reefs relative to the Rowley Shoals reflects competitive rather than 

predatory release. There is growing evidence that sharks and large piscivores 

such as lutjanids and serranids share food resources and occupy overlapping 

trophic niches [95,663]. A reduction in the number of sharks at the Scott Reefs 

may not only have increased the availability of formerly rare, shared prey 

species to mesopredators, but also weakened niche partitions, allowing 

mesopredators to consume novel teleost prey that were previously off-limits. 

This would be consistent with previous studies in a range of taxa that have 

demonstrated niche expansion following the loss of a competitor 

[73,387,392,398,400,467,470]. Declines in the blue shark Prionace glauca, for 

example, led to changes in habitat use by the salmon shark Lamna ditropis, 

potentially causing the latter to incorporate new cephalopod prey species into 

their diets [398]. The finding that competition may be an important mechanism 

by which sharks structure reef fish assemblages would be consistent with 

recent studies that have concluded that reef sharks operate as functionally 

redundant mesopredators rather than apex predators [663]. 

A diet of fish (5.4-6.1 kcal/g) and squid (5.5 kcal/g) is far more energetically 

rewarding than one composed of relatively low energy prey such as 

crustaceans (3.4-3.7 kcal/g) and gastropods (1.1 kcal/g), in addition to being 

less energetically costly to digest and quicker to assimilate [664]. Diet is one 

of the key determinants of condition [665]. To test if the observed shift in 

mesopredatory diet from invertebrates towards higher-quality prey from the 

water column was correlated with improved condition, I compared the body 

dimensions of mesopredators at the Scott Reefs and the Rowley Shoals. All 



 Chapter 6 

 

 
180 

five mesopredators were significantly heavier for a given length at the Scott 

Reefs compared to the Rowley Shoals. Lutjanus bohar was characterized by 

an inflection point at 61 cm, above which there was effectively no difference in 

condition between fishes at Scott Reefs and the Rowley Shoals. Given a 

mean maximum length of the two dominant species of reef shark at the two 

locations of 1520 mm [666], L. bohar may effectively enter into a size refuge at 

a length of 55 cm as reef sharks rarely consume prey >36% of their length 

[233]. Moreover, predators tend to feed on prey between one and three orders 

of magnitude smaller in mass than themselves [215]. Given a maximum 

published mass for C. amblyrhynchos of ~34 kg, prey over 3.4 kg are 

therefore unlikely to be consumed. Length-weight regressions suggest that an 

L. bohar of this weight is ~59 cm, corroborating size refugia as a possible 

explanation for the inflection point. The stereo-BRUVS also support the 

premise that large L. bohar escape predation at larger sizes, as they depict 

large individuals feeding aggressively on bait, despite the presence of sharks 

[666].  

In addition to being heavier for a given length at the Scott Reefs relative to the 

Rowley Shoals, mesopredators at the former location were also significantly 

taller for a given length at the shark-depleted location. This finding is 

consistent with studies of body shape in the Bahamas mosquitofish Gambusia 

hubbsi, which found that low-predation environments selected for fishes with 

taller anterior regions than high predation environments, potentially due to a 

reduced need to engage in fast-starts [667]. Larger body depth may also have 

been selected for at the Scott Reefs due to increased competition between 

mesopredators following a reduction in shark numbers, as this trait has been 
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linked to more prolonged swimming in fishes and would therefore confer an 

advantage in terms of securing prey, accessing mates and conserving energy 

[667]. The lack of evidence for a significant increase in height for L. gibbus at 

the Scott Reefs compared to the Rowley Shoals was surprising, given that it 

was significantly heavier for a given length. However, L. gibbus may be 

anatomically constrained in body height, as it is deeper-bodied than other 

lutjanids [578].  

Mesopredators were also wider for a given length at the Scott Reefs than at 

the Rowley Shoals: L. decussatus were 105% wider at the median length at 

the Scott Reefs than at the Rowley Shoals, while L. kasmira, M. grandoculis 

and L. bohar were 9.2%, 7.0% and 5.1% wider, respectively. Increased width 

acts as a good measure of condition because it is indicative of better 

developed fat reserves and propulsive muscles in the caudal region [668]. 

Indices such as Fulton’s K factor also confirmed that all mesopredators were 

in significantly better condition at the Scott Reefs compared to the Rowley 

Shoals. Improved condition among mesopredators at the Scott Reefs may be 

explained by a dietary shift towards fish and squid prey relative to 

conspecifics at the Rowley Shoals. However, a reduction in the abundance of 

sharks at the Scott Reefs may also have promoted the condition of 

mesopredators by allowing them to forage more effectively and for longer 

[395,669,670], waste less energy on costly escapes [341,671,672] and 

experience fewer physiological stress responses, which can trigger muscular 

protein catabolism via increased plasma corticosterone levels [673–675]. 
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Paired reef systems constitute a useful window into the debate on the role of 

sharks on coral reefs, but results must be interpreted cautiously in light of the 

fact that “natural” experiments are not replicated, randomized and controlled 

trials conducted in laboratories [676]. In any “natural” experiment, all 

alternative explanations must be ranked and entertained. One possible 

explanation for the observed results is that the temperature regime at the two 

locations differs. However, an analysis of temperature data collected by 

loggers deployed in reef slope habitats over five years found no consistent 

differences in average water temperatures between locations (AIMS unpubl. 

data). Furthermore, Ruppert et al. (2013) argued that differences between the 

two reef systems in terms of productivity, habitat structure, the composition 

and average cover of reef size, benthic communities and the frequency, 

intensity and history of disturbance were not ecologically significant.  

It is possible that the recorded differences in diet and condition between 

locations reflected differences in the relative availability of the mesopredators’ 

prey rather than predation risk. However, Ruppert et al. (2013) found that, to 

the contrary, herbivores and other potential prey of mesopredators were 

significantly more abundant at the Rowley Shoals compared to the Scott 

Reefs, which suggests that the distribution of prey items is not a factor. It is 

plausible that the observed patterns in the data were driven by differences in 

the abundance of benthic invertebrates between the two locations. However, 

assessing the abundance of benthic prey was beyond the scope of this study, 

since invertebrates hide in the interstices of the reef during the day and are 

difficult to survey accurately. Moreover, I could find no evidence that the 

results of this study were an artefact of differences in sampling between 
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locations. Sex ratios of collected fishes were similar across locations so 

additional weight associated with, for instance, egg production was unlikely to 

explain my results. Furthermore, the study species are thought to reproduce 

throughout the year, thus small differences in the timing of sampling would be 

unlikely to produce disproportionate numbers of reproducing animals between 

locations. Parasites can also affect condition [665], but no obvious differences 

in parasite loads were observed between locations when gutting fish or 

analysing stomachs and intestines.  

An alternative explanation for the observed trends is illegal poaching of 

teleosts at the Scott Reefs. Illegal fishing of teleosts at the Scott Reefs is 

thought to be limited in nature, with fishers focusing predominantly on sharks, 

sea cucumbers and other high-value items [677]. However, if levels of 

poaching have been underestimated, it is possible that fishers have removed 

sufficient quantities of mesopredatory species such as lethrinids to drive 

competitive release in the remaining piscivores. However, this is an unlikely 

explanation as many of the mesopredatory species supposedly targeted by 

fishers are more abundant at the Scott Reefs relative to the Rowley Shoals 

[129].  

Irrespective of their cause, high indices of condition are likely to have major 

effects on the reproductive success of mesopredators. Fish in good condition 

are more fecund [678], spawn earlier and produce larger eggs [679] that give 

rise to larger, more viable larvae than those spawned by fish in poor condition 

[680]. Given that genetic and demographic studies show that the fish and 

coral communities of these oceanic coral reefs are largely self-seeding [128], 
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improved condition of mesopredators may directly contribute to the greater 

abundances of these species at the Scott Reefs compared to the Rowley 

Shoals. This does not require strong stock-recruitment relationships, even 

though there is good evidence for their existence in coral reef environments, 

because studies show that maternal contributions play a major role in 

survivorship of juvenile fishes through important mortality bottlenecks once 

they have settled to reef environments [533]. If better condition of adults is 

indeed aiding reproductive output and survivorship of young, as a number of 

studies suggest is likely, then this could provide a means for differences in 

abundance of mesopredators between these isolated reef systems to 

“snowball” through time.  

Variation in the diet of mesopredators between locations is likely to have 

important implications for energy flows, community composition and top-down 

control of invertebrate populations on coral reefs. Juvenile lutjanids and 

lethrinids are important predators of newly-recruited reef fishes in coral reef 

ecosystems and greater abundances of these medium-sized predators are 

likely to influence rates of survival in young reef fishes [522]. Subtle changes 

in diet within the mesopredatory guild therefore have the potential to 

significantly alter the mortality rates and foraging behaviour of herbivorous and 

invertivore fishes, leading to knock-on effects that influence the integrity of the 

reef system itself. In contrast, benthic invertebrates may undergo lower rates 

of mortality at the Scott Reefs relative to the Rowley Shoals, assuming that 

other fishes do not change patterns of feeding to exploit this resource. 

Although reef sharks may not be apex predators, my results suggest that they 

still have the capacity to alter fish assemblages and thereby trigger trophic 
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cascades either through direct predation, risk effects or competition. In light of 

the fact that many mesopredatory teleosts have markedly different life 

histories to reef sharks (i.e. shorter generation times and smaller gape sizes 

[502,681]) the ability of functional redundancy to mask the effects of removing 

reef sharks may be more limited than thought. 

Although natural experiments lack the manipulation and replication that have 

traditionally been considered the “gold-standard” of the scientific method, 

there is growing consensus that these large-scale studies are one of the few 

techniques available to test hypotheses generated at small scales in an 

ecologically relevant context [138,676]. The results of this study show that 

mesopredatory fishes on two comparable reef systems have very different 

diets and condition indices that are consistent with variation in the abundance 

of reef sharks and associated differences in risk and/or competitive effects. My 

findings have important implications for reef systems worldwide, because 

sharks are being removed by fishing from coral reef systems at an 

unprecedented rate [47,52]. This analysis suggests that continued exploitation 

of sharks may lead to significant shifts in the diet, condition and therefore 

reproductive fitness of mesopredators in these environments that have the 

potential to propagate through coral reef food webs. Further research is 

required to ascertain the relative contribution of competition and risk effects to 

the observed outcome. In addition, acoustic tagging and/or behavioural 

observations would help to clarify whether removal of sharks leads to shifts in 

habitat use among prey and competitors. However, my results strongly 

suggest that populations of sharks and other predators in marine systems 

should be protected in order to maintain the health of the broader ecosystem. 
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7 CHAPTER 7 

General Discussion 

I tested several a priori hypotheses on multiple datasets gathered at the 

spatial scale of whole-reefs in order to gauge whether reef sharks structure 

bony fish assemblages on coral reefs. The datasets included underwater 

video systems [Chapter Three], stable isotope signatures in dorsal muscle 

[Chapter Four], otolith increments [Chapter Five], gut contents [Chapter Six] 

and morphological traits such as body mass, height and width [Chapter Six]. 

The overwhelming consistency of the results across the hypotheses and 

datasets brings powerful crossfire to the question of whether sharks as apex 

predators create “seascapes of fear” (sensu [320]) on coral reefs or whether 

they are simply misunderstood mesopredators. The findings suggest that the 

role played by sharks on reefs is at once spatially and biologically pervasive, 

altering via a mix of lethal, risk and competitive effects the abundance and 

biomass of reef fishes and their diet, niche width, trophic level, growth rate 

and condition (Fig. 7.1).  

Coral reefs are declining globally and the complicity of overfishing, pollution 

and climate change in their demise has been well scrutinised [682]. Less well 

understood is whether and how the removal of sharks explicitly has 

contributed to the observed declines in reef resilience and the increased 

frequencies of catastrophic phase-shifts. Some studies frame reef sharks as 

apex predators that have a unique ecological role and structure reef 

assemblages via trophic cascades [e.g. 129,340], while others support the 
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view that reef sharks do not belong in the pantheon of apex predators and are 

simply part of the mesopredatory “pack” [95,683,684]. Echoing the false 

dichotomy of the Nature vs Nurture debate, my thesis suggests that reef 

sharks act both as important predators and indispensable competitors, casting 

a complex net of lethal and risk effects over multiple trophic levels but also 

influencing the upper-tier mesopredators with which they compete. My thesis 

provides an important and timely large-scale test of hypotheses generated at 

smaller scales about the role of sharks on reefs and suggests, at the very 

least, that the precautionary principle be used to protect remaining 

populations of sharks on coral reefs from exploitation.  
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Figure 7.1 Infographic depicting four lines of evidence that support the 
hypothesis that reef sharks influence fish assemblages in terms of abundance 
and biomass, niche width, growth rates and diet and condition 
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7.1 THE CASE FOR LETHAL EFFECTS 

The results of both the stereo-DOVS and stereo-BRUVS were consistent with 

the hypothesis that removal of sharks leads to an increase in the abundance 

of mesopredators (“mesopredator release”, sensu [327]). Mesopredators were 

more abundant at the Scott Reefs than at the Rowley Shoals on both the 

stereo-DOVS (+198%) and the stereo-BRUVS (+21%). However, my results 

also suggest that removal of sharks can lead to increases in the abundance 

and biomass of lower trophic prey. Although reef sharks are known to prey on 

herbivores [330], large-scale natural experiments have often found, 

unexpectedly, a positive correlation between the abundance of the two groups 

[38,130]. In contrast, my results demonstrated an inverse correlation between 

shark abundance and that of lower trophic prey, with, for example, the trophic 

group 2-3.49 characterised by 99% higher biomass at the Scott Reefs relative 

to the Rowley Shoals. This outcome was consistent with my hypothesis that 

removal of sharks as trophic omnivores [306,363,364] should lead to 

increases at multiple trophic levels, reflecting both predatory and competitive 

release. These results are also consistent with the stable isotope analysis in 

Chapter Four, which suggested that C. amblyrhynchos primarily preys on 

benthic excavators such as C. microrhinos and lower-tier mesopredators.  

Sharks may also play an important role in determining the size structure of 

bony fish assemblages on coral reefs. Changes in the abundance of potential 

prey size classes at the Scott Reefs relative to the Rowley Shoals were 

consistent with the a priori hypothesis that reduced predation would lead to 

increases in the abundance of prey up to 36% of the length of the most 
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common size of reef shark [Chapter Three]. The stereo-DOVS and the stereo-

BRUVS demonstrated that the size classes 30-50 cm and 0-30 cm, 

respectively, were more abundant and had greater biomass at the Scott Reefs 

relative to the Rowley Shoals. The size class 20-30 cm demonstrated the 

greatest relative increase in biomass on stereo-BRUVS at the Scott Reefs 

relative to the Rowley Shoals (+226%). This finding was consistent with Dulvy 

et al. (2004), who found that small fishes (<25 cm) increased in abundance 

and biomass by 31% and 9%, respectively, in response to removal of larger 

predators [88]. Other studies have demonstrated inverse correlations in the 

abundance of piscivores and their prey, including between Atlantic cod Gadus 

morhua and capelin Mallotus villosus [237] and between predatory coral trout 

Plectropomus leopardus and small reef fishes [252].  

7.2 THE CASE FOR RISK EFFECTS 

Fear of predation can cause prey to favour safer, easier-to-escape habitats 

over more exposed habitats [20,21,41,354,356,357]. Evidence for predator-

induced changes in the dietary composition of prey is less common 

[19,392,476]. Using gut contents analysis, I found that mesopredators at the 

Scott Reefs consumed significantly more prey items from the water column 

and fewer benthic invertebrates than fishes at the Rowley Shoals [Chapter 

Six]. A diet comprised of crustaceans and gastropods is less energetically 

profitable than a diet of fish and squid [664,685], but it is also less risky 

because it precludes the need for high-activity pursuits through the water 

column, which can attract the attention of predators when refugia are distant 

[652,686,687]. In addition, benthic invertebrates have shorter handling times 
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than fishes, which also reduces exposure to predators [655]. As diet is an 

important determinant of condition, it is possible that the energetically superior 

diet eaten by mesopredators at the Scott Reefs relative to the Rowley Shoals 

was responsible for the 6-28% increase in condition observed at the former 

location relative to the latter [Chapter Six].  

My results suggest that risk effects may compromise condition in prey not just 

by altering their diet but also by selecting for rapid growth. Rapid growth, like 

poor diet, is known to impose short-term and delayed costs on condition in 

fishes. I found evidence for larger sizes-at-age and faster rates of growth in 

length at the Rowley Shoals relative to the Scott Reefs in all species, but 

there were nuanced size-dependent differences between prey. Consistent 

with several studies [548,550], a large-bodied, late-maturing prey species, L. 

bohar, grew rapidly until it reached a length associated with size refuge from 

the largest sharks (~52 cm). In contrast, the growth trajectories of smaller 

species were consistent with studies that suggest that predation select for 

rapid initial growth and early maturation when size refuge is unobtainable [e.g. 

550]. In addition, smaller-bodied mesopredators ceased to grow at larger 

sizes at the Rowley Shoals than at the Scott Reefs, suggesting that there may 

be a selective advantage to attaining even a partial size refuge from gape-

limited predation, consistent with Seed and Brown (1978) [550].  

Chapter Five and Chapter Six offered three different vantage points from 

which to view growth in mesopredators: mass-at-age, length-at-age and 

mass-at-length. While L. bohar was longer-at-age, heavier-at-age and gained 

length faster at the Rowley Shoals relative to the Scott Reefs over most of its 
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size range, Chapter Six suggests that it was also heavier for a given length at 

the Scott Reefs relative to the Rowley Shoals. One interpretation of this 

outcome is that although increased predation risk selects for faster length 

gains at the Rowley Shoals compared to the Scott Reefs, lack of predation at 

the Scott Reefs selects for faster mass gains relative to the Rowley Shoals via 

reduced risk effects and increased foraging efficiency [Chapter Six]. Like L. 

bohar, L. decussatus and L. gibbus were longer-at-age and heavier-at-age 

over most of their size range. In contrast, however, rates of growth in length 

for these species were consistent with rates of growth in mass at larger sizes, 

suggesting that post-maturity increases in length drive increases in mass in 

smaller-bodied species.  

7.2.1 THE CASE FOR COMPETITION 

Perhaps because of their bold and inquisitive natures, reef sharks have 

traditionally been assumed to be the apex predators of coral reefs [95]. While 

evidence in this thesis supports the view that reef sharks are important 

predators, my results are also consistent with the hypothesis that sharks 

regulate reef assemblages via competitive exclusion. For example, the 

whitetip reef shark T. obesus was the only shark species that was relatively 

more abundant at the Scott Reefs than at the Rowley Shoals, being six times 

more common at the former location relative to the latter and responsible for 

29% of the difference between locations. Triaenodon obesus is smaller and 

lower on the trophic ladder than other reef sharks, however it can attain size 

refuge. Furthermore, it is a dietary generalist that consumes largely reef-

based prey with a wide range of d13C, with limited isotopic overlap with C. 
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amblyrhynchos [95]. Thus loss of larger sharks may therefore drive not only 

predatory release but also niche expansion in T. obesus at the Scott Reefs 

relative to the Rowley Shoals.  

Removal of reef sharks may also cause competitive release in other 

ecological “equivalents”, large-bodied teleosts. In Chapter Four, I 

demonstrated that the trophic position of all mesopredators was higher at the 

Scott Reefs relative to the Rowley Shoals, suggesting that all fishes 

responded to removal of sharks by feeding higher up the food chain. 

Mesopredators that overlapped the most trophically with C. amblyrhynchos 

displayed the greatest increase in niche width at the Scott Reefs relative to 

the Rowley Shoals, consistent with the hypothesis that loss of an intraguild 

predator can cause niche expansion in competitors. A further analysis 

demonstrated that there was an inverse relationship between the percentage 

difference in niche width and the percentage difference in trophic position at 

the Scott Reefs relative to the Rowley Shoals. One interpretation of this result 

is that upper-tier mesopredators (potential competitors) respond to loss of 

sharks primarily via niche expansion, whereas lower-tier mesopredators 

(potential prey) respond via niche shrinkage and a dietary shift up the food 

chain. In support of this hypothesis, I found a significant positive relationship 

between percentage difference in trophic position and the percentage 

contribution of mesopredators to shark diet, with lower-tier mesopredators 

displaying the greatest increase in trophic position at the Scott Reefs relative 

to the Rowley Shoals.  
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7.3 IMPLICATIONS 

 

7.3.1 REEF SHARKS: APEX OR MESO-PREDATORS? 

A spate of recent papers have called for reef sharks to be demoted from apex 

predator to upper-tier mesopredator, arguing that the true apex predators on 

reefs are larger, roving sharks like the tiger shark G. cuvier [95,96]. An 

implication of this reclassification is that functional redundancy in the 

mesopredator guild may prevent trophic cascades on coral reefs when sharks 

are removed or simply reduced in number by fishing [95,96]. Regardless of 

whether reef sharks require a trophic downgrade, my results do not clearly 

support Frisch et al.’s (2016) contention that functional redundancy may mask 

the effects of removing sharks from coral reefs. Increases in biomass at the 

Scott Reefs relative to the Rowley Shoals were insufficient to offset overall 

declines in biomass, a finding that is consistent with other studies such as [89] 

and [50]. Furthermore, stark differences in life history between the two taxa 

suggest that competitive release in relatively voracious and fast-reproducing 

mesopredators following the loss of sharks are unlikely to be ecologically 

“compensatory” and instead have the potential to overcompensate, causing 

previously stable populations of shared prey to collapse [518,519]. Indeed, it 

is thought that the functional substitution of sea urchins for herbivorous fishes 

on the fished-out reefs of the Caribbean may have contributed to the system’s 

decline, as, although both groups consume algae, Diadema urchins are the 

more destructive bio-eroder, capable of burrowing into the reef and destroying 

entire reefs [310,688].  
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7.3.2 GAPE-LIMITATION 

Reef sharks are not the true trophic apex predators on coral reefs [447], but 

this thesis suggests that, by virtue of their gape-limitation, they may still play 

an important role in structuring ecosystems based on size, unlike the tiger 

shark G. cuvier [235]. The findings of this thesis suggest that gape-limitation 

in sharks may have a pervasive effect on a number of prey traits, including 

abundance and biomass [Chapter Three], growth rates [Chapter Five] and 

condition [Chapter Six]. However, they also corroborate Urban (2007), who 

described size refugia not as fixed entities but “moving targets” that are not 

only species-specific but also fluctuate constantly based on natural mortality 

and ontogenetic shifts in size and hunting style in sharks [502]. In particular, 

my results suggest that while absolute size refugia (54+ cm) from the largest 

sizes of the most common sharks may shape the biology and behaviour of 

large-bodied species, smaller bodied species that cannot attain size refuge 

may still be influenced by the prospect of “partial” size refugia (36+ cm) that 

allow them to escape the brunt of predation from the most common sizes of 

sharks. 

Evidence for gape-limitation from Chapter Three suggested that loss of sharks 

led to increases in the abundance and biomass of prey in the size class 0-30 

cm (stereo-DOVS) and 30-50 cm (stereo-BRUVS), consistent with the 

existence of partial size refugia at 30+ cm and absolute size refugia at 50+ 

cm. Similarly, Chapter Five suggested that L. bohar grew more rapidly at the 

Rowley Shoals relative to the Scott Reefs until it reached a length of 52 cm, at 

which point growth stalled at the former location relative to the latter. A similar 
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threshold occurred in Chapter Six, suggesting that improved condition in L. 

bohar at the Scott Reefs, attributed to its higher quality diet, equalized with the 

condition of conspecifics once fishes had attained size refuge. Chapter Five 

demonstrated that mesopredators that could not attain absolute size refuge 

reached a growth asymptote at greater lengths at the Rowley Shoals than at 

the Scott Reefs, and at lengths of ~38 cm, where they are likely immune to 

the most common, 100 cm-long sharks.  

An important implication of gape-limitation is that when reef sharks are 

reduced in number, an increase in the abundance of small size classes may 

result. Increased abundances of smaller, lower trophic level fishes following 

removal of predators could theoretically influence the stability of reef 

communities as lower trophic level fishes are faster growing, more fecund, 

have shorter life spans and therefore experience greater fluctuations in 

recruitment and population size than higher trophic fish [111,237,689].  

7.3.3 RISK EFFECTS AND PHYSIOLOGY 

The results of this thesis suggest that ecosystem response to loss of apex 

predators hinges not just on ecosystem complexity but also on the 

physiological complexity of organisms. Many physiological traits in fishes are 

heavily dependent on each other. For example, changes in diet have the 

potential to influence growth rate and condition, changes in growth can affect 

diet and condition, and alterations to condition can affect diet and growth. 

Furthermore, condition can influence reproductive fitness, which, in turn, can 

influence abundance, and abundance can feedback into condition, diet and 

growth rate via competition. My results suggest that predation risk can 



 Chapter 7 

 

197 

 

influence condition in fishes via two alternate routes, diet and growth rate. The 

negative effects of rapid growth (a ‘dash-for-size’ at all costs) may have 

compounded the effects of an inferior diet on condition in fishes at the Rowley 

Shoals relative to the Scott Reefs. However, my findings also suggest that 

physiological processes are, to some extent, decoupled in fishes such that 

changes in one trait do not necessarily lead to predictable changes in other 

traits. For example, although mesopredators at the Scott Reefs were in better 

condition relative to conspecifics at the Rowley Shoals, they grew more 

rapidly at the latter location compared to the former, suggesting that although 

diet is an important determinant of growth rate, selective pressure to attain 

size refuge may take priority when predators are abundant. More research is 

required to understand why feeding on higher quality food does not translate 

into faster growth in prey when predators are reduced in number.  

7.3.4 NATURAL EXPERIMENTS 

 

“Ecosystem data are noisy. There are multiple sources of variability, such as external forcing, 

endogenous dynamics, and our imperfect observations.” 

− Miao et al. (2009) [690] 

For my thesis I have relied on a relatively controlled experiment: the 

fishermen that have selectively taken sharks for centuries at Scott Reef 

(treatment) have not been active at the otherwise very similar Rowley Shoals 

(control). I measured the resulting differences in prey abundance, condition, 

diet and behaviours, tested which models fit best and interpreted and 

identified how sharks may regulate reef environments.  
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Ecosystem data are undoubtedly noisy, yet the results presented in this thesis 

suggest that the removal of sharks can alter bony fish assemblages on coral 

reefs in ways that are both detectable and consistent across multiple a priori 

hypotheses and independent datasets. While there are limitations to what 

conclusions can reasonably be drawn from unreplicated natural experiments 

[Chapter Two], almost a century after Rutherford’s dismissal of qualitative 

studies based on natural contrasts in variables as “stamp collecting”, there are 

many counter-examples of non-replicable natural experiments that have 

provided humanity with great insights, from the Big Bang [691] to the Burgess 

Shale [186] and the unpredictable, powerful earthquakes that allow geologists 

glimpses of deep-Earth structures [185,692].  Large-scale natural 

experiments, if properly observed and analysed, have a unique power not 

attainable in any other way to discriminate and describe the most important 

mechanisms driving change in complex systems, in addition to generating 

new hypotheses and directions in research [690]. 

7.4 FUTURE DIRECTIONS 

An important next step in understanding the role of reef sharks is to 

understand whether the removal of sharks alters fish assemblages via 

competitive or predatory release, or a combination of both. Three questions 

posed by Connell in 1983 [693] about interspecific competition relevant to 

sharks in reef ecosystems remain unanswered: (1) How frequently does it 

occur in nature, (2) what mechanisms cause changes in its occurrence or 

strength and (3) how important is it with respective to other forces operating in 

the ecosystem? Competitive release may be important on reefs where fishing 
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has made sharks are functionally extinct, whereas predatory release may be 

more important when reductions in shark number are minor.  

Another important question that urgently requires answering is whether 

competitive release in mesopredators compensates partially, fully or indeed 

overcompensates for the loss of sharks, leading to declines in previously 

stable populations of shared prey. Sharks typically display slower growth and 

lower fecundity than most lutjanids and large-bodied teleosts [647], which 

suggests that true functional substitution is unlikely to occur following loss of 

sharks, despite trophic overlap [95]. Testing competitive effects in natural 

settings is challenging (but see [693] for a review of potential study designs) 

and particularly so in the case of sharks, which are difficult to manipulate 

experimentally. Unfortunately there may be no “quick fix” to extract answers to 

important ecological questions and instead more studies in the style of this 

thesis, which seek to characterise reef assemblages and interactions from a 

variety of angles, may be a key solution [694]. 

Future research must also examine the effects of predation and competition 

on the physiology of reef fishes in finer detail. Although my results were 

consistent with the hypothesis that predators may reduce prey condition via 

lower quality prey selection and fast-growth strategies, predation can affect 

condition in prey in other ways including via stress hormones and increasingly 

frequent escape responses. In addition, my thesis did not reveal how 

mesopredators at the Rowley Shoals attain faster growth rates on a lower-

quality diet. To do this, fishes at the Rowley Shoals would perhaps need to 

forage more actively than fishes at the Scott Reefs, despite increased risk of 
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mortality, or “do more with less”, i.e. conserve energy by reducing activity 

and/or metabolism [695]. The findings of McPeek et al. (2001) suggest a third 

option [696]. They found that the larvae of two genera of damselfly 

suppressed foraging in response to risk, but one genus, Ischnura, still grew 

faster than the other, Enallagma, due to higher efficiency at converting 

ingested food into biomass [696]. A better understanding of the behavioural 

and physiological responses of fishes to predation risk will allow for more 

accurate predictions to be made about the effects of removing any predator 

from any ecosystem. 

It is also important to continue to quantify the extent to which consumption of 

prey is a prerequisite to their experiencing risk effects. There is now good 

evidence that risk effects can be strong even when direct predation is non-

existent [68,343,354]. Predator control of prey can be both remote [122] and 

spatially contagious [121]. Polis and Strong (1996) concluded that strong 

trophic relationships can exist between predators and prey even if they 

constitute a negligible proportion of their diet [697]. Yet a recent criticism [72] 

of the landmark “cownose ray” paper by Myers et al. (2007) [71] was that the 

trophic cascade could have no foundation because there is little evidence that 

large sharks eat these prey in the northeastern Atlantic. It is crucial that future 

research ascertains whether a dietary link is necessary for risk effects to hold 

sway over ecosystems. 

Although scarids are typically viewed as the guardians of the reef [310], we 

need to know more about their diets and feeding habits in order to understand 

how shark-induced trophic cascades might alter coral reefs. McCauley et al. 
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(2014), for example, found that the parrotfish Bolbometopon muricatum 

enabled coral expansion by dispersing coral and creating space for 

recruitment but also inflicted physical damage on adult corals in the process 

[698]. Similarly, a large-scale analysis conducted by Bennett et al. (2010) 

found that superficially similar herbivore assemblages had significantly 

different impacts on algal cover due to variation in foraging behaviour [699]. 

Yet Gruner et al. (2008) also showed that loss of herbivores led to an increase 

in producer biomass in aquatic systems [700]. A clearer understanding of the 

ecological roles of herbivores is essential before we jump to any conclusions 

about the compatibility of trophic cascades with coral reefs: a very real 

possibility is that we simply don’t know where to look.  

Finally, it is important that more natural experiments are conducted using 

similar techniques to those used here so that meta-analyses can be used to 

gauge the overall role of sharks on coral reefs. It is also important that the role 

of sharks on temperate reefs is investigated.  The Great Southern Reef off the 

southern coast of Australia is as biodiverse as a tropical coral reef in many 

respects [701] and home to a range of apex predators including white sharks 

Carcharodon carcharias, bronze whalers Carcharhinus brachyurus and bull 

sharks Carcharhinus leucas. Temperate reefs in Australia receive far less 

attention from scientists yet face equally significant challenges, including the 

removal of sharks by commercial fisheries [702], culling and other “safety” 

programs [703]. Natural experiments comparing these temperate reefs to 

reefs on the northwestern shelf of Australia and on the Great Barrier Reef will 
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allow the generality of findings presented in this thesis and in other studies of 

tropical reefs to be established.  

In the most recent issue of Nature (22nd February, 2016 [704]), a case was 

made that future humans that inherit environmental problems created in 

modern times should be divided into two groups: “close” vs “remote” future 

generations. The former, wrote the author, will bear the consequences of 

choices humanity makes today, while the latter may not even be aware of the 

problem. On the issue of radioactive waste disposal, Dr Kermisch wrote, 

“Remote generations are defined as those that have forgotten that the waste 

is there. The exact time in the future at which the memory is lost is not a 

relevant question here. We assume it will happen, and plan accordingly.” In 

the case of sharks, policy decisions taken in the next decade or two on 

overfishing and climate change will determine whether “close” generations 

experience sharks in the wild and coral reefs that function as they have done 

historically. If not, remote generations may forget that sharks were ever there. 
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9 APPENDIX 

 

9.1 TO KNOT OR NOT? NOVEL FEEDING BEHAVIOURS IN 

MORAY EELS 

9.1.1 ABSTRACT  

I report observations of a novel feeding behaviour in the moray eel 

Gymnothorax favagineus (Bloch & Schneider, 1801) and a previously 

undocumented application of “knotting” behaviour in Gymnothorax fimbriatus 

(Bennett 1832). Moray eels were filmed by stereo-baited remote underwater 

video systems (stereo-BRUVS) at the Scott Reefs, a remote group of atoll-like 

reefs on the edge of the continental shelf in tropical, northwestern Australia. 

Two behaviours were observed as the moray eels tried to dislodge food from 

a bait bag: (1) G. favagineus used its tail as a “paddle” to gain leverage on the 

bag, and (2) G. fimbriatus tied a knot in its tail in order to extract food from the 

bag. My observations suggest that morays potentially have an extensive 

behavioural repertoire for extracting and manipulating large prey items from 

the interstices of the reef where they typically hunt.   
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9.1.2 INTRODUCTION  

Moray eels (Anguilliformes: Muraenidae) are important predators in many 

coral reef ecosystems [253] yet very little is known about their foraging 

behaviour [705]. There is evidence that muraenids use a very wide variety of 

hunting tactics, including cooperating with coral trout to flush prey from 

crevices in the reef [706] and “breaching,” in which they leap out of rock pools 

in the intertidal zone to catch crabs [707]. To consume prey that are too large 

to swallow whole, some species of moray eel rotate rapidly along their primary 

axes while holding the prey in their jaws, a feeding mode that has also been 

observed in anguillid eels and other eel-like fishes [708]. Of the nearly 200 

recognised species of moray eel [709,710], seven have also been observed to 

tie “knots” in their bodies in order to compress prey items that are too large to 

swallow or anchor prey while the moray removes pieces [711–713]. Unlike 

most other teleosts, which use suction to capture and swallow whole prey, 

moray eels rely on biting and have a highly mobile pharyngeal jaw used for 

transporting prey to their oesophagus, which may be an adaptation to hunting 

in the confined spaces of the reef [705,714].Here I report two novel 

behaviours used by two species of moray eels to obtain food.  

9.1.3 MATERIALS AND METHODS 

Baited remote underwater video systems (BRUVS) are an increasingly 

popular method to study fish behaviour [715,716], especially cryptic species 

such as moray eels [717,718]. Stereo-BRUVS were deployed at two sites at 

the Scott Reefs, a remote coral reef system on the edge of the continental 
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shelf in northwestern Australia. The rigs consisted of two HD digital video 

cameras in waterproof housings attached to a metal frame that held the 

cameras 30 cm above the sea floor. A bait bag made of stiff plastic mesh and 

containing 1 kg of crushed pilchards (Sardinops spp.) was suspended in front 

of the cameras at the end of a 1.5 metre-long plastic tube, in order to attract 

carnivorous species. Deployments followed standard practices for stereo-

BRUVS [290]. A total of 56 deployments were made across the two locations 

and the video cameras recorded fishes approaching the bait bags for 

approximately 60 minutes.  

9.1.4 RESULTS 

A fimbriated moray eel, Gymnothorax fimbriatus, was recorded grasping the 

mesh bag with its teeth and creating a loose overhand “knot” in its tail region 

(Fig 9.1A). The knot slid rapidly up its body (Fig. 9.1B), over its head and was 

pushed forcefully against the bait bag (Fig. 9.1C). The knot was then 

unravelled and the process repeated (see video). The moray eel spent a total 

of 1 minute and 35 seconds in the field of view of the camera, which was 

deployed at a depth of 51.7 metres at 8:07 am on the 28th February 2014 at 

South Scott Reef (-14° 8' 43", 121° 52' 38”) on a seabed characterized by a 

mixture of soft coral, rubble and hard coral (both foliose and tabulate). A 

second moray (G. favagineus) was observed gripping the bait bag in its mouth 

and using its tail as a paddle in order to open the bag and remove food (Fig. 

9.1D-F), spending a total of 5 minutes and 33 seconds in the field of view of 

the camera. This behaviour was observed at a depth of 39.1 metres on the 
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25th February 2014 at 8:39 am at North Scott Reef (-13° 56' 8”, 121° 55' 48”) 

in a field of soft coral. 

9.1.5 DISCUSSION 

I report the first observation of a novel feeding behaviour by a moray eel and 

a new application of an already documented behaviour, knotting, in a 

separate species. Gymnothorax favagineus grasped the bait bag in its mouth 

and used its tail to “paddle” water in the direction of the bait bag, providing it 

with leverage as it tried to rip open the bag’s mesh. A second species, G 

fimbriatus, used a different behaviour to achieve the same objective. An 

individual of this species used a fast-moving knot initiated in its tail region to 

either break open the bait bag or force large food items through the mesh of 

the bag so that they could be consumed. This is the first report of knotting in 

G. fimbriatus and shows a novel application of this feeding behaviour. 

Laboratory studies [711,712] and field observations in the Atlantic Ocean 

[713] suggest that moray eels generally apply knots to large prey items, either 

to break them into smaller pieces, compress them into more manageable 

units until they can be swallowed or anchor them while the eel removes 

pieces. My observations, however, suggest that knotting behaviour in morays 

serves a range of purposes beyond simply breaking up large prey items. My 

observations suggest that knotting may also be useful for extracting large prey 

items from the interstices of the reef where morays are commonly known to 

hunt.  
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Figure 9.1 A moray eel G. fimbriatus (A) attacks the bait bag, (B)  forms a 
“knot” in its tail, and (C) pushes the knot into the bait bag. G. favagineus 
attacks the bait from two angles (D,E) before (F) using its tail as a “paddle” to 
rip open the mesh bag. 

 

It is likely that knotting and other unconventional feeding tactics observed in a 

relatively small number of morays are in fact pervasive among muraenids 

and, indeed, anguilliform animals in general [708,719]. Hagfish, for example, 

have been observed to use knotting to provide leverage when pulling prey out 

of burrows [720]. Caecilians, a group of subterranean, limbless amphibians, 

use rotational feeding to reduce the size of large prey items [721]. The 

anguilliform body shape, regardless of taxon, may permit a range of versatile 

foraging tactics that are largely unavailable to conventionally shaped, fusiform 

fishes [722]. Ultimately, the ability to attack and consume prey much larger 
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than themselves through the use of behaviours like knotting may, in part, 

explain both the ecological role of moray eels as significant mesopredators in 

reef systems [370] and the evolution of cooperative hunting partnerships [208] 

with other large piscivores.
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9.2 SUPPLEMENTARY MATERIALS 

Supplementary Table S3.1 A. Methods used to estimate (A) lengths of fishes 
(B) the coefficients a and b and (C) fork lengths of fishes from standard and 
total lengths on stereo-DOVS and stereo-BRUVS. For (A), the methods 
include: (A) Measured directly using software, (B) mean of lengths of 
conspecifics in the same video, (C) mean of lengths of conspecifics at the 
same location, (D) linear regression of the lengths of all species that were 
measured at both locations, (E) the common length of the species or a 
congener on Fishbase, and (F) weighted mean length of congeners at the 
same location. B. Methods used to source a and b coefficients. C. Number of 
fishes for which standard or total lengths were converted to fork length.  
 

A.  Stereo-DOVS  Stereo-BRUVS  

 Method n species-samples  % total  n species-samples  % total  
A 878 32.9 623 30.2 
B 335 12.6 703 34.1 
C 1118 42.0 649 31.5 
D 39 1.5 42 2.0 
E 281 10.5 30 1.5 
F 14 0.5 15 0.7 

B. Source % species  

Source of a and b Available for species 64.3 
 Similar-sized congener 23.4 
 Mean value for genus 4.9 
 Similar-sized/shaped member of sub-

family 
7.3 

C.  n species % species (BRUVS & DOVS) 

No conversion necessary 237 82.9 
SL to FL 11 3.8 
TL to FL 38 13.3 
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Supplementary Table S3.2. List of species which lacked length 
measurements at either one or both locations and the methods used to 
estimate lengths, including (1) linear regression, (2) the common length of the 
species or a congener on Fishbase or 0.75*maximum reported length and (3) 
the weighted mean length of congeners at the same location. Ordered 
alphabetically by species.  

Species Location Method Est. length 
(cm) 

Acanthurus thompsoni Rowley Shoals Linear regression 16.74 

Arothron hispidus Scott Reefs Linear regression 40.39 

Arothron nigropunctatus Scott Reefs Linear regression 18.05 

Arothron stellatus Scott Reefs Linear regression 35.80 

Balistidae sp Scott Reefs Weighted Mean 19.42 

Balistoides viridescens Rowley Shoals Linear regression 39.75 

Caranx ignobilis Scott Reefs Common Length 84.00 

Caranx sp Rowley Shoals Weighted Mean 33.39 

Caranx sp Scott Reefs Weighted Mean 39.63 

Centropyge bispinosa Scott Reefs Linear regression 9.06 

Centropyge sp Scott Reefs Weighted Mean 7.72 

Cephalopholis argus Scott Reefs Linear regression 22.85 

Cephalopholis boenak Scott Reefs Linear regression 12.52 

Cephalopholis sp Rowley Shoals Weighted Mean 14.89 

Cephalopholis sp Scott Reefs Weighted Mean 11.52 

Chaetodon octofasciatus Scott Reefs Common Length 10.00 

Chaetodontidae sp Scott Reefs Weighted Mean 11.73 

Chromis weberi Scott Reefs Common Length 9.45 

Dasyatis kuhlii Scott Reefs Common Length 50.00 

Diproctacanthus xanthurus Scott Reefs Common Length 9.00 

Elapidae sp Rowley Shoals Linear regression 104.85 

Epinephelus areolatus Scott Reefs Common Length 30.00 

Gomphosus varius Rowley Shoals Common Length 20.00 

Gymnothorax fimbriatus Scott Reefs Common Length 50.00 

Gymnothorax javanicus Rowley Shoals Common Length 100.00 

Heniochus chrysostomus Scott Reefs Common Length 10.00 

Labridae sp Scott Reefs Linear regression 9.57 

Lethrinus ravus Scott Reefs Common Length 20.00 

Lethrinus sp Scott Reefs Weighted Mean 28.82 

Myripristis sp Rowley Shoals Weighted Mean 12.89 

Naso brevirostris Scott Reefs Common Length 40.00 

Naso caesius Rowley Shoals Linear regression 48.03 

Naso lituratus Rowley Shoals Linear regression 22.41 

Naso unicornis Rowley Shoals Linear regression 63.09 

Nemipterus furcosus Rowley Shoals Common Length 20.00 



 Appendix: Supplementary Information 

 

269 

 

Novaculichthys taeniourus Scott Reefs Common Length 20.00 

Parapercis sp Rowley Shoals Common Length 24.00 

Platax sp Rowley Shoals Weighted Mean 32.69 

Pomacanthus imperator Rowley Shoals Common Length 30.00 

Pomacentridae sp Rowley Shoals Linear regression 8.48 

Pseudanthias lori Scott Reefs Linear regression 6.09 

Pseudanthias sp Rowley Shoals Weighted Mean 9.94 

Pseudanthias sp Scott Reefs Weighted Mean 7.85 

Sargocentron sp Scott Reefs Common Length 33.18 

Scarus rubroviolaceus Rowley Shoals Linear regression 20.40 

Scarus xanthopleura Rowley Shoals Common Length 40.00 

Scomberoides lysan Scott Reefs Linear regression 30.61 

Sufflamen sp Rowley Shoals Weighted Mean 23.89 

Taeniura lymma Scott Reefs Common Length 25.00 

Taeniura meyeni Scott Reefs Linear regression 117.35 

Variola albimarginata Rowley Shoals Common Length 40.00 
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Supplementary Table S3.3 Linear regression of Log Length (L) at the Scott Reefs (S) and the Rowley Shoals (R). For stereo-
DOVS, Log LS = 0.122 + 0.9015×Log LR and Log LR = 0.0743 + 0.9461×Log LS. For stereo-BRUVS, Log LS = 0.1704 + 0.8401×Log 
LR and Log LR = 0.0305 + 1.0123 ×Log LS where bo was the coefficient of the intercept and b1 was the coefficient of log L. 

 

Stereo-DOVS n df R2 p MSE b0  b1 SE b0  SE b1 F adjR2 

Scott Reefs 55 54 0.99 <0.001 3.18 0.02 0.98 0.015 0.011 7878.1 0.99 
Rowley Shoals 55 54 0.99 <0.001 3.28 -4.92 9.84 1.57 1.14 7878.07 0.99 
Stereo-BRUVS                       

Scott Reefs 92 91 0.85 <0.001 7.68 0.17 0.84 5.2 3.71 511.7 0.85 
Rowley Shoals 92 91 0.85 <0.001 9.26 0.031 1.01 0.06 0.04 511.7 0.85 
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Supplementary Table S3.4. Abundance and biomass per sample of fishes in 10 cm classes on stereo-DOVS and stereo-BRUVS 

at the Scott Reefs and the Rowley Shoals. Relative difference (%) was calculated as: %∆ = × � −�� . SO indicates where 

size classes were only present at Scott Reefs, RO indicates only present at the Rowley Shoals. 

DOVS Abundance  Biomass 

Size class (cm) Scott Reefs Rowley Shoals %A  Scott Reefs Rowley Shoals %B 

0-9.99 4.92 21.62 -77.25 82.91 281.2 -70.51 

10-19.99 27.63 74.44 -62.89 3156.4 6455.5 -51.10 

20-29.99 33.73 84.13 -59.90 10320.3 11813.0 -12.64 

30-39.99 2.95 2.80 5.24 3470.3 2942.5 17.94 

40-49.99 2.19 1.80 21.48 4558.6 3319.8 37.32 

50-59.99 0.35 0.44 -22.00 1159.0 1451.1 -20.13 

60-69.99 0.08 0.13 -40.00 381.5 548.2 -30.41 

70-79.99 0.03 0.13 -80.00 3.37 629.3 -99.46 

80-89.99 0.05 0.00 SO 676.8 0.00 SO 

90-99.99 0.01 0.07 -80.00 234.4 697.8 -66.41 

100-109.99 0.01 0.00 SO 417.7 0.00 SO 

130-139.99 0.01 0.00 SO 685.7 0.00 SO 

BRUVS Abundance  Biomass 

Size class (cm) Scott Reefs Rowley Shoals %A Scott Reefs Rowley Shoals %B 

0-9.99 14.61 19.61 -25.51 124.01 101.6 22.02 

10-19.99 29.88 12.45 139.9 2627.2 848.4 209.7 

20-29.99 13.50 6.20 117.6 6516.0 1996.0 226.5 

30-39.99 4.34 6.33 -31.43 3435.2 5550.4 -38.11 

40-49.99 2.52 5.33 -52.74 4537.6 9183.9 -50.59 

50-59.99 1.32 2.89 -54.29 3468.5 7913.6 -56.17 
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60-69.99 0.39 0.97 -59.45 1731.6 4474.2 -61.30 

70-79.99 0.07 0.28 -74.60 474.7 1339.9 -64.57 

80-89.99 0.13 0.11 14.29 1201.9 884.7 35.85 

90-99.99 0.18 0.02 1042.9 42.68 177.01 -75.89 

100-109.99 0.00 0.03 RO 0.00 59.11 RO 

110-119.99 0.04 0.02 128.57 292.7 329.6 -11.18 

120-129.99 0.02 0.00 SO 8.13 0.00 SO 

180-189.99 0.00 0.02 RO 0.00 821.3 RO 
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Supplementary Table S3.5. The % relative difference in abundance or biomass per sample by trophic level at the Scott Reefs and 

the Rowley Shoals. Values were calculated as follows: %∆ = × � −�� . 

 

  Abundance Biomass  

Stereo-DOVS Scott Reefs Rowley Shoals %ΔA Scott Reefs Rowley Shoals %ΔB 

2.00-2.49 19.9 33.0 -39.8 7.1 7.0 2.3 
2.50-2.99 7.0 9.3 -25.1 1.5 1.8 -14.7 
3.00-3.49 24.2 126.0 -80.8 3.5 12.1 -71.5 
3.50-3.99 6.6 10.8 -39.0 1.5 1.4 6.6 
4.00-4.49 13.9 4.6 198.3 11.4 5.0 130.4 
4.50-4.99 0.4 1.8 -76.9 0.2 0.9 -83.6 

Stereo-BRUVS Scott Reefs Rowley Shoals %ΔA Scott Reefs Rowley Shoals %ΔB 

2.00-2.49 4.2 1.1 296.6 2.1 1.4 46.8 
2.50-2.99 4.9 2.7 81.7 0.9 0.6 51.6 
3.00-3.49 32.1 26.3 22.4 5.2 1.7 201.1 
3.50-3.99 11.4 9.7 17.8 2.0 3.3 -39.5 
4.00-4.49 13.1 10.9 20.5 13.4 22.3 -40.1 
4.50-4.99 1.2 3.7 -67.3 0.9 4.3 -79.3 
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Supplementary Table S4.1. Results of the mixing model generated by simmr 
for stable isotope analysis: mean % contribution of prey items to shark diet 
with associated standard deviations (SD), in addition to upper and lower limits 
of the 95% credibility intervals (CIs). 
 
Species Mean % 

diet 
SD Lower CI 

(%) 
Upper CI 
(%)  

C. microrhinos 38.5 25.5 0.9 77.8 

C. sordidus 27.6 28.2 0.8 81.3 
L. kasmira 7.6 11 0.6 46 
Z. scopas 5.5 6.8 0.6 19.4 
M. grandoculis 5 4.5 0.6 17.2 
P. vaiuli 4.2 3.5 0.5 13.7 
S. vulpinus 4.1 3.3 0.5 13.3 
F. flavissimus 3.8 3 0.5 12 
L. bohar, L. decussatus, L. 
gibbus 

3.7 3 0.4 11.3 

 
 

 

Supplementary Table S4.2. Trophic enrichment factors for each species as 
calculated based on [445], where Δδ13C =-0.213(δ13C) - 2.85 and Δδ15N= -
0.261(δ15N) + 4.90. Results are ordered by species trophic position (highest to 
lowest). 
  
     

Species Δδ13C SD Δδ13C Δδ15N SD Δδ15N 

L. bohar 0.22 0.25 1.87 0.14 
L. gibbus 0.17 0.18 1.90 0.07 
L. decussatus 0.26 0.17 1.92 0.10 
L. kasmira -0.58 0.30 2.35 0.20 
M. grandoculis -0.44 0.26 2.25 0.14 
F. flavissimus 0.39 0.16 2.12 0.11 
P. vaiuli 0.68 0.05 2.63 0.15 
S. vulpinus 1.05 0.27 2.75 0.12 
C. microrhinos -0.58 0.30 2.89 0.18 
C. sordidus -0.62 0.16 2.85 0.11 
Z. scopas 0.79 0.39 3.01 0.06 
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Supplementary Table S5.1 Test statistics (χ2) and p-values (pχ2) for growth curve output applied to males vs females (M/F) either 
by sex or, where there was no sex effect, by location alone. Significance is indicated by asterisks, where 0.01<p<0.05*, 
0.001<p<0.01** and p<0.001***. The test statistic was significant at the level of 0.05 when χ2>7.81.  

 

 Sex effect Location effect 

Species χ2 p (χ2) Sex χ2 p (χ2) 
L. decussatus 30.50*** 1.11E-06 M 21.40*** 8.61E-05 
   F 12.36** 6.26E-03 
L. gibbus 7.503 5.75E-02 All fish 19.05*** 2.67E-04 
L. kasmira 29.04*** 2.19326E-06 M 19.12*** 2.58E-04 
   F 12.96*** 4.72E-03 
L. bohar 4.98 1.73E-01 All fish 40.44*** 8.58E-09 
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Supplementary Table S5.2. Growth curve parameters at the Scott Reefs (S) and the Rowley Shoals (R), including L∞ (mm), k 
(year-1) and t0 (±95% C.l. in parentheses) with sample size (n) and minimum and maximum measured lengths (Lmin/Lmax). Presented 
by sex where applicable. 

 

 Males Females 

L. decussatus L∞ k t0 n Lmin-
Lmax 

L∞ k t0 n Lmin-
Lmax 

S 254.1 (223.6, 
284.7) 

0.143 (0.05, 
0.23) 

-6.52 (-2.93, -
10.1) 

17 165-
243 

238.5 (231.8, 245.3) 0.35 (0.27, 
0.43) 

-2.00 (-2.85, -
1.15) 

31 154-
244 

R 286.9 (247.2, 
326.6) 

0.088 (0.17, 
0.01) 

-12.1 (-2.14, -
22.1) 

23 205-
280 

382.7 (-8.4, 773.8) 0.031 (-
0.05, 0.12) 

-22.3 (-52.4, 
7.8) 

24 204-
277 

L. gibbus            

S 352.3 (327.6, 
377.1) 

0.09 (0.05, 
0.13) 

-10.0 (-14.0, -
5.95) 

45 217-
342 

     

R 385.9 (349.2, 
422.7) 

0.062 (0.02, 
0.1) 

-16.0 (-26.4, -
5.56) 

52 262-
405 

     

L. kasmira           

S 210.8 (198.1, 
223.6) 

0.36 (-0.01, 
0.74) 

-3.65 (-8.05, 
0.75) 

21 149-
223 

202.5 (201.1, 203.9) 0.91 (0.60, 
1.21) 

0.75 (-0.11, 
1.61) 

25 177-
216 

R 314.1 (-122.9, 
751.1) 

0.02 (-0.07, 
0.11) 

-49.3 (-149.4, 
50.8) 

18 193-
231 

236.4 (206.7, 266.1) 0.075 
(0.01, 0.14) 

-18.7 (-32.2, -
5.29) 

23 175-
229 

L. bohar            

S 934.5 (616.8, 
1252.2) 

0.021 (0.01, 
0.03) 

-11.08 (-15.4, -
6.75) 

31 207.5-
651.5 

     

R 674.7 (645, 
704.4) 

0.055 (-0.06, 
0.17) 

-8.73 (-11.2, -
6.28) 

41 270-
690 

     

 



 Chapter 5 Supplementary Info 

 

277 

 

Supplementary Table S5.3. (A) Mass model parameters at the Scott Reefs (S) and the Rowley Shoals (R), including L∞ (mm), k 
(year-1) and t0 (±95% C.l. in parentheses) with sample size (n), a and b coefficients and minimum and maximum measured masses 
(Mmin/Mmax). Presented by sex where applicable. Standard errors in Table 5.3 (B). 

 

A.   Males     Females 

 n Mmin-Mmax M∞ k t0 a b M∞ k t0 a b 

L. decussatus             

S 82 100-400 269.5(269.2,269.8) 0.16 -5.44 1.512E-07 2.61 262.53 0.30 -2.25 1.512E-07 2.61 

R 90 75-326 2706.4(2706.4,2706.5) 0.02 -29.12 8.335E-09 3.12 301.81 0.19 -4.44 8.335E-09 3.12 

L. gibbus              

S 79 210-999 1218.28 0.07 -8.58 1.832E-07 2.61 435.73 0.43 -0.90 1.832E-07 2.61 

R 81 200-1200 1221.21 0.05 -19.53 9.446E-08 2.69 734.03 0.22 1.00 9.446E-08 2.69 

L. kasmira             

S 48 70-210 226.47 0.12 -12.93 2.061E-09 3.47 163.60 0.67 -2.29 2.061E-09 3.47 

R 90 75-326 269.50 0.16 -5.44 1.512E-07 2.61 262.53 0.30 -2.25 1.512E-07 2.61 

L. bohar              

S 31 170-5400 6798.35 0.07 1.00 2.061E-09 3.38 4494.53 0.08 1.00 2.061E-09 3.38 

R 43 350-7500 9974.18 0.04 -12.42 2.788E-09 3.31 5168.75 0.04 -18.61 2.788E-09 3.31 
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B. Standard error Males           Females       

L. decussatus M∞ k t0 a b M∞ k t0 a b 

S 0.294 0.107 3.63 1.05 0.193 0.0746 0.077 1.11 1.05 0.193 
R 3.7E-02 9.1E+01 1.21E+05 1.96 0.356 2.53E-01 9.61E-02 4.93 1.96 0.356 

L. gibbus            
S 0.47238 0.046667 6.7322 1.308 0.2297 0.068075 0.23195 2.1955 1.308 0.2297 
R 0.309 0.0359 13.45 2.39 0.413 0.074 0.0397 0.0147 2.39 0.413 

L. kasmira           
S 0.481 0.181 16.51 0.537 0.117 0.0260 0.390 2.11 0.537 0.117 
R 0.294 0.107 3.63 1.05 0.193 0.0746 0.077 1.11 1.05 0.193 

L. bohar            
S 1.48E-01 1.03E-02 6.17E-04 0.00212 0.0472 1.78E-01 1.76E-02 0.0015 0.0021 0.0472 
R 0.000623 0.00311 3.87 3.168 0.493 1.107 0.063 24.2 3.17 0.493 
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Supplementary Figure S6.1. Frequency distributions by size class (mm) of L. 
gibbus, L. decussatus, L. kasmira, M. grandoculis and L. bohar at the Scott 
Reefs (grey) and the Rowley Shoals (black), where the size class represents 
the upper limit of the values
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Supplementary Figure S6.2. Plot of the length (mm) of L. bohar vs percentage difference in weight (grey), height (orange) and 
width (blue) at the Scott Reefs compared to the Rowley Shoals. 
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Supplementary Figure S6.3. Two condition indices (K and Kn) plotted against Log 
Length (Log L) for focal species at the Scott Reefs (grey) and the Rowley Shoals 
(black) for, from top to bottom: L. gibbus, L. decussatus, L. kasmira, M. grandoculis 
and L. bohar, where K=100×W/L3 and Kn=W/Wstandard.
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Supplementary Table S6.1 Mean abundances per site at each location of 16 
mesopredators at the Scott Reefs and the Rowley Shoals. The values were 
calculated from the Long Term Monitoring Program (LTMP) database of the 
Australian Institute of Marine Science (AIMS). Standard error estimates are 
presented in parentheses.  

Species Scott Reefs Rowley Shoals 

Monotaxis grandoculis 10.5 (3.6) 5.8 (0.65) 
Epibulus insidiator 4.1 (0.52) 2.9 (1.0) 
Lutjanus decussatus 7.1 (1.3) 2.5 (1.1) 
Lutjanus gibbus 3.0 (0.71) 0.88 (0.69) 
Lutjanus kasmira 2.1 (2.1) 0.83 (0.56) 
Lutjanus bohar 0.38 (0.09) 0.75 (0.19) 
Gnathodentex aureolineatus 2.0 (1.3) 0.57 (0.30) 
Macolor spp 1.3 (0.43) 0.40 (0.01) 
Cheilinus fasciatus 0.52 (0.28) 0.25 (0.14) 
Cheilinus undulatus 0.06 (0.03) 0.24 (0.03) 
Lethrinus erythropterus 0.91 (0.07) 0.20 (0.14) 
Variola louti 0.09 (0.09) 0.13 (0.07) 
Plectropomus areolatus 0.2 (0.11) 0.12 (0.07) 
Plectropomus laevis 0.12 (0.04) 0.09 (0.05) 
Plectropomus oligacanthus 0.96 (0.28) 0.0 (0.0) 
Lutjanus fulvus 0.84 (0.84) 0.0 (0.0) 
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Supplementary Table S6.2. Percentage difference in weight (W), height (H) 
and width (Wi) of each of five mesopredatory fishes at the Scott Reefs relative 
to the Rowley Shoals, where %ΔW=100×(WS-WR)/WR. Height and Wi were 
substituted into this equation to calculate differences in these variables. 
Differences were calculated for the median value of length for each species. 
Parentheses contain % differences at the minimum and maximum lengths. All 
median differences were significant (regression analysis), except for 
comparisons of the H and Wi of L. gibbus. Significant interactions between 
location and length for each variable are shown by an asterisk.   

 

Species ΔW (%)  ΔH (%)  ΔWi (%)  
L. gibbus 7.6 ns ns 

L. decussatus 14.6 4.1 105.1 (114, 96.2) 
L. kasmira 28.2 5.1 9.2 (11, 7.4)* 

M. grandoculis 7.5 3.5 7.0 (10, 4.0)* 
L. bohar 8.8 (19.9, -2.4) 8.6 (13.1, 4.2)* 5.1 (-0.2, 10.3) 
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Supplementary Table S6.3. Linear regression of (A) Log Weight (Log W) and Log Length (Log L), (B) Height (H) and L and (C) 
Width (Wi) and L. Log W = b0 + b1× Log L + [b2×DV] + [b3×Log(L)*DV], where bo was the coefficient of the intercept, b1 was the 
coefficient of log L, b2 was the coefficient of the DV, b3 was the coefficient of DV×L, DV was (0,1) for the Rowley Shoals (R) and 
Scott Reefs (S), respectively, and DV×L was only included if the coefficient was significant. For (b) and (c), H and Wi were 
substituted for W in the same equation, but with no logarithmic transformations. Standard errors are indicated in parentheses. 
Asterisks indicate significance (* = p<0.05;** = p<0.001, and *** = p<0.0001).  

(A) Weight nS nR df R2 p MSE b0 b1 b2 b3 F adjR2 

L. gibbous 87 87 173 0.7
5 

1.4E-51 0.08 -3.98 (0.30)*** 2.64(0.12)*** 0.03(0.01)* ns 250.9 0.74 

L. decussatus 87 78 164 0.7
5 

1.3E-49 0.06 -4.73 (0.32)*** 2.95(0.13)*** 0.06(0.01)*** ns 244.0 0.75 

L. kasmira 49 43 92 0.6
2 

1.20E-
19 

0.05 -3.73 (0.53)*** 2.51(0.22)*** 0.11(0.01)*** ns 74.0 0.62 

M. 
grandoculis 

50 50 99 0.9
6 

6.3E-68 0.06 -3.98 (0.30)*** 2.94(0.06)*** 0.03(0.01)* ns 0.0 0.96 

L. bohar 86 90 175 0.9
7 

9.4E-
134 

0.07 -3.98 (0.30)*** 3.30(0.07)*** 0.49(0.23)* 0.18(0.09)* 2017.8 0.97 

(B) Height             

L. gibbous 37 38 74 0.8
8 

1.9E-34 4.21 -8.60 (4.96) 0.33(0.01)*** -1.10(0.99) ns 275.1 0.88 

L. decussatus 38 35 72 0.6
5 

1.5E-16 3.55 -0.36(5.90) 0.27(0.03)*** 2.50(0.91)* ns 64.2 0.64 

L. kasmira 50 43 92 0.6 2.2E-18 2.38 10.6(4.30)* 0.22(0.02)*** 2.80(0.54)*** ns 66.1 0.59 

M. 
grandoculis 

50 49 98 0.9
8 

5.8E-87 2.91 -1.10(1.20) 0.31(0.004)*** 3.00(0.59)*** ns 2956.8 0.98 

L. bohar 39 39 77 0.9
8 

3.5E-61 5.66 -2.57(2.80) 0.28(0.005)*** 8.10(1.30)*** ns 1497.9 0.97 

(B) Width             

L. gibbous 37 38 74 0.6 3.4E-15 3.85 1.26(4.53) 0.14(0.01)*** 1.28(0.90) ns 54.9 0.59 
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L. decussatus 38 35 72 0.9
6 

7.5E-47 3.39 -9.28(8.92) 0.18(0.04)*** 9.07(11.2) 0.10(0.05)* 504.8 0.95 

L. kasmira 50 43 92 0.4
9 

8.4E-14 2.13 -3.65(3.83) 0.16(0.02)*** 2.53(0.48)*** ns 42.9 0.48 

M. 
grandoculis 

50 49 98 0.9
3 

3.0E-56 2.93 -1.13(1.23) 0.14(0.004)*** 2.74(0.59)*** ns 640.7 0.93 

L. bohar 39 39 77 0.9
4 

5.1E-46 5.10 -3.25(3.80) 0.15(0.007)*** -5.10(4.80)*** 0.02(0.01)* 410.6 0.94 
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Supplementary Methodology 

Other measures of condition 

We calculated two indices of condition, including Fulton’s condition factor (K), 

where K=100×Weight/Length3. This is considered to be one of the best 

measures of condition when body proportions are isometric [723]. In addition 

to calculating K, we also calculated the relative condition factor Kn [658], which 

is the observed weight of a fish divided by the weight predicted by the 

equation Weight=a×Lengthb. The resulting values for condition factors were 

compared between the Scott Reefs and the Rowley Shoals using a paired 

two-sample t-test. Lastly, we calculated mean residuals for each species using 

a single regression of Log Weight against Log Length for all individuals 

observed at both systems[724,725].  

Our condition indices confirmed the results of the regression of log-

transformed body mass on length. Fulton’s K differed significantly for all 

species between the Scott Reefs and the Rowley Shoals (paired two-sample, 

one-tailed t-test, p=0.027, n=5), as did Kn (paired two-sample, one-tailed t-

test, p=0.014, n=5; see Supp. Fig. S6.3). Positive residuals (indicative of fish 

with greater weight per unit length) were associated with mesopredators from 

the Scott Reefs, whereas negative residuals were associated with the Rowley 

Shoals.  
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