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Abstract 

Shallow waters easily accessible to SCUBA diving have been the focus for research on 

the ecology of coral reef ecosystems and impacts of fishing on coral reef fish 

communities. Deeper waters (>20 m) have received less attention due to the 

limitations of widespread sampling techniques, yet these areas are thought to 

provide marine fauna with refuge from fishing impacts and other disturbances. 

Hence these deeper waters increasingly recognised as an important area for future 

research and marine resource management. My thesis explores this subject by 

testing hypotheses about depth refuge, the impacts of fishing and how commonly 

used survey techniques may bias conclusions when assessing coral reef fish 

communities. 

 

The term ‘depth refuge’ has been used to describe the protection afforded by deeper 

waters from disturbances impacting shallow depths. A good example is the impact of 

spearfishing on coral reef fishes. Free-dive spearfishing is a frequently practiced 

method targeting particular species, yet it has obvious depth limitations (typically 15 

m). When combined with the use of SCUBA, spearfishing can remove the refuge 

traditionally provided by deeper waters. Using a combination of historical catch data 

and fishery-independent sampling with baited remote underwater stereo-video 

systems, I quantified the negative effects of removing depth refuge in the southern 

Mariana Islands, Micronesia. This study was the first to investigate the impact of 

SCUBA spearfishing and has important management implications for Guam and other 

locations worldwide. The following chapter expanded the depth range into the 

mesophotic depths (30 m to 90 m) and assessed how fish assemblages change over a 

depth gradient in the face of various levels of fishing pressure, both at coastal and 

offshore reefs. I found deepwater coral reefs (to 70 m) were associated with an 

increase in fish biomass, especially predatory species targeted by fishing. 

Furthermore, I showed that the majority of fishery-targeted species including 

herbivores had depth distributions that ranged from shallow inshore depths (~10 m) 

to the extent of coral reef habitat. With fishing pressure focused on shallowest reef 

areas, these depth distributions with greater fish biomass on deeper coral reefs 

highlight the role of mesophotic reefs as critical refuges for a range of fish species. 
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Moving away from the relatively high fishing pressure in the southern Mariana 

Islands, I found deeper waters were important in sustaining the biomass of reef fish 

across a gradient of habitat and human population at the remote, traditionally fished 

reefs of Yap’s outer islands in Micronesia. To improve the efficiency of fish surveys in 

greater depths at these remote locations, I used a novel sampling technique; a diver 

operated stereo-video system (stereo-DOV) in conjunction with a closed-circuit 

rebreather (CCR) diving system. Not only do CCRs allow more efficient diving in 

deeper waters, they also don’t produce bubbles. Due to their silent operation they are 

thought to minimise diver avoidance of fish; an important but rarely accounted-for 

issue when surveying fish populations across gradients of fishing pressure. The last 

data chapter focused on this issue in more detail and investigated how fish surveys 

are affected by conventional open-circuit SCUBA diving through a direct comparison 

with the use of a silent CCR diving system. Large differences were detected between 

diving techniques in heavily fished locations, but not in marine protected areas 

(MPAs). By producing depressed counts of targeted fish in unprotected areas, the use 

of OC SCUBA resulted in inflated assessments of the effectiveness of MPAs. While the 

behaviour of fish towards divers is rarely mentioned in conclusions from studies 

using underwater visual census, it is an important source of bias that should be 

acknowledged and minimised where possible. In summary, this thesis provides new 

insight into existing ecological questions, opening up areas for future research while 

providing important management recommendations for sustaining coral reef 

fisheries. 
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Background and rationale 

Fishing is the most widespread, exploitative activity in the marine environment and 

provides an important source of protein to a large part of the human population 

(Jennings & Kaiser 1998; Pauly et al. 2002). The broad-scale impacts of fishing have 

been well documented with severe declines of the world’s fish stocks occurring over 

the past century (Pauly 1998; Jackson et al. 2001; Myers & Worm 2003; Pauly et al. 

2005). Pauly et al. (2005) argued that sustainability in fisheries rarely, if ever, 

occurred through restrictive policies, but rather through an inability to access 

exploited stocks that reside in refuges created by distance and depth. A year later, 

Morato et al. (2006) documented a shift in global fisheries increasingly targeting 

deeper waters following the widespread decline of shallow water fish stocks.  Known 

as ‘fishing down the deep’, it was argued that rather than exploiting the last refuges 

for commercial fish species, deep-water habitats should be regarded as new 

candidates for conservation (Morato et al. 2006). 

 

For tropical island communities, fishery resources provide a valuable food source 

that has supported their societies for millennia (Dalzell et al. 1996; Sadovy 2005). 

However, like the trends in global catches, coral reef fishery resources have declined 

in many locations, creating an increasing need for sustainable fisheries management 

(Sadovy 2005; Newton et al. 2007; Zeller et al. 2007; Paddack et al. 2009; Cuetos-

Bueno & Houk 2014). Due to the vast expanses of coastline exploited, the large 

numbers of fishers involved, the variety of different fishing methods used and the 

hundreds of species harvested, the assessment and management of coral reef 

fisheries is a highly complex task (Dalzell et al. 1996; Johannes 1998). Furthermore, 

basic information on life history, abundance, distribution and spawning dynamics are 

poorly known for the majority of harvested species. However it is important to note 

that even when good fisheries science is available, it is often ignored and difficulties 

in managing fisheries are more related to managing people (Adams 1996; Hilborn 

2007). Complex issues revolving around governance, economics and social aspects 

may contribute to declining fisheries, especially in developing countries where 

alternative livelihoods or food sources are lacking (McManus 1996; Worm et al. 

2009). It is therefore of little surprise that fisheries management fails to address the 

causes for dwindling fish catches in tropical fisheries (Sadovy 2005; Newton et al. 
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2007). Recognising this, Johannes (1998) proposed that rather than dwelling on the 

seemingly unattainable goal of collecting the vast amounts of data needed for 

achieving optimal harvest yields for reef fisheries, precautionary management may 

be the only practical option for protecting coral reef associated resources. This 

precautionary approach is closely linked to the identification and protection of areas 

that provide refuge to fish stocks from various anthropogenic and environmental 

impacts. 

 

Refuge from disturbance 

Marine fisheries refugia have been described as unaltered areas that serve as sources 

of replenishment for exploited fish stocks to compensate for the effects of overfishing 

and enhance fishery yields (Dugan & Davis 1993). Areas of refuge have been created 

predominately through the implementation of marine protected areas (MPAs). This 

form of spatial management has been adopted worldwide with various levels of 

effectiveness depending on size, age, surrounding habitats, levels of enforcement, 

and which fishing activities they restrict (Edgar et al. 2014). The term ‘marine 

protected area’ has been variously defined around the world, with definitions 

including purely in-water designations, as coastal management units that include 

terrestrial and marine areas, as strictly protected reserves, or as any kind of marine 

managed area (Agardy et al. 2003). Marine protected areas can be completely no-

take, or provide only limited protection from a certain disturbance type, such as a 

fishing technique like spearfishing. Nonetheless, MPAs are regarded as an important 

part of the management toolbox for addressing the various impacts affecting coral 

reefs (Roberts & Polunin 1993; McClanahan et al. 2006; Edgar et al. 2014).  

 

Lying just below what is considered the area of ocean most affected by 

anthropogenic activity may be the world’s largest de-facto MPA: deeper water. The 

potential for deeper waters to provide refuge from a range of disturbances has been 

posited by various authors (Glynn 1996; Hughes & Tanner 2000; McClanahan & 

Mangi 2000; Riegl & Piller 2003; Bongaerts et al. 2010; Slattery et al. 2011; Bridge et 

al. 2013; Sadovy de Mitcheson et al. 2013). Also known as the “deep reef refuge 

hypothesis” (Bongaerts et al. 2010), this hypothesis is based on two main aspects; 1) 

deep reefs are protected or dampened from disturbances that affect shallow reef 
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areas and 2) viable reproductive populations in deeper waters aid the recovery of 

shallow populations following disturbance. Much of the focus on the deep reef refuge 

hypothesis has been on corals due to the premise that impacts facing reef-building 

corals such as bleaching, cyclones, and runoff are mostly focused on shallow waters 

(Glynn 1996; Bridge et al. 2013; Smith et al. 2013). The application of depth refuge to 

reef fisheries is less explored, but has the potential to help sustain and re-stocked 

shallow waters (see Karpov et al. 1998 for an example with abalone fisheries). While 

several studies have discussed how fish find refuge from fishing pressure in deeper 

waters (Johannes 1981; Jouvenel & Pollard 2001; Feitoza et al. 2005; Bryan et al. 

2013), only two studies have provided evidence of depth refuge for coral reef fish 

(Tyler et al. 2009; Goetze et al. 2011). Both studies documented the absence of 

certain species in shallow fished areas (<7-8 m) when these fish were found in 

deeper waters and at shallow unfished locations. A depth refuge effect is likely a 

widespread occurrence as coral reef fisheries are primarily focused on shallower 

waters, often using small-scale artisanal fishing methods such as spears, nets, traps 

and lines (Dalzell et al. 1996; McClanahan & Cinner 2008; Tyler et al. 2009). While 

fishers are increasingly shifting fishing practices to target deeper waters, there is a 

severe lack of data on the fish populations inhabiting coral reefs deeper than 30 m. 

These deeper reef areas may provide some of the last refuges for heavily fished and 

threatened species.  

 

The deeper we go, the less we know 

Due mostly to limitations of widely used research methods, our scientific 

understanding of coral reef ecology is heavily biased towards shallow reef areas (<15 

m) as summarised in a literature review by Menza et al. (2008). However, coral reefs 

do extend much further, with light dependent corals recorded at depths greater than 

150 m (Lesser et al. 2009; Kahng et al. 2010). Reefs below the depths of conventional 

SCUBA diving (> 30 m) are referred to as ‘mesophotic coral reef ecosystems’ and 

extend to the lower distributional limit of zooxanthellate, reef-building corals 

(Hinderstein et al. 2010). For a long time, studying these deeper reef areas was 

limited by prohibitive costs and the logistics associated with accessing mesophotic 

depths (Thresher & Colin 1986; Pyle 2001; Parrish & Pyle 2002; Kahng et al. 2010). 

With recent advances in technology and the heightened focus on the refuge potential 
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of deeper water habitats, studies of mesophotic coral reef ecosystems have increased 

in numbers (see reviews by Lesser et al. 2009; Puglise et al. 2009; Hinderstein et al. 

2010; Kahng et al. 2010, 2014). Mapping studies have revealed mesophotic reefs 

make up substantial areas of coral reef habitat (Bare et al. 2010; Rooney et al. 2010; 

Bridge et al. 2012; Blyth-Skyrme et al. 2013; Harris et al. 2013). Yet most studies are 

limited to descriptions with much left to learn about their role in providing essential 

habitat for a diversity of coral reef fauna.  

 

The advent of diving with self-contained underwater breathing apparatus (SCUBA) in 

the 1950s introduced a new technique to study reef fish in a non-destructive way 

(Brock 1954). Since then, much of our knowledge on reef fish ecology is based on the 

shallowest, most easily accessible reefs (Sale 1991). Although some early work used 

submersibles to count fish on deep water reefs (Thresher & Colin 1986; Yoklavich et 

al. 2000), studies on mesophotic coral reef ecosystems have begun to accelerate in 

recent years (Kahng et al. 2014). Studies on the depth distributions of coral reef fish, 

however have focused on discovering new species (Pyle 2001; Pyle et al. 2008; Allen 

& Erdmann 2009), habitat associations (Brokovich et al. 2008; Fitzpatrick et al. 

2012), and levels of endemism (Feitoza et al. 2005; Kane et al. 2014; Kosaki et al. 

2014; Wagner et al. 2014). Although being an essential component of assessing 

fishery resources, the depth range distributions and habitat utilisation patterns of 

many fishery targeted reef species therefore remain largely unknown.  
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Moving beyond SCUBA and a slate 

While fishers have readily taken advantage of technological advances to harvest 

more fish and access deeper waters, little has changed in the way scientists typically 

count fish on coral reefs. Sixty years ago, the seminal study by Brock (1954) 

described the use of SCUBA to swim transects on Hawaiian reefs, counting fish, 

estimating their size and calculating biomass. Now widely known as underwater 

visual census (UVC), this method is still the most popular method for surveying reef 

fish populations (Dickens et al. 2011). Indeed UVC is a useful, simple and effective 

method for estimating fish abundance and has been used successfully for assessing 

fish stocks and detecting the impacts of fishing (Friedlander & Parrish 1997; 

Samoilys & Carlos 2000; Weijerman et al. 2013). However, conventional scientific 

SCUBA diving is constrained by depth due to the limited quantities of breathing gas 

and decompression problems.  

 

An alternative method for sampling reef fish populations without restrictions of 

depth is the use of baited remote underwater video stations (BRUVs). These remote 

video systems have emerged as an efficient and cost-effective method to study fish 

populations over a variety of depths and habitats (Cappo et al. 2007; Langlois et al. 

2010). The BRUVs method is particularly useful when comparing fished and 

protected areas, as the use of bait can attract fish typically caught by fishing. Being a 

remote system, this avoids the potential for these targeted species to avoid SCUBA 

divers which could result in biased conclusions on the effectiveness of MPAs (Willis 

& Babcock 2000). In addition, when used as a stereo-video system (stereo-BRUVs), 

this method collects accurate and precise measurements of fish length (Harvey et al. 

2002b).  

 

Stereo-video can be used in a variety of different applications for marine surveys, 

including a system for counting fish while diving (Shortis et al. 2009). Known as 

diver operated stereo-video (stereo-DOV), this sampling method also allows more 

efficient sampling without the need to swim slowly to write fish names on a 

waterproof slate. For example, divers using a stereo-DOV can complete a 50 m 

transect in 2.5 minutes (20 m min-1) (Watson et al. 2010; Shedrawi et al. 2014), while 

the recommended speed for a transect of the same length for UVC is typically 
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between 7-8 min (Samoilys & Carlos 2000) and 20 min (Goetze et al. 2015). The 

operating speed of stereo-DOVs is an even greater improvement on distance-based 

sampling, which on averages takes 60 min per transect (Kulbicki et al. 2010). At 

greater depths where decompression limits and gas use restrict available dive time, 

this increased survey speed can greatly maximise the efficacy of diver surveys.  

 

The main disadvantage and factor limiting the widespread use of stereo-video 

systems apart from the initial cost for equipment purchase is the time (and hence 

cost) it takes for processing the video footage (Shortis et al. 2009; Holmes et al. 2013; 

Mallet & Pelletier 2014). For example, Holmes et al. (2013) calculated that data from 

stereo-video to take between 2-3 times longer than UVC. However a recent study by 

Goetze et al. (2015) has demonstrated that when fish surveys only count fishery 

targets and other conspicuous species (i.e. butterflyfish and angelfish), then the cost 

efficiency of stereo-video becomes more comparable to UVC. This calculation takes 

into account the increased dive time needed to perform UVC and the time it takes to 

transcribe the UVC data from waterproof slates to the computer, resulting in stereo-

DOVs only taking extra 25 % more time to complete one replicate. This slight 

increase in time could be easily justified by allowing more replicate surveys to be 

done within a limited field time (providing greater statistical power), allowing 

accurate length measurements of fish, providing a permanent record that can allow 

for additional information to be extracted, and the ability to address any 

identification/inter-observer variability. Importantly, when compared to UVC and 

baited video cameras, stereo-DOV was also shown to more accurately detect the 

known impacts of fishing on coral reef fish in Fiji, a finding that was partly attributed 

to the faster and hence more instantaneous surveys which can reduce problems with 

overestimation and the associated variance (Goetze et al. 2015). 

 

Another method to minimise the constraints of SCUBA diving surveys is the use of a 

closed-circuit rebreather (CCR; Sieber & Pyle 2010). When compared to open-circuit 

SCUBA for deep mixed-gas diving operations, the use of a CCR vastly improves cost 

efficiency due to lower gas consumption, improved decompression and reducing the 

logistical overheads (Parrish & Pyle 2002). As a CCR diving system recycles breathing 

gas, when used at a constant depth there are no bubbles produced. Due to its silent 

operation, CCR diving has been recommended for behavioural studies of marine life 
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since the 1970s (Collette & Earle 1972; Hanlon et al. 1982; Lobel 2005) and is now 

increasingly used to study reef fish on deep coral reefs (Pyle 2001; Brokovich et al. 

2008; Kane et al. 2014; Wagner et al. 2014). The advantages of CCR were recently 

highlighted in a study to determine density and total numbers of grouper 

(Epinephelidae) on a fish spawning aggregations in Pohnpei, Micronesia (Rhodes et 

al. 2014). Rebreathers were utilised to increased dive time and reduce 

decompression limitations when performing UVC over a distance of 1500 m at a 

depth of 30 m. During the study by Rhodes et al. (2014), the counts of fish when 

divers used CCR were compared to those when divers used OC SCUBA and it was 

apparent that particularly for one species of grouper (Epinephelus polyphekadion) the 

counts were three times greater when divers used CCR, which was attributed to the 

negative impact of SCUBA exhaust on the behaviour of this species. However, this 

observation was from only one day of sampling and there was a lack of details on 

how the surveys were completed such as timing between surveys, which method 

went first and if it was the same observer, factors that are also known to influence 

fish counts (Thompson & Mapstone 1997; Dickens et al. 2011). Over 10 years ago 

Parrish and Pyle (2002), recommended further studies to compare conventional 

open-circuit SCUBA and CCR in respect to the advantage of bubble-free diving 

minimising behavioural biases of marine life towards divers, yet there is still a lack of 

studies demonstrating this potential merit of CCR diving. 
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Research questions 

It is clear that deeper waters are important areas for conservation and management. 

These areas have the potential to help sustain fisheries, especially for coral reefs 

where impacts are increasing, and these ecosystems provide vital support to human 

populations. However, fundamental knowledge gaps currently preclude the 

incorporation of these benefits of deeper waters into effective fisheries management 

or marine habitat protection. There are four main research questions arising from 

this situation that I aim to answer throughout this thesis. 

 

1) Can the restriction of a deepwater fishing method (SCUBA spearfishing) support 

depth refuge for coral reef fish communities? 

2) How are fishery targeted coral reef fish distributed over shallow and mesophotic 

reefs?  

3) Does subsistence coral reef fishing and community-based management support 

the potential for depth refuge? 

4) How do data on reef fish abundance collected by a deepwater diving technique 

compare to those gathered through conventional SCUBA diving? 

Study area 

Micronesia in the west Pacific Ocean provides an ideal region to test hypothesis 

about the impact of fishing on coral reef fishes. The Mariana Islands were the 

primary focus for this study. The southernmost of this island chain and most densely 

populated island in Micronesia, Guam, is an unincorporated territory of the USA and 

has a rich history of colonial influences and fishing practices that date back at least 

3500 years ago (Amesbury & Hunter-Anderson 2003). To the north of Guam, lies the 

Commonwealth of the Northern Mariana Islands (CNMI), which is a U.S. Territory 

with Commonwealth status. Sharing a similar geological history and reef structure as 

Guam (Richmond et al. 2008), the jurisdiction of the CNMI has some differing fishery 

management policies, particularly a ban on the use of SCUBA spearfishing. Thirty 

years ago, a paper by Savidge (1984) aptly titled “Guam: Paradise lost for wildlife” 

summarised these impacts on the terrestrial and marine wildlife which included the 

demise of native forest birds from deforestation and the introduction of invasive 

predators. Whereas in the marine realm the shift to a cash-based economy and 
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demand for reef fish drove overexploitation of fisheries resources which prompted 

some fishers to utilise destructive methods such as dynamite fishing to maximise 

catches, such impacts prompted an early call for establishing fishery refuges in the 

form of marine protected areas. More recent reports on the state of the coral reef 

ecosystems of this region (Burdick et al. 2008; Starmer et al. 2008) have identified a 

range of threats facing coral reefs and fisheries, and despite improved management 

capabilities there is much more to learn about these reefs and their capacity to 

withstand impacts into the future. In contrast to these relatively developed and 

heavily fished Pacific islands, part of this research also focused on remote islands of 

Yap State part of the Federated States of Micronesia. With less than 600 people 

inhabiting each of these studied islands (Sorol, Ifaluk, Lamotrek and Satawal), these 

communities have little contact to the western world and still practice artisanal 

fishing techniques and community-based resource management.  

 

 
Figure 1.1: Study locations in Micronesia where sampling was conducted. 
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Aims and thesis structure 

To set the scene for this thesis, Chapter 2 focuses on the impacts of SCUBA 

spearfishing to provide a clear example on the depth refuge hypothesis. Spearfishing 

when performed traditionally (i.e. without SCUBA) has obvious depth limitations, 

and also targets a certain suite of species that are rarely harvested by other fishing 

methods. These factors allow part of the targeted fish population to remain unfished 

if residing in waters deeper than spearfishers typically dive (15 m). But when 

combined with the use of SCUBA to access deeper waters, the refuge provided by 

depth is removed. To address this fishery management issue and highlight the 

potential role of depth refuge, this chapter studies fish catches over time and the 

distribution of targeted reef fish over spatial scales, both vertically (depth) and 

horizontally (gradients in fishing pressure).  

 

Chapter 3 expands the depth range studied into mesophotic depths (30-90 m). This 

chapter aims to provide information on the distribution and abundance of targeted 

reef fish over a large depth gradient. If coral reef fish species are restricted to 

relatively shallow depths (< 30 m) and become less abundant with increasing depth, 

this would limit the potential for deeper waters to provide refuge from fishing 

pressure or other impacts facing shallow coral reefs.  

 

As the first two studies were based on relatively developed and heavily fished 

locations in the southern Mariana Islands, Chapter 4 takes the depth refuge concept 

to Yap’s outer islands to test the potential for depth refuge where subsistence fishing 

and community-based management are practiced. The refuge provided by depth 

could be contributing factor for sustainable fisheries at these remote island 

communities. The logistical difficulties in sampling these islands with steep reef walls 

precluded the use of stereo-BRUVs. Instead, I used a novel method of stereo-DOVs in 

conjunction with a closed-circuit rebreather (CCR). The CCR surveys were conducted 

at the same time as conventional open-circuit SCUBA to maximise replication and to 

detect any potential differences in diving techniques on the observed fish 

community. 
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Anecdotal reports and personal observations suggest that closed-circuit rebreathers 

(CCRs) minimise the diver shy behaviour of reef fish towards SCUBA divers. This is 

especially relevant in Guam where heavy spearfishing pressure is implicated with 

fish being wary of divers, but when protected from fishing it is likely that fish will be 

more accustomed to divers. The research presented in Chapter 5 was conducted to 

test this assumption more rigorously. Here, I conducted surveys using both CCR and 

SCUBA techniques inside and outside two marine protected areas with differing 

levels of fishing pressure.  This provided evidence of another benefit of using CCR 

diving systems for deep-water fish surveys; that bubble-free diving can minimise the 

avoidance behaviour of fish towards divers. 

 

This thesis is in agreement with the Postgraduate and Research Scholarship 

Regulation 1.3.1.33 of the University of Western Australia and is presented as a 

series of four scientific papers. Chapter 2 was published in the journal PLoS ONE 

(Lindfield et al. 2014b) and Chapter 5 was published in the journal Methods in 

Ecology and Evolution (Lindfield et al. 2014a). As all studies will be or have been 

published with co-authors, I refer to the work done during these chapters in the 

plural form (we) even though I was the one who performed the fieldwork and 

analysed all the data. The last chapter is a discussion of the implications and future 

research questions that have arisen from this thesis. All references are included at 

the end.  

 

  



 

Chapter Two  

- 

Depth refuge and the impacts of SCUBA spearfishing 

on coral reef fishes 

 

Artwork courtesy of Mark Priest  

This chapter has been published 

Lindfield SJ, McIlwain JL, Harvey ES (2014) Depth refuge and the impacts of SCUBA 

spearfishing on coral reef fishes. PLoS ONE. 9: e92628. 
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Abstract 

Spearfishing with SCUBA has emerged as an efficient method for targeting reef fish in 

deeper waters in recent decades. However, deeper waters are increasingly 

recognised as a potential source of refuge that may help sustain fishery resources. 

We used a combination of historical catch data over a 20-year time period and 

fishery-independent surveys to investigate the effects of SCUBA spearfishing on coral 

reef fish populations in the southern Mariana Islands. Two jurisdictions were 

studied; Guam, where SCUBA spearfishing is practiced, and the nearby 

Commonwealth of Northern Mariana Islands (CNMI), where SCUBA spearfishing has 

been banned since 2003. Fishery-independent data were collected using baited 

remote underwater stereo-video systems (stereo-BRUVs) stratified by depth, marine 

protected area status and jurisdiction. Herbivores (primary consumers) dominated 

spearfishing catches, with parrotfish (scarines) and surgeonfish/unicornfish 

(acanthurids) the main groups harvested. However, the large endangered humphead 

wrasse (Cheilinus undulatus) was the main species by weight landed by SCUBA 

spearfishers. SCUBA spearfishing was associated with declining size of scarines over 

time and catches shifting from a dominance of large parrotfish to a mixed assemblage 

with increasing proportions of acanthurids. Comparisons between Guam and the 

nearby CNMI revealed differences in the assemblage of fished species and also 

greater size of scarines and acanthurids in deep water where SCUBA fishing is 

banned. These results suggest that SCUBA spearfishing impacts reef fish populations 

and that the restriction of this fishing method will ensure refuge for fish populations 

in deeper waters. We recommend a ban on SCUBA spearfishing to preserve or aid the 

recovery of large, functionally important coral reef species and to improve the 

sustainably of coral reef fisheries.  
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Introduction 

Spearfishing is an important method for harvesting reef-associated fish worldwide. 

Like other fishing methods, spearfishing has undergone significant modifications 

through time, evolving from handmade spears and basic skin-diving equipment to 

high-powered guns, underwater lights and the utilisation of self contained 

underwater breathing apparatus (SCUBA) to maximise catches. Spear guns are a 

highly selective fishing gear, yet often the method is used non-selectively for 

commercial profit or to target species with life histories that cannot sustain high 

levels of fishing pressure (Gillett & Moy 2006). Although spearfishing has been 

regarded as an unsustainable fishing technique when unregulated (Gillett & Moy 

2006; Rhodes et al. 2008; Godoy et al. 2010), management regulations such as 

protecting certain species or introducing size and catch limits could work positively 

with the inherently high selectivity of the method (Lloret et al. 2008; Frisch et al. 

2012). 

 

It is increasingly recognised that management is required to ensure sustainable 

spearfishing catches, especially in the Pacific Islands where human populations are 

increasing and spearfishing is often the primary method for subsistence fishing 

(Dalzell 1998; Gillett & Moy 2006; McClanahan & Cinner 2008; Cinner et al. 2009). 

Apart from direct consumption needs, spearfishing is also commercially valuable, 

with 75% of marketed reef fish in Micronesia sourced from night-time spearfishing 

(Houk et al. 2012). Targeted species are most efficiently caught at night when they 

are sleeping on the reef and easily visible to spearfishers. When combined with 

access to commercial markets and no catch restrictions, spearfishing at night can 

quickly deplete inshore fish resources (Rhodes et al. 2008; Hamilton et al. 2012). 

Spearfishers also harvest herbivorous species on coral reefs (Cinner et al. 2009; 

Bejarano et al. 2013). However, herbivorous fish play an important functional role in 

regulating algal growth on coral reefs (Burkepile & Hay 2008; Hoey & Bellwood 

2009) and effective ecosystem-based management may warrant restrictions on the 

use of spear guns when coral reefs are dominated by algae (McClanahan & Cinner 

2008; Cinner et al. 2009). Despite spearfishing presenting a number of concerns for 

management, Gillet and Moy (2006) concluded in their comprehensive assessment of 

spearfishing in the Pacific Islands that the single most important management 
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measure was to prohibit the use SCUBA for spearfishing and the effective 

enforcement of such bans.  

 

SCUBA spearfishing remains legal at various locations around the world, from 

temperate locations such as the south-eastern Pacific (Chile, Peru, Ecuador) and 

some states of Australia, to numerous tropical locations in the Indo-Pacific (Gillett & 

Moy 2006; Godoy et al. 2010). Guam is a Pacific Island where SCUBA spearfishing has 

been practiced for over 25 years and contributes to the commercial reef-fish fishery 

(Myers 1993; Houk et al. 2012; Bejarano et al. 2013). Despite declining reef fishery 

catches in Guam and proposed legislation to ban the method since the early 1990s 

(Hensley & Sherwood 1993; Myers 1993) such management has yet to be 

implemented. Many Pacific Island countries banned the use of SCUBA for 

spearfishing soon after its inception due to concerns regarding efficiency, fishery 

declines, the fact that it is non-traditional and that it conflicts with snorkel fishermen 

and underwater tourism (Green 2003; Gillett & Moy 2006; Richmond et al. 2008). 

For example, in American Samoa during 1994, the rapid change from subsistence-

based, snorkel spearfishing to commercial SCUBA spearfishing resulted in parrotfish 

catches increasing 15-fold (Page 1998; Green 2003). Rather than waiting for long-

term evidence of the impacts, fishery managers applied the precautionary approach 

and the practice was banned in 2001. At the time, large parrotfish and humphead 

wrasse (Cheilinus undulatus) were absent or rare at heavily fished reefs (Green 

2003). More recently, surveys of American Samoa’s coral reefs revealed that 

populations of key reef species are in a stable state and parrotfish populations are 

showing signs of recovery (Sabater & Carroll 2009).  

 

The potential for deeper waters to protect species from natural or anthropogenic 

disturbances is increasingly recognised as pertinent to marine conservation planning 

and resource management (Morato et al. 2006; Bongaerts et al. 2010; Slattery et al. 

2011; Bridge et al. 2013). Many coral reef fish, especially mobile targeted species, are 

wide ranging in their depth distribution along the reef slope (Fitzpatrick et al. 2012). 

Yet certain fishing methods, particularly breath-hold spearfishing, have obvious 

depth limitations. It is therefore assumed that a proportion of the fish population can 

obtain refuge in deeper water (Fig. S2.1). Referred to as “depth refuge”, only two 

studies have explored the validity of this theory for coral reef fish (Tyler et al. 2009; 
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Goetze et al. 2011). Protection afforded by deeper waters could allow depth 

generalist species to repopulate shallower waters, as demonstrated previously with 

abalone (Karpov et al. 1998) and corals (Van Oppen et al. 2011). Depth may also 

provide effects of protection similar to that of marine protected areas (MPAs), where 

the biomass, density and size of fish can increase in protected areas compared to 

nearby fished areas (Lester et al. 2009). In this scenario it is plausible for adult fish to 

migrate vertically from deeper waters to the heavily fished shallow waters, rather 

than just horizontally along the reef. 

 

Fishery-independent surveys often provide only a snapshot of the fish community in 

time and space, making it difficult to infer historical changes in fish stock structure. 

Fortunately, a comprehensive and regular series of creel surveys was initiated 

throughout the U.S. flag-associated islands in the Pacific during the 1980s, providing 

a means to examine historical catches in Guam (Zeller et al. 2007). The aim of this 

study was to combine historical catch data and fishery-independent surveys to 

investigate the impact of SCUBA spearfishing in Guam and the Commonwealth of the 

Northern Mariana Islands (CNMI). Specifically we set out to: 1) analyse creel survey 

data to determine which reef fish species dominate the spearfishing catch and how 

catch composition and fish size have changed over time; and 2) conduct fishery-

independent surveys to detect potential impacts of SCUBA spearfishing on the 

assemblage structure, biomass and lengths of fished species between depths and 

across locations with different levels of fishing pressure and management.  

 

Methods 

Study area 

Guam and the CNMI are two jurisdictions in the Pacific that allow a case study for 

assessing the impact of SCUBA spearfishing (Fig. 2.1). Similar to many Pacific Islands, 

the introduction of a cash-based economy, an increasing population size, 

development and tourism, have all placed strain on the sustainable use of natural 

resources such as reef fish (Savidge 1984; Hensley & Sherwood 1993). The largest 

and southernmost of the Mariana Islands, Guam (13.50° N, 144.8° E) is an 

unincorporated territory of the United States with a human population of over 159 
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000 (2010 census). Located to the north of Guam, the Commonwealth of the 

Northern Mariana Islands (CMNI) is an island archipelago with a human population 

of approximately 54 000 people, of which 90% live on the island of Saipan (15.18° N, 

144.75° E). Tinian (15.00° N, 145.63° E) is located 5 km south-west of Saipan with a 

human population of 3 136 (2010 census). Guam and the CNMI both have marine 

protected areas (MPAs), yet outside these areas there are no fishing regulations on 

size, quantity of catch, protected species, seasonal closures and no licensing required 

for the capture or commercial sale of fish. The CNMI has additional gear-based 

regulations that include a ban on the use of gillnets, and since 2003, a ban on SCUBA 

spearfishing (Richmond et al. 2008). 

 

This study area allowed us to test two main comparisons. Firstly, testing for 

differences inside and outside MPAs at shallow and deep sites where SCUBA 

spearfishing is practiced (Guam). Secondly, testing for differences between locations 

that can be fished with SCUBA (Guam) and locations fished that cannot be fished with 

SCUBA, only allowing spearfishing with snorkel (CNMI). We did not sample the 

protected areas in the CNMI as we were interested in having comparable fished areas 

to Guam where SCUBA fishing is banned but snorkel spearfishing still practiced. The 

marine protected areas that we sampled in Guam are not strictly no-take (allowing 

limited fishing from shore and trolling for pelagic species), however spearfishing is 

prohibited within their boundaries (Burdick et al. 2008). The Tumon Bay MPA at the 

sheltered Guam West location (Fig. 2.1) covers an area of 4.52 km2 and is close to the 

main population centre (Burdick et al. 2008). Due to the proximity to the main 

population centre, enforcement of this MPA is high. Pati Point MPA at the exposed 

Guam North location covers an area of 20 km2, but effective enforcement is limited as 

it is located furthest from any boat ramp in the remote northern part of the island 

(Fig. 2.1).  
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 Figure 2.1. Study locations in the southern Mariana Islands. Sample sites denoted as 

black dots (inside MPAs) and stars (fished areas). Marine protected areas (MPAs) on 

Guam are indicated by diagonal shading. 
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Historical catch data 

Since 1983 the Guam Department of Aquatic and Wildlife Resources (DAWR), in 

collaboration with the Western Pacific Fisheries Information Network (WPacFIN) 

has collected a comprehensive series of catch estimates through regular creel 

surveys (fishermen interviews) in Guam. These creel survey interviews are 

conducted on four randomly selected days each month through boat-based and 

shore-based surveys which document the fishing method used and the fish species 

caught and their size. For the first two years of surveys, sampling did not include the 

night-time catch of SCUBA spearfishing (Myers 1993). Then after 2005 many SCUBA 

spearfishers refused to participate in the survey (as it remains voluntary), hence the 

landing data for this fishery after 2006 are severely underestimated and not 

representative of the total catch (Flores 2006). For these reasons we limited our data 

analysis to the 20 years from 1986 to 2005. These creel data were used to compare 

catch composition between SCUBA and snorkel spearfishing, changes in assemblage 

structure, and the average length and contribution to catch for the dominant fish 

species and families over time.  

 

Fishery-independent survey 

Experimental design. We used fishery-independent surveys to assess the impacts of 

spearfishing on reef fish populations under different management scenarios. Wave 

exposure was incorporated into our study design because it is known to affect the 

biomass of herbivorous fish in Micronesia (Mumby et al. 2013). We surveyed two 

locations (sheltered and exposed) at each jurisdiction (Guam and CNMI) (Fig. 2.1). 

Sampling sites on Guam were placed either side of MPA reference sites. A total of 21 

sites were sampled, four sites at each of the four fished locations, plus three sites 

within the MPA at Guam West and two sites within the MPA at Guam North. The 

majority of sites were selected a-priori from existing multibeam bathymetry data 

(PIBHMC 2010) to include the following criteria; at least 30 m depth and high 

complexity reef. Because the habitat in northern Saipan was unsuitable at 30 m (e.g. 

low complexity Halimeda algal reefs) and the island has a large lagoon system on the 

west coast, we chose sites in the sheltered southern coast of Saipan and the exposed 

north coast of Tinian, which featured a similar habitat to the Guam locations. Two 

depth categories were sampled at each site; 10 m and 30 m. These depths were 
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chosen to distinguish differences in the fish assemblages due to snorkel and SCUBA 

spearfishing methods. SCUBA spearfishers regularly dive to depths of 30 m or deeper 

(Myers 1993) while snorkel spearfishers frequently dive to 10 m, but rarely to 

depths of 30 m. 

 

Sampling technique. Baited remote underwater stereo-video systems (stereo-

BRUVs) were used for several reasons. First, diver survey methods are inefficient at 

depths of 30 m because of limitations on repetitive scientific diving. Second, we 

observed fishery targeted species to be wary of divers when conducting preliminary 

surveys by underwater visual census. Third, cost–benefit analyses have shown 

stereo-BRUVs to be more cost-effective at detecting change in the biomass of 

herbivorous fish in coral reef habitats than diver surveys (Langlois et al. 2010). 

Fourth, the use of bait provides greater statistical power than using un-baited remote 

video stations by attracting greater numbers of predatory and scavenging species 

without decreasing the abundances of herbivorous species (Harvey et al. 2007). The 

stereo-BRUVs used in this study were the same as described by Langlois et al. (2010) 

but used high definition Sony CX-7 camcorders. For bait we used one kg of cut and 

crushed Pacific saury (Cololabis saira). Each stereo-BRUV system was deployed for 

60 minutes as commonly performed by other studies (Harvey et al. 2007; Langlois et 

al. 2010; Goetze et al. 2011). We deployed five stereo-BRUVs at each site and 

replicates were separated by at least 150 m. A total of 210 stereo-BRUVs were 

deployed between the 1st July and 29th October 2010. 

 

Video analysis. We analysed stereo-BRUVs footage using EventMeasure-Stereo 

software (Seager 2014). Abundance was estimated using the MaxN method (as 

reviewed by Cappo et al. (2003). The stereo configuration and calibration of the 

video cameras allowed us to accurately measure fish length (fork length) and 

distance from the cameras (Harvey & Shortis 1998; Harvey et al. 2002a, 2010). To 

ensure accuracy of the length measurements while accurately identifying and 

counting as many fish as possible, we used the following guidelines; small-bodied 

individuals up to 100 mm length were only counted within 4 m of the cameras, fish to 

500 mm were counted to 8 m distance and larger fish were counted to a maximum 

distance up to 10 m from the cameras.   
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Biomass calculation. Biomass was calculated from length measurements using 

length-weight relationships developed from the Guam creel survey data that 

recorded accurate fish lengths and weights (see Chapter 3 table S3.1). Length-weight 

regression values a and b were calculated from fork length (mm) and weight (g) for 

159 targeted species. We used these values to calculate the weight for each 

individual fish using the allometric relationship: weight (grams) = a x length (mm)b. 

For individual fish that could not be measured (e.g. being obscured from one of the 

camera views) we used the average length for that species from the site where it 

occurred.  

 

Grouping of fish. Species were placed into one of four functional groups (primary 

consumers, planktivores, secondary consumers and piscivores) following Sandin and 

Williams (2010). Primary consumers (herbivores and detritivores) were a focus for 

analysis as they are the main functional group caught by spearfishers and are not 

commonly caught using other methods, such as line fishing (McClanahan & Cinner 

2008; Rhodes et al. 2008; Cinner et al. 2009). We also analysed fished species as a 

group, which consisted of the top 100 species that contributed to total biomass from 

each spearfishing method in addition to similar species expected to be highly 

targeted. The large roving piscivores Gymnosarda unicolour and Sphyraena 

barracuda were excluded from univariate analysis as less than 8 individuals were 

observed yet these species dominated biomass estimates when present. Juveniles of 

all species (<100 mm) were not included in the analysis as they are not targeted by 

spearfishers and would bias the average length calculations. 

 

Statistical analysis 

The percentage contribution of biomass was based on standardised data as the 

intensity of creel survey interview data was not consistent between years or 

methods. To illustrate changes in assemblage structure over time, we created a 

multivariate dataset of fish species that were present in at least five years of the 

survey and contributed greater than 1% of total SCUBA spearfishing catch. Data were 

analysed with PRIMER 6 statistical software (Clarke & Gorley 2006) using square-

root transformed data and the Bray-Curtis resemblance matrix. To visualise patterns, 

we used non-metric multidimensional scaling (nMDS) (Clarke 1993) with each data 
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point representing a year and subsequent years linked using a trajectory line. A 

Pearson’s correlation coefficient of greater than +0.3 was used to determine species 

that correlated with the clustering of data points. 

 

Three-way permutational multivariate analysis of variance (PERMANOVA) 

(Anderson et al. 2008) was used to test for differences between factors MPA Status or 

Jurisdiction (fixed: MPA vs fished or Guam vs CNMI), Depth (fixed: shallow vs deep) 

and Site (random, nested in MPA status x Depth or Jurisdiction x Depth). A Modified 

Gower (log base 10) transformation was used to create the resemblance matrix and 

standardise the range of biomass values as estimates varied by several orders of 

magnitude between species (Anderson 2006). P-values were obtained using 

permutation tests (9999 permutations) for each individual term in the model. 

Constrained canonical analysis of principal coordinates (CAP; Anderson & Willis 

2003) was then used to investigate differences in assemblage structure between 

these factors. The number of axes (m) was manually chosen by plotting the residual 

sum of squares and choosing the first significant drop in relation to the other values. 

Spearman rank correlation value of greater than +0.45 was used to show potential 

relationships between individual species and the canonical axes. 

 

To test the univariate hypothesis that the biomass of fished species and primary 

consumers differed between depths and levels of fishing pressure, we used general 

linear model analysis of variance (ANOVA). Prior to performing ANOVAs, 

homogeneity of variance was tested using Levene’s tests and data were square-root 

transformed where necessary. The two Guam locations (Guam West and Guam 

North) were analysed separately because they cover different exposures and 

accessibility to fishers. The 3-way experimental design to test for main effects and 

interaction terms followed that described for PERMANOVA. We analysed the lengths 

of scarines and acanthurids using the same methods, but pooled data across sites. 

Significant interaction terms for fixed effects were examined further using Tukey’s 

simultaneous tests for pairwise multiple comparisons. 
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Results 

Historical catch data 

Catch composition. Primary consumers (herbivores and detritivores) were the 

main trophic group contributing to spearfishing catch in Guam (Fig. 2.2). Parrotfish 

(Labridae; tribe scarinae) were the main group caught by SCUBA spearfishing (35 % 

of catch) followed by the surgeonfish, tangs and unicornfish (Acanthuridae) (21% of 

catch). SCUBA spearfishers also caught greater proportions of wrasse (Labridae) and 

grouper (Epinephelidae) compared to snorkel spearfishing (Fig. 2.2). The single 

species that contributed the greatest biomass to SCUBA spearfishing catch was the 

humphead wrasse (Cheilinus undulatus). Overall, 95% of the total spearfishing catch 

of C. undulatus was caught with SCUBA. The bluespine unicornfish (Naso unicornis) 

was the next greatest contributor to SCUBA spearfishing catch, followed by 

parrotfish Hipposcarus longiceps and Scarus altipinnis, which were both more 

dominant in the SCUBA catch compared to the snorkel catch. SCUBA spearfishing also 

caught three large-bodied reef fish that were rarely caught by snorkel spearfishers: 

bumphead parrotfish (Bolbometopon muricatum); camouflage grouper (Epinephelus 

polyphekadion) and the blacksaddled coral grouper (Plectropomus laevis). 
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Figure 2.2. Percentage contribution of spearfishing catches in Guam. Biomass 

summed across years from 1985-2005 for species caught by SCUBA (left side dark 

bars) or snorkel spearfishing (right side light bars). 

 

Changes over time. The species composition of the SCUBA spearfishing catch 

changed over the 20 year time period (Fig. 2.3, Rho: p<0.05). Between 1986 and 

2005 the catch shifted from a dominance of large bodied parrotfish (Scarus forsteni, 

Scarus rubroviolaceus, Scarus schlegeli, H. longiceps) and the grouper (Variola louti) to 

an assemblage dominated by acanthurids. Around 1989, catches were correlated 

with increasing proportions of humphead wrasse (C. undulatus) and the large 

excavating parrotfish (Chlorurus microrhinos). In more recent years, the catch 

featured greater proportions of large browsing acanthurids (Acanthurus 

xanthopterus and N. unicornis) and one smaller bodied parrotfish (Chlorurus sordidus 

[now known as C. spilurus]). 
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Figure 2.3. nMDS plot of the relative biomass contribution of species regularly 

caught by SCUBA spearfishing. Years between 1985-2005 are linked by a trajectory 

line and species correlations are indicated by the length and direction of vectors. 

 

The scarines, which have dominated SCUBA spearfishing catch since the 1980s, have 

experienced a significant decline in their percentage contribution to catch over time 

(Fig. 2.4a). Conversely, acanthurids became more common in catches during recent 

years (Fig. 2.4b). In contrast, the snorkel catch contribution of these fish groups 

remained relatively consistent over time (Fig. 2.4a,b). This general pattern was also 

reflected in individual species within these groups. For example, the most heavily 

harvested parrotfish, H. longiceps, decreased in its contribution to SCUBA 

spearfishing catch over time (Fig. 2.4c), while N. unicornis decreased in snorkel 

spearfishing catch, but increased in the proportion of SCUBA spearfishing catch (Fig. 

2.4d).  

 

The mean lengths of scarines and acanthurids were greater when captured by SCUBA 

spearfishing compared to snorkel spearfishing (Fig. 2.4a, b). The average length of 

scarines decreased over time for both spearfishing methods, but there was no 

significant change in the length of acanthurids for either spearfishing method. While 

the mean harvested length of H. longiceps (caught with SCUBA) decreased 

significantly over time (Fig. 2.4c), the length of N. unicornis increased (Fig. 2.4d).  
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Figure 2.4. Percentage biomass contributions to catch and mean (+ SE) length each 

year. Family groups; scarines (A) and acanthurids (B) and two frequently caught 

species; Hipposcarus longiceps (C) and Naso unicornis (D) caught by SCUBA 

spearfishing (black circles) and snorkel spearfishing (open squares). Significant 

regression values (p<0.05) indicated by asterisk (*). 
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Fishery-independent survey 

Assemblage structure. In total, 6150 fish were counted from 210 stereo-BRUV 

replicates (135 fishery targeted species from 22 families) and 5712 of these fish 

were measured. Acanthurids and scarines were the most abundant fish groups 

recorded, together contributing to over half of all fish counted during this study, 

followed by wrasses (Labridae), goatfishes (Mullidae) and snappers (Lutjanidae).  

 

The assemblage of fished species consistently differed between depths at each 

location (p<0.01), but there were no differences between fished and MPA sites (Table 

S2.1). Between jurisdictions (Guam and CNMI) the significant interaction at the 

sheltered location (p<0.05) was further investigated with pairwise tests which 

showed that the fish assemblage was similar at shallow sites, but differed at the deep 

sites (t=1.84, p=0.03). The trace test statistic for canonical analysis of principal 

coordinates (CAP) was significant (p<0.001) for all comparisons indicating 

differences between depths and MPA status / jurisdiction (Fig. 2.5). The average 

cross validation allocation success ranged from 61-84% (Table S2.2), which was 

much higher than the allocation success rate of 25% which would be expected by 

chance with four groups. Canonical correlations (2) were highest (74-90%) on the 

first canonical axis (CAP 1) showing clear separation between depths, whereas lower 

correlations on the second canonical axis (26-29%) indicated less strength in the 

differences for MPA status (Fig. 2.5). The exception being between jurisdictions at 

the sheltered locations, where the second canonical axis (62%) showed clear 

separation between Guam and the CNMI in deep water but no difference in 

assemblage at the shallow depth (Fig. 2.5C). Several high value fish species were 

positively correlated with deep CNMI waters that have been protected from SCUBA 

spearfishing; Naso lituratus, Naso brevirostrus, Variola louti, and Lutjanus bohar. 
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Figure 2.5. Canonical analysis of principal components (CAP) ordinations. Testing 

for differences in assemblage structure of fished species biomass between MPA 

status and depth at each Guam location (A,B) and between jurisdiction and depth at 

each level of exposure (C,D). Species correlations with the canonical axis are 

indicated by the length and direction of vectors. 

 

Biomass of fished species and primary consumers. At Guam West, the mean 

biomass of fished species was greater within the MPA compared to fished sites 

(p<0.05, Table S2.3; Fig. 2.6). At the sheltered and exposed fished locations, there 

were no significant differences in biomass between jurisdictions or depths, though 

the highest biomass of fished species was found at the deep exposed location in the 

CNMI (Fig. 2.6). The greatest biomass of primary consumers was observed at the 

shallow exposed locations and the lowest biomass was found in the deep waters of 

Guam West (Fig. 2.6).  
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Figure 2.6. Mean biomass (+ SE) of fished species (top row) and primary consumers 

(bottom row) at each depth. Comparisons are between fished and MPA sites at each 

Guam location (Guam West and Guam North) and between Guam and CNMI 

jurisdictions at each level of exposure (sheltered and exposed). 

 

Lengths of scarines and acanthurids. At Guam West, parrotfish (scarines) were 

slightly larger within the MPAs compared to fished sites and in shallow compared to 

deep sites (p=0.053, Table S2.4; Fig. 2.7). At Guam North, the significant interaction 

term (p<0.001, Table S2.4) indicated scarine length was similar between MPA and 

fished sites at the shallow depth, but in deeper water, lengths were smaller within 

the MPA (t=4.78, p<0.001, Fig. 2.7). Between jurisdictions at sheltered locations, the 

significant interaction term (p<0.05, Table S2.4) revealed similar lengths of scarines 

and acanthurids in shallow water, but lengths were both greater in deep waters at 

the CNMI compared to Guam (Scarines: t=2.67, p<0.05, Acanthurids: t =2.81, p<0.05; 

Fig. 2.7). At exposed locations, scarines were larger at the CNMI compared to Guam 

at both depths (p<0.05, Table S2.4; Fig. 2.7b). The significant interaction for 

acanthurids (p<0.05, Table S2.4) revealed lengths were smaller in deeper water at 

Guam (t =2.81, p<0.05, Fig. 2.7), in contrast to the CNMI where lengths were larger in 

deeper water (t =2.57, p<0.05, Fig. 2.7). 
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Figure 2.7. Boxplots of the lengths of scarines (top row) and acanthurids (bottom 

row) at each depth. Comparisons are between fished and MPA sites at each Guam 

location (Guam West and Guam North) and between Guam and CNMI jurisdictions at 

each level of exposure (sheltered and exposed). 

 

Discussion 

Changes over time 

There was a considerable change in SCUBA spearfishing catch composition over a 20-

year period, shifting from a dominance of larger-bodied parrotfish to a mixed 

assemblage with greater proportions of acanthurids. The shift from catches of large-

bodied species, which tend to be highly vulnerable to fishing, to species with less 

vulnerable life histories is a widespread indicator of fisheries exploitation (Cheung et 

al. 2007). Increased targeting of herbivorous species by spearfishing has been 

documented elsewhere around the world after declining catches of larger 

piscivorous species (Godoy et al. 2010; Mumby et al. 2012) or seasonal bans on 

grouper fishing (Rhodes & Tupper 2007; Bejarano Chavarro et al. 2014). The lack of 

large species from higher trophic levels (e.g. piscivorous species such as grouper) in 

the Guam catches is likely associated with fishing impacts prior to the 1980s (Myers 

1993; Zeller et al. 2007). However the decline in other high value species is 

exacerbated by SCUBA spearfishing, which targets large vulnerable species that sleep 

on the reef (e.g. C. undulatus and H. longiceps). 

 

The reduced dominance of large-bodied parrotfish and their declining average size is 

indicative of fisheries exploitation (Dulvy et al. 2004b; Shin et al. 2005; Clua & 
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Legendre 2008). This can also affect the functional role of parrotfish on coral reefs, 

since larger individuals can scrape and excavate much greater volumes of algal 

material than smaller fish (Lokrantz et al. 2008; Ong & Holland 2010). The micro-

excavator C. sordidus was the only parrotfish to increase in the catch composition in 

recent years and was the most abundant parrotfish during our fishery-independent 

surveys. This supports claims that smaller parrotfish species are more resilient to 

fishing pressure than larger species and may support sustainable catches by 

spearfishers (Clua & Legendre 2008; Bellwood et al. 2012; Taylor & Choat 2014). 

However, continued fishing for smaller species will also result in larger species being 

captured when encountered, thereby further increasing the risk of local extinctions 

of vulnerable species (Bellwood et al. 2012). Species that comprised the majority of 

the SCUBA fishing catch in the 1980s, such as S. rubroviolaceaus, C. microrhinos and S. 

forsteni, were also found by Williams et al. (2012) to be rare outside MPAs in Guam. 

Furthermore, biomass of these species was much greater at the unpopulated 

northern Mariana Islands (Williams et al. 2012) which suggests a depletion of these 

functionally important species in the southern Mariana Islands over the past two 

decades.  

 

The large browsing herbivore N. unicornis contributed more to the spearfishing catch 

than any other acanthurid throughout the 20 years, yet there was an increase in 

proportional contribution to SCUBA spearfishing catch and average length over time. 

Although the increased contributions to catch likely reflect fishers shifting 

preference after the decline of other desirable species, this also poses the question of 

how such a heavily fished species can show signs of resilience to fishing pressure. A 

recent study showed high genetic diversity of adults and recruit N. unicornis on 

Guam, which suggests significant larval mixing and migrant exchange (Horne et al. 

2013). It is therefore possible that recruitment is decoupled from the adult 

reproductive stock, such that replenishment occurs from outside the local 

population. Apart from direct evidence of connectivity with Saipan, the upper limit 

for migrant exchange for this species is beyond the scale of the Mariana Islands and 

could encompass other Micronesian islands, especially those to the south-east from 

which the North Equatorial Current flows (Priest et al. 2012; Horne et al. 2013). This 

level of connectivity stands in contrast to another heavily fished species, Siganus 

spinus, which was found to have a high level of self-recruitment within the Mariana 
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Islands (Priest et al. 2012). Naso unicornis is regarded as a highly important food-fish 

species in Micronesia (Houk et al. 2012; Bejarano et al. 2013) and plays an important 

role in the removal of macroalgae on coral reefs (Hoey & Bellwood 2009). Therefore, 

and despite the fact that it does not show typical responses indicating 

overexploitation, protection is warranted to ensure that commercial harvesting does 

not limit the availability of this species for shallow water subsistence fishing and 

performing key ecological processes. 

 

Refuge from fishing pressure 

Catch data clearly showed that SCUBA spearfishing captures larger fish than snorkel 

spearfishing. Although the capture of large individuals is often regarded as good 

practice by fishers as they are not harvesting immature fish, heavy fishing of larger-

bodied individuals can also have a substantial impact by removing the spawning 

biomass of the population (Birkeland & Dayton 2005; Taylor & McIlwain 2010). 

Population models revealed that protection in the form of MPAs allowed larger and 

older individuals of the highly exploited reef fish Lethrinus harak to increase in 

number, yielding considerable reproductive benefits in Guam (Taylor et al. 2012). 

Deeper waters that are inaccessible to certain fishing methods could provide 

protection to reef fish in the same way as spatial closures by allowing spillover of 

adults or recruits. This was exemplified in the Californian abalone fishery, where a 

ban on the use SCUBA allowed a greater biomass of legal size abalone to accumulate 

in deeper water, providing localised recruitment over time and supporting high catch 

yields in shallower waters (Karpov et al. 1998). In locations where a ban on SCUBA 

was not implemented, low numbers of reproductively active individuals across the 

depth range resulted in a collapse of the fishery (Karpov et al. 1998). As SCUBA 

spearfishers can access deep-water reefs and selectively target larger individuals, the 

use of this fishing method may limit the reproductive benefits from remaining 

populations that have been overexploited at shallow depths.  

 

Depth refuge from fishing pressure may be a widespread effect, especially for 

tropical artisanal fisheries that primarily use gears such as spear guns and nets to 

target shallow water populations (McClanahan & Cinner 2008; Tyler et al. 2009). 

Previous studies focused on depth refuge for coral reef fish have based their 
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conclusions on differences in species richness and the presence/absence of certain 

species (Tyler et al. 2009; Goetze et al. 2011). Our study expands on this by using two 

classic fishery indicators, biomass and length, in addition to changes in assemblage 

structure. While there is some evidence that SCUBA spearfishing is still practiced in 

the CNMI (albeit at a reduced level; Houk et al. 2012), we found lengths of scarines 

and acanthurids to be of a greater size in deeper waters of CNMI compared to Guam. 

Similarly, several fished species were positively correlated with this deeper refuge at 

deep sites where SCUBA spearfishing is banned while there was little difference in 

assemblage structure in shallow waters where snorkel spearfishing is practiced. It is 

apparent from these results that deep waters may provide refuge from fishing 

impacts when protected from deep water fishing methods such as SCUBA 

spearfishing. 

 

While MPAs provide refuge from fishing pressure, exposure may also play a role by 

limiting access to fishers during periods of rough weather. This is likely prevalent in 

our study, where exposed sites were also located far from boat ramps. Although our 

results support those of Mumby et al. (2013), who also found greater biomass of 

herbivores in exposed locations, the latter study suggests this is primarily due to high 

wave exposure increasing primary productivity and hence food resources for 

herbivores rather than the effects of limiting fishing pressure. Although there was 

some indication of fish assemblages at deep sites differing with MPA status at Guam 

West, we did not observe other positive deep water MPA effects for biomass and 

length. This may be due to the small size of the protected area or the potential for 

poaching at night using SCUBA. Accordingly, Goetze et al. (2011) only detected depth 

refuge for species richness in a large, well established MPA (over three times the size 

of the Guam North MPA) and no difference in a small, newly established reserve 

(similar in size to the Guam West MPA). The coral reefs of Guam were heavily fished 

prior to the establishment of the MPAs (Hensley & Sherwood 1993; Zeller et al. 

2007), hence it is also likely that MPAs in Guam are still recovering and will continue 

to increase in fish biomass well after the current 10+ years of protection 

(McClanahan et al. 2007; Russ & Alcala 2010). Although we did not observe MPAs on 

Guam to show positive effects from the protection of SCUBA spearfishing in deep 

water, continued monitoring is recommended as these areas were associated with 

increased biomass of fish in accessible shallow waters. 



Chapter 2 

35 

Species of concern 

SCUBA spearfishing is associated with the capture of large species of high 

conservation concern. Four of the species caught in greater proportions by SCUBA 

spearfishing compared to snorkel spearfishing have been assessed by the 

International Union for the Conservation of Nature (IUCN) and are classified as either 

endangered (C. undulatus), vulnerable (B. muricatum and P. laevis) or near 

threatened (E. polyphekadion) (IUCN 2013). For example, 95% of the spearfishing 

catches of humphead wrasse (C. undulatus) were caught using SCUBA. Sadovy et al. 

(2003) inform that the decline of the humphead wrasse and its subsequent listing as 

endangered is attributed to overfishing. Yet, this large iconic species is also highly 

valuable when kept alive for dive tourism (Sadovy et al. 2003; Gillett 2010) which 

provides a much greater revenue to Guam than the commercial fishing industry (van 

Beukering et al. 2007). Depth was found to be the strongest predictor of this species’ 

distribution in the Mariana Archipelago (Richards et al. 2012), which was supported 

by our own observations that of the 15 C. undulatus individuals observed, 80% were 

found at the deeper depth (30 m). A restriction on SCUBA spearfishing would ensure 

critical refuge habitat in deeper water and the potential for recovery in this 

endangered species.  

 

The giant bumphead parrotfish (B. muricatum) is a keystone species in the regulation 

of reef growth and is another species of particular conservation concern (Bellwood et 

al. 2003). Their large size make them a valuable catch for island communities while 

their habit of sleeping on the reef in groups make them highly susceptible to night-

time spearfishing (Dulvy & Polunin 2004; Hamilton & Choat 2012). During the 1980s, 

fishing for B. muricatum on Guam took place at night using SCUBA with the 

subsequent catch sold directly to hotels in the early morning, and was largely 

underreported by creel surveys (G. Davis, personal communication). Our fishery-

independent surveys did not detect a single B. muricatum in the southern Mariana 

Islands, a finding consistent with other studies which have collectively surveyed 

virtually the entire length of Guam’s coastline (Richards et al. 2012; Williams et al. 

2012; Mumby et al. 2013; Zgliczynski et al. 2013). While large schools of over one 

hundred B. muricatum were commonly observed around Guam before the 

introduction of SCUBA spearfishing in the late 1970s (G. Davis, personal 
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communication), now both adult fish and new recruits are rarely, if ever, observed. 

With possible localised extinction of the adult population, recruitment will be 

significantly reduced, especially under a scenario of a coupled stock-recruitment 

relationship. 

 

Management recommendations 

Our analyses of the catch data clearly demonstrated that SCUBA spearfishing has had 

a long-term and ongoing impact on reef fish communities in Guam, particularly 

affecting large vulnerable species. Impacts were likely exacerbated by factors such as 

fishing at night, access to commercial markets and the lack of catch quotas, size limits 

and protection for certain species. Restriction or management of any of these factors 

could reduce the severity of fishing impacts (as suggested by Houk et al. 2012). 

However, even when management regulations apply, such as in Australia, 

spearfishing can still have rapid and substantial negative effects on fish populations 

(Frisch et al. 2012) and anecdotal evidence suggests that SCUBA spearfishing did 

have a serious impact on near-shore fish communities during the 1970s (Nevill 

2006). Therefore, in countries around the world where restrictions on SCUBA 

spearfishing have not been established, we recommend simple gear-based 

restrictions. Experience in other countries shows that a general ban on the use of 

SCUBA for spearfishing is often insufficient because of difficulties in obtaining 

evidence for court prosecutions that fish were taken when SCUBA diving (Gillett & 

Moy 2006). Therefore new legislation should create an offence for possessing SCUBA 

gear and fishing gear in the same boat or car (as recommended by Gillett & Moy 

2006). A ban on this fishing method has been recommend by various authors to 

ensue more sustainable reef fish catches (Hensley & Sherwood 1993; Myers 1993; 

Gillett & Moy 2006; Nevill 2006; Godoy et al. 2010). It has also been noted that the 

residents of Guam generally support a ban on night-time SCUBA spear fishing (van 

Beukering et al. 2007).  

 

Gear-based restrictions, although more easily enforced than multispecies catch 

limits, can have unintended consequences such as the displacement of fishing effort. 

Even though a ban on SCUBA fishing in American Samoa was successful in protecting 

vulnerable fishery resources, the fishery did not completely cease and was instead 
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displaced to the neighboring island of Samoa (Green 2003; Gillett & Moy 2006). This 

shifting effort is of particular concern, especially in Micronesia where reef fish 

imports to Guam are increasing, yet remain unregulated and unreported (Hensley & 

Sherwood 1993; Rhodes et al. 2011b). Although not frequently practiced, SCUBA 

spearfishing also remains legal in the nearby islands of Yap, Chuuk and the Marshall 

Islands. Yap is one of few islands where large vulnerable species such as C. undulatus 

and B. muricatum are still regularly caught for local markets (Houk et al. 2012). With 

plans to develop a large tourism industry in Yap, there is concern that without 

introducing precautionary fishery management approaches, the boom in tourism and 

resulting changes in economy will increase fishing pressure to unsustainable levels. 

Lessons must be learnt from Guam’s experience in the 1980s when a rapid increase 

in tourism and associated demand for reef fish encouraged commercial snorkel 

spearfishing at night, soon after catch rates declined from the shallow waters and 

fishers resorted to using SCUBA to access deeper waters in more remote locations 

(Davis & Clarke 1998). Since the management of established fisheries via a top-down 

approach is more difficult as stakeholder compliance is often low (McClanahan et al. 

2005; Christie et al. 2007), we suggest a-priori restrictions on SCUBA spearfishing for 

communities where the fishery has not yet commenced but has the potential to 

develop. 

 

Acknowledgements 

Catch data were provided by the Western Pacific Fisheries Information Network 

(WPacFIN) program through the Guam Department of Agriculture’s Division of 

Aquatic and Wildlife Resources (DAWR). Logistical support was provided by the 

University of Guam Marine Laboratory and Coastal Resources Management Office, 

Saipan. We thank J. Miller, W. Arlidge, M. Priest, A. Halford and J. Starmer for 

logistical and field assistance.  

 

 

 

 



Impact of SCUBA spearfishing 

 38 

Supporting materials – Chapter 2 

 

Table S2.1. Three-way PERMANOVA testing for differences in the assemblage of 

targeted species. Comparisons are between MPA status and depth at Guam locations, 

and between jurisdiction and depth at sheltered and exposed sites. Significant p-

values (< 0.05) are shown in bold. 

 

Guam West  Guam North 

Source df MS F P  df MS F P 

MPA Status 1 5.942 1.132 0.302  1 6.280 1.149 0.306 

Depth 1 32.250 6.145 0.001  1 19.842 3.629 0.002 

ST x DE 1 4.374 0.833 0.682  1 5.066 0.926 0.540 

Site (STxDE) 10 5.248 1.658 <0.001  8 5.468 1.461 <0.001 

Residual 56 7.277 

  

 48 3.743 

  

 

Sheltered  Exposed 

Jurisdiction 1 13.111 2.286 0.014  1 9.581 1.632 0.052 

Depth 1 23.029 4.016 0.001  1 22.767 3.878 <0.001 

JU x DE 1 10.740 1.873 0.042  1 5.414 0.922 0.534 

Site (JUxDE) 12 5.735 1.822 <0.001  12 5.872 1.562 <0.001 

Residual 64 3.148 

  

 64 3.758 

   

Table S2.2. CAP leave-one-out allocation of observations to groups. Appreviations 

are for deep (D) and shallow (S) depths. 

 

Guam West (m=11)  Guam North (m=5) 

Original group Fished MPA   Fished MPA  

 

D S D S % correct  D S D S % correct 

Fished D 15 0 5 0 75  13 0 6 1 65 

Fished S 0 14 0 6 70  1 15 0 4 75 

MPA D 4 2 9 0 60  5 0 4 1 40 

MPA S 0 5 1 9 60  2 3 0 5 50 

 

Sheltered (m=7)  Exposed (m=9) 

Original group Guam CNMI   Guam CNMI  

 

D S D S % correct  D S D S % correct 

Guam D 20 0 0 0 100  12 0 5 3 60 

Guam S 0 17 0 3 85  0 14 0 6 70 

CNMI D 1 1 17 1 85  5 0 14 1 70 

CNMI S 0 4 3 13 65  3 6 2 9 45 
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Table S2.3. ANOVAs examining the biomass of fished species and primary 

consumers. Comparisons are between MPA status and depth at the two Guam 

locations and between jurisdiction and depth, at sheltered and exposed sites. 

Significant p-values (< 0.05) are shown in bold. 

    Guam West  Guam North 

    df MS F P  df MS F P 

Fished  MPA status 1 159.97 5.1 0.048  1 5.94 0.07 0.794 

species Depth 1 13.01 0.41 0.534  1 155.44 1.92 0.204 

 

ST x DE 1 95.25 3.03 0.112  1 93.17 1.15 0.315 

 

Site (STxDE) 10 31.38 1 0.458  8 81.11 2.42 0.028 

  Error 56  31.5      48 33.51     

Primary  MPA status 1 0.5295 3.43 0.094  1 7.24 0.24 0.64 

consumers Depth 1 4.5904 29.75 <0.001  1 36.6 1.19 0.307 

 

ST x DE 1 0.6897 4.47 0.061  1 8.42 0.27 0.615 

 

Site (STxDE) 10 0.1543 0.6 0.805  8 30.68 4.22 <0.001 

  Error 56 0.2563      48 7.28     

 

  Sheltered  Exposed 

Fished  Jurisdiction 1 93.77 2.16 0.167  1 70.2 1.19 0.296 

species Depth 1 41.03 0.94 0.35  1 106.1 1.8 0.204 

 

JU x DE 1 0.06 0 0.972  1 46.96 0.8 0.389 

 

Site (JUxDE) 12 43.42 1.61 0.112  12 58.86 1.61 0.112 

  Error 64 27.02      64 36.65     

Primary  Jurisdiction 1 0 0 0.972  1 0.02 0.02 0.881 

consumers Depth 1 0.38 1.53 0.239  1 2.81 2.76 0.123 

 

JU x DE 1 0.49 2.01 0.182  1 0.46 0.45 0.516 

 

Site (JUxDE) 12 0.25 1.11 0.37  12 1.02 2.37 0.014 

  Error 64 0.22      64 0.43     
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Table S2.4. ANOVAs examining the lengths of scarines and acanthurids. 

Comparisons are between factors MPA status and depth at the two Guam locations 

and between jurisdiction and depth, at sheltered and exposed sites. Significant p-

values (<0.05) are shown in bold. 

    Guam West  Guam North 

    df MS F P  df MS F P 

Scarines MPA status 1 12651 3.75 0.053  1 15091 4.38 0.037 

 

Depth 1 12726 3.77 0.053  1 24317 7.05 0.008 

 

STxDE 1 457 0.14 0.713  1 77761 22.56 <0.001 

  Error 377 3372      238 3447     

Acanthurids MPA status 1 1018 0.26 0.611  1 1958 0.38 0.536 

 

Depth 1 1339 0.34 0.56  1 40461 7.92 0.005 

 

STxDE 1 6146 1.56 0.212  1 3517 0.69 0.407 

  Error 396 3928      315 5106     

 

  Sheltered  Exposed 

Scarines Jurisdiction 1 3109 1.07 0.302  1 16935 4.04 0.046 

 

Depth 1 5609 1.93 0.166  1 4758 1.13 0.288 

 

JUxDE 1 24334 8.37 0.004  1 3389 0.81 0.37 

  Error 314 2908      314 4197     

Acanthurids Jurisdiction 1 10895 2.64 0.105  1 63891 11.13 0.001 

 

Depth 1 8739 2.12 0.147  1 19166 3.34 0.069 

 

JUxDE 1 18269 4.42 0.036  1 174639 30.42 <0.001 

  Error 394 4130      355 5740     
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Abstract 

Coral reefs are being subject to unprecedented levels of disturbance with population 

growth and climate change combining to reduce standing coral cover and stocks of 

reef fish. Most of the damage is concentrated in shallow waters (< 30 m deep) where 

humans can comfortably operate and where physical disturbances are most 

disruptive. Yet below these depths, lie deeper water coral reefs that can extend to 

depths exceeding 100 m and it has been hypothesized that these ‘mesophotic’ coral 

reef ecosystems can provide a degree of refuge from the threats facing shallower 

coral reefs. We deployed baited remote underwater stereo-video systems (stereo-

BRUVs) at depths of 10-90 m around the southern Marianas Archipelago to 

investigate the depth distribution on reef fish assemblages and whether fish species 

targeted by fishing in the shallows may be accruing benefits from being at depth. We 

show the biomass, abundance and species richness of fishery-targeted species clearly 

increased from shallow reef areas to a depth of 60 m where high proportions of 

consolidated reef and live coral were still present. At greater depths, a lack of coral 

reef habitat corresponded to lower numbers of fish. The majority of fishery targeted 

species were found to have distributions that ranged from shallow depths (10 m) to 

depths of at least 70 m, emphasising that habitat not depth is the limiting factor in 

the presence of these species at depths below 30 m.  While the gradient of abundance 

and biomass vs depth was steepest for piscivorous species; the first species usually 

targeted by fishing, we also found that fishery targeted herbivores will prevail in 

similar relative abundance and species richness down to depths of 60 m, as long as 

consolidated reef habitat is available. We conclude that mesophotic reefs host 

significant levels of those fish species being targeted in shallower waters. As such 

these deep-water coral reefs are crucial zones for research into their potential role as 

keystone habitats for imbuing resilience in disturbed coral reef ecosystems.  
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Introduction 

Coral reefs provide resources for millions of people but are under severe threat from 

local and broad-scale impacts including coral bleaching, storm damage, 

sedimentation and fishing pressure (Bellwood et al. 2004; Hoegh-Guldberg et al. 

2007). Fishing in particular, is recognised as the most widespread, exploitative 

activity in the marine environment, driven by its importance as a provider of protein 

to a large part of the human global population (Jennings & Kaiser 1998; Pauly et al. 

2005). This is especially true of coral reefs which provide about one-quarter of the 

annual total fish catch and food to ~ 1 billion people living in Asia (Hoegh-Guldberg 

et al. 2007). Consequently, as coral reef fishery catches have declined around the 

world in recent decades (Newton et al. 2007; Zeller et al. 2015), there have been calls 

for improved management of these resources (Sadovy 2005; Houk et al. 2012; 

McClanahan et al. 2014).  

 

The threats to coral reef ecosystems, for the most part, are having the greatest 

impacts at the shallowest depths where fishing pressure is foremost focused and 

where disturbances such as storms and coral bleaching are most influential 

(Bongaerts et al. 2010; Bridge et al. 2013; Graham et al. 2015). Concurrently as 

fishery stocks have become more depleted in some areas, there has been an 

increased focus on targeting deeper waters to maintain sustainable catch rates, as 

reported for global fishery catches (Pauly et al. 2005; Morato et al. 2006). On tropical 

reefs, such a shift in fishing practices has been observed for sea cucumber fisheries 

(Anderson et al. 2011) and in some locations the use of SCUBA has been used for 

spearfishing to access deeper waters and target high value, yet vulnerable coral reef 

fish (Lindfield et al. 2014b). The act of fisheries targeting increasingly deeper water 

has been termed ‘fishing down the deep’ and it was recognised a decade ago that 

rather than exploiting the last refuges for commercial fish species, deep-water 

habitats should be regarded as new candidates for conservation (Morato et al. 2006).  

 

Coral reefs that lie below conventional SCUBA diving depths (> ~ 35 m) are 

commonly referred to as ‘mesophotic coral reef ecosystems’ which represent the 

extent of the lower distributional limit of zooxanthellate, reef-building corals (Kahng 

et al. 2014). Mesophotic coral reef ecosystems are closely linked to shallow reef 



Refuge in mesophotic depths 

 44 

areas, usually forming a contiguous or semi-contiguous belt of habitat along a depth 

gradient. While previous work has demonstrated that some fish and other reef 

organisms, have depth ranges which traverse the shallow and mesophotic zones 

(Brokovich et al. 2008; Fitzpatrick et al. 2012; Kahng et al. 2014) the majority of coral 

reef research has focused on  the shallow depths (< 30 m) purely because of technical 

and logistical issues with working at mesophotic depths (Kahng et al. 2014). Because 

they have been much less studied, the potential of these deep-water reefs to serve as 

refuges for coral reef fishes subject to intense fishing pressure is not well 

understood. 

 

The southern Mariana Islands do have extensive areas of mesophotic coral reefs, 

mostly offshore from the main populated islands of Guam and Saipan (Blyth-Skyrme 

et al. 2013). However these areas have also been impacted by heavy fishing pressure 

since at least the 1950’s with severe declines in fishery catches in recent years (Zeller 

et al. 2007; Cuetos-Bueno & Houk 2014). Sustainable fisheries management in the 

United States is underpinned by the Magnuson-Stevens Fishery Conservation and 

Management Act. Consistent with this Act, the Western Pacific Regional Fishery 

Management Council developed a fishery ecosystem plan for the Mariana 

Archipelago in Micronesia (WPRFMC 2009). The plan states a requirement to 

identify and manage essential fish habitat, however very little is known about the life 

histories, habitat utilisation patterns, food habits, or spawning behaviour of most 

coral reef associated species. For this reason, a precautionary approach was adopted 

when designating essential fish habitat to ensure that enough habitats are protected 

to sustain managed species (WPRFMC 2009). Essential fish habitat for the coral reef 

ecosystem includes the water column and all benthic substrate to a depth of 50 

fathoms (91.4 m) from the shoreline to the outer limit of the exclusive economic 

zone. This depth range clearly extends past the depths of traditional fishery-

independent monitoring and observational studies reef fish distribution. Yet 

quantitative surveys of fish populations and knowledge of habitat utilisation patterns 

is vital for effective ecosystem based fisheries management. 

 

This study aimed to specifically address the question, “Do deep water coral reef 

habitats sustain significant populations of reef fish species that are heavily targeted 

within the shallower reef zones?” The waters surrounding the southern Mariana 
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Islands are exceptionally clear allowing light penetration to extensive depths and 

subsequent coral reef development. The shallow reefs of the region are subject to 

intense fishing pressure as the indigenous Micronesian population linefish, spearfish, 

net and glean to augment their protein intake (Hensley & Sherwood 1993; Dalzell et 

al. 1996; Houk et al. 2012). Utilising baited remote underwater stereo-video systems 

(stereo-BRUVs) in a highly stratified design we quantified the structure of 

mesophotic fish communities and addressed the main premise of our hypothesis.  

 

Methods 

Study area 

The southern Mariana Islands were the focus for this study (Fig. 3.1). This area 

includes the coral reef islands and submerged banks of Guam and the 

Commonwealth of the Northern Mariana Islands (CNMI).  The largest and 

southernmost of the Mariana Islands, Guam (13.50° N, 144.8° E) is an 

unincorporated territory of the United States with a population of over 159 000 

people (2010 census). North of Guam, the Commonwealth of the Northern Mariana 

Islands (CNMI) is an island archipelago with a population of approximately 54 000 

people. The three main inhabited islands of the CNMI include Rota (15.18° N, 144.75° 

E), Tinian (15.00° N, 145.63° E) and Saipan (15.18° N, 144.75° E), with 90% of the 

population living on Saipan. 
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Figure 3.1. Study locations in the southern Mariana Islands. Sites are denoted as 

black dots. The 100 m contour line is shown in blue for Garapan Anchorage and 

Galvez Bank. 

 

Sampling locations were chosen to cover a range of depths, wave exposure and levels 

of fishing pressure (marine protected areas, differing fishing regulations between 

jurisdictions and distance from boat ramps). For this study we were particularly 

interested in coral reef fish communities within mesophotic depths (30-100 m+) to 

compare to the shallower coastal waters of Guam, Saipan and Tinian. Mesophotic 

coral reef ecosystems were found at the offshore locations of Galvez Bank, Garapan 

Anchorage and the inshore coastal waters of Rota. Galvez Bank is a submerged reef 

located ~22 km south-west of Guam (Fig. 3.1). The shallowest depth is at 20 m but 

the majority of the bank is within 30-40 m depth with consolidated reef that extends 
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to depths of at least 70 m. Garapan Anchorage is situated off the west coast of Saipan 

and is closer to shore but covers a similar depth range of approximately 30 - 100 m 

(Fig. 3.1). This reef system consists of an inner terrace and second outer terrace (also 

known as double reef), which forms the largest shallow insular shelf (58 km2) in the 

entire Mariana Archipelago (Blyth-Skyrme et al. 2013). Previous surveys using towed 

video camera-sleds at Garapan Anchorage identified extensive areas of mesophotic 

coral reef ecosystems on both the inner and outer terraces (Blyth-Skyrme et al. 

2013). The greatest hard coral cover was in the 60–80 m depth range, associated 

with a large area covered by the branching coral Euphyllia paraancora. 

 

Sampling methods 

Fish communities were sampled using baited remote underwater stereo-video 

systems (stereo-BRUVs). These systems are a practical and cost effective technique 

for surveying reef fish across a range of depths and habitats (Langlois et al. 2010). 

The use of bait has proven to provide greater statistical power than using un-baited 

remote video stations and is able to attract greater numbers of predatory and 

scavenging species without decreasing the abundance of herbivorous or omnivorous 

fishes (Harvey et al. 2007). The stereo-BRUVs consisted of two Sony CX-7 high-

definition video cameras in purpose-built underwater housings that were mounted 

on a base bar, 0.7 m apart and inwardly converged at eight degrees. Detailed 

information on the calibration, design and photogrammetric specifics of these 

systems are presented in Harvey et al. (1998; 2010). Each system was baited with 1 

kg of chopped and crushed Pacific saury (Cololabis saira), which was placed in a 

plastic-coated wire basket and suspended 1.2 m in front of the two cameras. The 

systems were left to film on the seafloor for 60 minutes before they were retrieved.  

 

The offshore locations of Galvez bank were sampled in February and March 2010 

during the NOAA cruise SE-10-02. During night operations, Galvez bank was mapped 

using multibeam sonar and as high-resolution habitat maps were generated, 

sampling locations were identified and sampled during the day using a fleet of 8 

stereo-BRUVs. The GPS coordinates of sampling points were selected from 

multibeam bathymetry data (PIBHMC 2010) and focused on consolidated and 

preferably high-complexity reef. Sampling positions were haphazardly chosen to be 
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at least 250 m apart for simultaneous stereo-BRUVs deployments. These 

deployments were grouped into sites (3-5 replicates) that were spatially clustered 

together within a similar depth range (Table 3.1). We also deployed 21 stereo-BRUVs 

(5 sites) around the coastal waters of Rota during the same research cruise (Table 

3.1).  The coastal waters of Guam, Tinian and Saipan were sampled at depth groups 

of 10 m and 30 m and stratified by exposure and marine protected area (MPA) status 

(see Chapter 2 for more details). We focused sampling on areas high complexity reef. 

Sampling was attempted in deeper water (30-100 m) at these locations, but the 

benthic substrate was predominately sand and we did not continue sampling. A total 

of 42 sites (5 replicates per site) were sampled around these coastal waters between 

the 1st July and 29th October 2010. Overall, the 73 sites sampled represent data from 

339 stereo-BRUVs. 

 

Table 3.1. Summary table of sampling locations showing the number of sites, BRUVs 

replicates and the depth range. 

 
Location  Sites BRUVs Min. depth Max. depth 
Galvez Bank 14 54 31 68 
Garapan inner terrace 5 21 60 91 
Garapan outer terrace 7 33 33 68 
Rota 5 21 38 65 
Guam North 12 60 10 32 
Guam West 14 70 10 33 
Saipan South 8 40 9 31 
Tinian 8 40 10 32 

 

Data processing 

Stereo-BRUVs video footage was analysed using specialised software, EventMeasure-

Stereo (Seager 2014). The maximum number of any one species seen at once during 

the 60 min recording (MaxN) was used as the measure of abundance (Cappo et al. 

2003). To ensure accuracy of the length measurements (see Harvey et al. 2010) 

whilst accurately identifying and counting as many fish as possible, we used the 

following guidelines: small-bodied individuals up to 100 mm in length were sampled 

within 4 m of the cameras; fish to 500 mm were sampled to 8 m distance; and larger 

fish were sampled up to 10 m from the cameras. For individual fish that could not be 

measured (e.g. being obscured from one of the camera views) we used the average 

length for that species from the site where it occurred. The lengths of all fish were 
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recorded from data collected at Galvez Bank, Garapan Anchorage and Rota, but to 

improve data processing efficiency, only fishery-targeted species were measured in 

the coastal waters of Guam, Saipan and Tinian. Hence we analysed biomass of 

fishery-targeted species and the abundance of all species.  

 

We examined historical catch data in Guam to see which species are targeted by 

fishers (see Chapter 2). From fork length (mm) measurements, these fished species 

were converted to biomass (g) using the relationship: weight (g) = a x length (mm)b. 

The a and b values required for calculating length-weight relationships were 

determined from power regressions using accurate fish lengths and weights 

recorded from Guam creel surveys collected by the Guam Department of Aquatic and 

Wildlife Resources (DAWR) since 1984, these values are listed in Table S3.1. This 

allowed accurate locally derived metrics rather than multiple data sources from 

different locations (as commonly reported from www.fishbase.org). Each fish species 

was grouped into one of four trophic groups (following Sandin & Williams 2010):  1) 

primary consumers (herbivores and detritivores), 2) secondary consumers (benthic 

invertivores), 3) planktivores and 4) piscivores. We separated sharks and rays from 

the piscivore group for clarity of presentation. Fish species recorded during these 

surveys are listed in Table S3.1, along with trophic groupings and if caught by fishing. 

 

Environmental variables were measured for each replicate stereo-BRUV deployment. 

Benthic habitat metrics were entered into a purposely designed data entry form 

using Microsoft Excel where we recorded measures of the structural complexity and 

slope (determined from the view of the cameras), and the benthic cover of five 

habitat types; live coral, macroalgae, turf algae, crustose coralline algae and 

unconsolidated sediment. Habitat metrics were graded on relative scales of 

percentage cover which can reliably estimate benthic complexity and composition, 

providing similar results to line-intercept transects but much more efficiently 

(Wilson et al. 2007). Structural complexity followed that used by Wilson et al. (2007) 

where 0 = no vertical relief, 1 = low and sparse relief, 2 = low but widespread relief, 3 

= moderately complex, 4 = very complex with numerous fissures and caves, 5 = 

exceptionally complex with numerous caves and overhangs. Reef slope was 

estimated on a 6 point scale from flat to vertical wall. Benthic cover for the 5 habitat 

types were graded on a scale where 0 = trace (0%), 1 = sparse (1-10%), 2 = low (10-
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25%), 3 = medium (25-50%), 4 = dense (50-75%), 5 = very dense (>75%). We also 

recorded an index of coral diversity on a 4 point scale from monospecific to diverse 

(with more than four different coral formations). GPS locations (decimal degrees) 

were recorded for each stereo-BRUV deployment. Using ArcGIS we extracted values 

for the distances to deep water (100 m contour), land and the nearest boat ramp. 

Maximum depth (m) was recorded using digital depth gauges attached to each 

stereo-BRUV.  

 

The change in fish community variables across the depth gradient was displayed 

with individual stereo-BRUVs grouped into depth groups (e.g. the 30 m depth group 

ranged from 25.0 to 34.9 m). This was first presented as a heatmap plot by averaging 

the relative abundance counts (MaxN) for each species over all replicates at each 

depth group, then ranking the abundance values on a standard scale. This allows all 

species to be on a comparable scale and can clearly show the range of depths where 

the fish was recorded and the depth group where the highest and lowest values were 

recorded. To present the data on fish community variables (biomass, abundance and 

species richness), stacked column graphs were made to show the relative 

proportions of each trophic group.  To separate any differences between the inshore 

and offshore locations, the 30 m depth groups sampled at Galvez Bank and Garapan 

Anchorage were separated from the 30 m sites at inshore waters of Guam, Tinian and 

Saipan. Rota was the only inshore location where mesophotic depths (>30 m) were 

sampled, but due to low replication and as the fish community variables followed a 

similar pattern to the Galvez Bank and Garapan Anchorage, these were presented 

together. Graphical plots were created with the ggplot2 package (Wickham 2009) in 

the R language and environment (R Core Team 2014). 

 

 

Statistical analyses 

To investigate which explanatory variables contributed to the observed differences 

in the reef fish assemblage, we used two complementary multivariate methods; 

multivariate regression trees (MRTs) and distance-based redundancy analysis. MRTs 

(De’Ath 2002) are a powerful and robust method used to analyse complex ecological 

data including imbalanced designs with both numeric and categorical explanatory 
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variables. These tree techniques can also be used when relationships between the 

response and explanatory variables are non-linear,  or to analyse high-order 

interactions among explanatory variables (De’Ath 2002). This method determines 

clusters that are comparable in species dissimilarity, with each cluster defined by a 

set of environmental variables. But in contrast to methods such as distance-based 

redundancy analysis (db-RDA) where the  selection of explanatory variables is made 

on the basis of explanatory power, MRT focuses more on prediction, making it a very 

interesting tool for practical applications as in environmental management (Borcard 

et al. 2011). Prior to analysis, in order to reduce the importance of large values but 

still give low weights to rare species, the fish data were Hellinger-transformed which 

expresses the density or biomass data as relative values per site and takes their 

square root (Legendre & Gallagher 2001). The results are graphically displayed with 

threshold values for each split displayed at each tree ‘node’, whereas each terminal 

point is known as a ‘leaf’ and used to describe the size of the tree. In order to select 

the optimal tree size for predictive accuracy, we ran the model 100 times and chose 

the tree size that minimized the cross-validated relative error (De’Ath 2002). 

Analyses were done using the R package mvpart (De’ath 2014). 

 

Indicator values were calculated from the Dufrêne and Legendre Index (DLI; Dufrêne 

& Legendre 1997) using the function indval in the R package labdsv (Roberts 2013). 

This consisted of clustering the sites on the basis of the environmental variables to 

find species closely related to the ecological conditions of their group. This index is at 

maximum when all individuals of a species are found at the particular tree node and 

when that species is represented at all of those sites (Dufrêne & Legendre 1997). The 

statistical significance of the indicator values (i.e. the probability of obtaining by 

chance as high an indicator value as observed) is assessed by means of a permutation 

test (Borcard et al. 2011). A maximum of 10 species that are significant indicators 

(p<0.05) were displayed on the MRT and ordered by decreasing DLI values. 

 

The assemblage of targeted species was further examined using distance-based 

redundancy analysis (McArdle & Anderson 2001). This multivariate analysis was 

done using the distance-based linear modelling (DISTLM) procedure in the 

PERMANOVA+ add-on package for PRIMER v6 (Anderson et al. 2008). Between-

sample dissimilarity for this multiple regression analysis was constructed with a 
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Bray-Curtis dissimilarity matrix and square root transformed biomass data. Not only 

does DISTLM provide quantitative measures and tests of the variation explained by 

multiple numeric predictor variables, it also builds regression models to allow 

inference through parsimonious model selection (Anderson et al. 2008). Model 

selection was based on the modified Akaike’s Information Criterion (AICc) and the 

best procedure was used to identify the simplest models with the greatest 

explanatory power through the examination of all possible combinations of the 

predictor variables. The optimal (most parsimonious) model was based on the 

lowest AIC value. Distance-based redundancy (db-RDA) routine was then used to 

perform a constrained ordination on the fitted values from the best model in order to 

find linear combinations of the environmental variables which maximally explain 

biotic variation (Anderson et al. 2008). To visualize the resulting model, total 

biomass values for each site were scaled as bubbles and the fish species that were 

correlated (Pearson values >0.45) with assemblage variation were displayed as 

vectors indicating the strength and direction of relationships. 

 

Results 

Diversity and depth distributions 

Overall, 23 387 individual fish were counted in this study representing 306 species 

from 43 families (Table S3.1). The size of fish measured ranged from small (~2 cm) 

damselfish, to a tiger shark (Galeocerdo cuvier) measured at 226 cm fork length at a 

depth of 67 m. The greatest diversity of fish per stereo-BRUVs was recorded within 

the MPA at Guam West at a depth of 10 m with 64 different species of fish (Fig. 3.2a), 

while the second highest richness (57 species) was recorded at the inner bank of 

Garapan Anchorage at 58 m (Fig. 3.2b). 

 

Of the 148 species classified as being fished (Table S3.1) the majority (72%) were 

observed with depth distributions traversing the shallow (<35 m) and mesophotic 

zones (>35 m). Only 21 species (14%) were not observed at mesophotic depths and 

the same proportion were only observed at depths greater than 35 m. From the 43 

species of primary consumers that are caught by fishing, only 3 species were not 

observed at depths greater than 15 m (7%) these were Acanthurus lineatus, 
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Acanthurus triostegus and Naso brachycentron. Whereas 28 species (65%) had depth 

ranges extending from the shallowest depth group (~ 10 m) to mesophotic depths 

(>35 m). For the 159 non-fished species recorded, 22% were only observed at depths 

less than 35 m and 17% were only recorded in mesophotic depths. 

 

 
Figure 3.2. Frame grabs of video footage from stereo-BRUVs showing the diversity 

of fish and habitats over the depth gradient. a) shows high complexity reef at 10 m, 

b) shows high coral cover and fish diversity at 58 m, c) shows the deepest live coral 

observed at 73 m and d) shows the deepest deployment at 94 m.  

 

Consolidated reef and live coral was observed to a maximum depth of 73 m at Galvez 

Bank (Fig. 3.2c). At greater depths, the benthos was dominated by unconsolidated 

sediment including rubble, sand and foraminifera to a maximum depth of 94 m at the 

inner bank of Garapan Anchorage (Fig. 3.2d). When habitat variables were analysed 

with a principal components analysis (PCA), replicates from the deeper sites (80-90 

m) were clearly separated from the majority of shallower replicates (Fig. 3.3). This 

pattern was explained by increased proportions of unconsolidated sediment and 

lower structural complexity. 
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Figure 3.3. Principal components analysis (PCA) of habitat composition. Data 

symbols represent individual BRUV replicates and symbols represent depth groups. 

Correlations of habitat variables are indicated by the length and direction of vectors. 

 
The depth distribution of the top ten fished species (Fig. 3.4) show that the majority 

of these species were present from the shallow 10 m depth to at least 70 m. Some 

species were found in greater proportions in deeper water (indicated by the warmer 

colours), such as the piscivores, Variola louti and Lutjanus bohar. The large 

humphead wrasse Cheilinus undulatus steadily increased in abundance to 70 m, 

whereas others species such as the primary consumers Naso lituratus and Chlorurus 

spilurus (formerly C. sordidus) declined in abundance with increasing depth. Most of 

these primary consumers were still found to depths of 70 m and some were found in 

greatest relative abundance in mesophotic depths as the rabbitfish Siganus argenteus 

and the surgeonfish Acanthurus nigricauda.  
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Figure 3.4. Heatmap plot showing the depth distribution of the top ten fished 

species for each tropic group. The relative abundance counts (MaxN) were averaged 

for each species over all replicates at each depth group, and then these abundance 

values were ranked on a standardised scale. Cooler colours (blue) are the lowest 

relative abundance and warmer colours (red) are the highest relative abundance.  
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Increasing depth corresponded to greater biomass of fished species (Fig. 3.5a). 

Average biomass values were approximately three times greater at depths of 60 m 

compared to shallow inshore waters at 10 m depth. Greater biomass in deeper water 

was attributed to a greater proportion of higher trophic levels; sharks and other 

piscivores, and secondary consumers. The decline in biomass, abundance and species 

richness at depths greater than 70 m corresponded to the prevalence of 

unconsolidated sediment at these depths (Fig. 3.3).  

 

The relative abundance of fished species was greatest at the 50 m and 60 m depth 

groups and was driven by greater numbers of secondary consumers (benthic 

invertivores) such as Lethrinids (Fig. 3.5b). Although the biomass of piscivorous 

species was greater at depths of 40-60 m, their abundance was relatively similar 

across depth groups which indicate the fish were larger at these depths. Species 

richness of fished species also peaked at 50–60 m averaging 19-20 species per 

stereo-BRUV, which was attributed to a greater diversity of secondary consumers 

(Fig. 3.5c). The average species richness of primary consumers (herbivores and 

detritivores) was relatively consistent to depths of 60 m. The species richness of all 

species peaked at 60 m depth with on average 35 species per stereo-BRUVs 

deployment (Fig. 3.5d).    
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Figure 3.5. Mean (+ SE) values of fish community variables for stereo-BRUVs at each 

depth group. Fish community variables are: a) relative biomass (kg) of fished species, 

b) relative abundance (MaxN) of fished species, c) species richness of fished species 

and, d) species richness of all species 
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Assemblage structure of fished species 

Depth was the only explanatory variable that best predicted identifiable assemblage 

groups of fished species (Fig. 3.6). The multivariate regression tree explained 23% of 

the variation in the assemblage structure, identifying 4 distinct assemblage groups. 

The primary split in the tree occurred at a depth of 33.5 m, which generally 

separated the assemblages between the deeper waters sampled at Rota, Garapan 

Anchorage and Galvez bank on the left side of the tree. Whereas the shallow inshore 

waters of Guam, Saipan and Tinian were represented on the right side of the tree, but 

with the addition of one site from Galvez bank and one from the outer bank of 

Garpan Anchorage. The next most important split was at a depth of ~ 20 m, 

explaining 6.2 % of the species variation. At the mesophotic depths (>33.5 m), two 

distinct sites separated the assemblage at ~79 m which was related to the prevalence 

of unconsolidated sediment and lack of reef complexity at these depths. 

 

Indicator species (Dufrêne and Legendre index; DLI) were listed to characterise the 

assemblage structure at each level of the hierarchy (Fig. 3.6) The top two indicator 

species for the first split were the parrotfishes Chlorurus spilurus and Scarus psittacus 

which are characteristic of shallow sites, while the abundant spotcheek emperor 

Lethrinus rubrioperculatus and the large humphead wrasse Cheilinus undulatus were 

characteristic of the deeper sites. The position of indicator species on the tree does 

not suggest that listed species are restricted to sites with particular combinations of 

explanatory variables; rather it predicts that at these sites, the indicator species are 

expected to be found. For example, the blacktip reef shark Carcharhinus 

melanopterus was identified as one of the indicator species for differentiating the 

deepest group (>~79 m) from other mesophotic depths (33.5 - 79 m) because it had 

greater average biomass and was recorded at all of the deep sites (n=2). However, C. 

melanopterus would not be regarded as a deepwater species as it was widely 

distributed, being observed at 35 other sites in this study including shallow inshore 

waters. Indicator species for the shallowest depth group (10 m) included the goatfish 

Parupeneus insularis, the parrotfish Scarus rubroviolaceus, and the unicornfishes 

Naso tonganus and Naso unicornis. 



 

Figure 3.6. Multivariate regression tree analysis defining the relative biomass of fished species in terms of explanatory variables. The 

percentage variation attributed to each split is displayed below each tree node. The number of sites that correspond to the 

combination of explanatory variables is shown at the terminal leaves. The top ten significant (p<0.05) indicator species for each leaf 

are listed in order of decreasing DLI values along with the number of sites where that species was recorded 
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Further examination of the relationships between targeted fish assemblage biomass 

and environmental variables using DISTLM revealed that 27.9 % of the variation 

could be attributed to a combination of the seven environmental variables (Fig. 3.7). 

Depth contributed to the highest percentage variance explained, accounting for 

14.4% of the variability in assemblage structure, followed by distance to land (11.2 

%). As indicated by the size of the bubbles in the dbRDA plot, there was a trend of 

increasing biomass in the direction of depth and distance from land (Fig. 3.7). Species 

correlated with increasing depth were the grouper Variola louti and the parrotfish 

Scarus fuscocaudalis, whereas in conjunction with distance to land, the spotcheek 

emperor L. rubrioperculatus and the whitetip reef shark Triaenodon obesus were 

more frequently observed. Fish that were particularly associated with higher 

structural complexity and slope were three species of snapper (Lutjanidae) and 

planktivorous unicornfishes (Naso spp.).  

 

 

https://www.google.co.id/search?client=firefox-a&hs=JK1&rls=org.mozilla:en-GB:official&channel=sb&q=Triaenodon+obesus&spell=1&sa=X&ei=tmjHU7zNL4KzuASRx4BI&ved=0CBkQBSgA
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Figure 3.7. Distance-based redundancy analysis (dbRDA) on the assemblage 

biomass of fished species. The top panel shows the first and second fitted axes 

relating the environmental variables to the fish assemblage. Bubbles are coloured for 

each location and scaled to represent the total relative biomass at each site. The 

bottom panel shows the strength and direction of the relationships. 
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Assemblage structure of all species 

For all species sampled, seven distinctive fish assemblages in a hierarchy were 

defined by multivariate regression tree analysis (Fig. 3.8). First, the assemblage was 

split according to depth, separating the shallow (10 m) depth on the left and the 

deeper sites on the right. This split accounted for 12.7% of the variance, whereas the 

full model explained 38.1% of the variation in the fish assemblage. Second, the 

shallow water community was further distinguished by the categorical variable of 

wave exposure. Deeper sites (>20.4 m) were separated according to topographic 

complexity with more complex habitat splitting to the right. As all sites at Galvez 

bank and all but two at Garapan Anchorage had average topographic complexity 

scores of less than 2.4, the subsequent split by latitude (13.61°N) effectively 

separated Guam (except one site at Guam North) to the left and the more northern 

inshore sites to the right. Lower complexity sites were typically the offshore 

locations of Galvez Bank and Saipan Anchorage, as well as three sites from Guam 

North and two sites from Tinian. This group was further split at a depth of 68 m with 

4 sites at greater depths having a distinctive fish assemblage. Low complexity reef at 

depths between 20 and 68 m was further split by latitude, with distance to land being 

an equally valid alternative split, which separated Galvez Bank to the left (14 sites) 

and northern reefs to the right (11 sites). 

 

Listed below the terminal leaves of the multivariate regression tree are the top 10 

indicator species that are characteristic of sites featuring the particular combination 

of explanatory variables (Fig. 3.8). The fish assemblage associated with shallow (<20 

m) sites consisted of species such as the wrasse Hemigymnus melapterus and the 

emperor Lethrinus xanthochilus, which were predicted to occur on coastlines 

sheltered from the predominant north-easterly wind (Guam West and Saipan). In 

contrast, the exposed coastlines (Guam North and Tinian) were characterised by 

small planktivorous schooling species such as wrasses (Thalassoma spp.), the 

damselfish Pomachromis guamensis, and the triggerfish Melichthys niger. The deeper 

sites (>20 m) distinguished five groups according to location and topographic 

complexity, with the listed indicator species expected to be found at those sites. The 

deepest sites (>68 m) with low complexity were found at the offshore reefs of Galvez 

Bank and Garapan Anchorage. At these sites, several species were recorded with 
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uncertain identifications; a goatfish (likely from the genus Parupeneus), two species 

of fairy wrasse from the genus Cirrhilabrus and one species of sailfin anthias 

(Rabaulichthys spp.).  



 

Figure 3.8. Multivariate regression tree defining the relative abundance of all species in terms of explanatory variables. The 

percentage variation attributed to each split is displayed below each tree node. The number of sites that correspond to the 

combination of explanatory variables is shown at the terminal leaves. The top ten significant (p<0.05) indicator species for each leaf 

are listed in order of decreasing DLI values along with the number of sites where that species was recorded. 
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Discussion 

This study identified depth as having major influence on the biomass and assemblage 

structure of coral reef fishes. When focused on species that are caught by fishing, 

these results highlight the role of deeper coral reef areas in providing important 

habitat and refuge for targeted reef fish. Where consolidated reef was the main 

benthic habitat, total biomass increased three-fold from 10 to 60 m depth, with most 

of the biomass consisting of piscivorous species. In accordance with these results, 

Thresher and Colin (1986) also recorded piscivores to peak in relative abundance 

and species richness at depths of 60-75 m when using a research submersible in the 

Marshall Islands. Fishing activities typically and foremost target large-bodied 

piscivores, hence relative biomass of this trophic group can provide a useful 

indicator of fishing pressure (Jennings et al. 1995; Williams et al. 2011; Weijerman et 

al. 2013). Many of these predatory species are not restricted to deeper waters and 

were also observed at shallow depths. Hence we regard these deeper reef areas as 

important refuges for species that previously may have been fished out of shallow 

depths.  

 

The stark increase in the biomass of higher trophic levels with depth does not 

necessarily imply that fishing pressure caused the observed pattern. It is likely that 

piscivores are naturally more abundant at mesophotic depths, preying on the 

abundant small planktivorous species commonly found on deep coral reefs 

(Thresher & Colin 1986; Brokovich et al. 2008; Kahng et al. 2010; Kosaki et al. 2014). 

For comparison, at the remote and protected reefs of the northwestern Hawaiian 

Islands, Kosaki et al. (2014) showed that that planktivores were the dominant 

trophic group on deep mesophotic reefs, representing ~50% of all fish counted. This 

distribution also corresponded to the highest number of piscivores occurring at 

depths of ~55 m. However, comparability between our study and that of Kosaki et al. 

(2014) is limited due to differences in sampling methods: our study used stereo-

BRUVs, which are suited for sampling large roving predatory species, while Kosaki et 

al. (2014) used underwater visual census along small (25x2 m) transects. This may 

explain why in their study, piscivore abundance was much lower than that of other 

trophic groups, representing less than 5 % of total numbers. Nonetheless, these 

findings warrant further research on biomass distributions of targeted fishes, 
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especially across depth gradients at unfished locations to determine the relative 

impact of fishing over natural fish distributions. 

 

Since fishing activities predominantly target easily accessible shallow locations, it is 

likely that the depth distribution of fishes observed here would be different to that 

observed on unfished reefs. Comparisons of fished areas at a small but well enforced 

MPA in Guam suggest that without the impact of fishing, the biomass of all fished 

species would be at least two times greater at 10 m depth (Chapter 2 and Chapter 4). 

Similarly, Richards et al. (2012) reported biomass of large-bodied reef fish in the 

southern Mariana Islands to be approximately half of what was observed at the 

remote and unpopulated northern islands. Indeed, shallow water bottom fishing was 

a popular fishing method in Guam, with snappers, emperors and groupers being the 

main families harvested during the 1980s (Myers 1993). However, catches were 

dominated by smaller species from these families and it was suggested that larger 

species had already been overfished. In the absence of comparable baselines for 

unfished reefs over large depth gradients, insights from an unfished atoll in the 

central Pacific (Friedlander et al. 2010) showed that although piscivore biomass was 

still greatest at the deepest depths surveyed (20 m), this trophic group should be 

common across all habitats and depths. For these reasons, we suggest that fishing 

pressure is a factor contributing to low proportions of piscivores in shallow depths. 

But there is clearly a need for more studies to assess the distribution of fishery-

targeted species over coral reef depth gradients. 

 

In contrast to the general consensus that herbivorous fish do decline in abundance 

with increasing depth (Thresher & Colin 1986; Kahng et al. 2010), our results suggest 

that as long as consolidated reef habitat is available, herbivores will still be found in 

similar abundance and species richness between depths of 10 m to at least 60 m. The 

dominant macroalgae we observed at mesophotic depths was the calcareous 

Halimeda spp. which is regarded as highly resistant to fish grazing (Lewis 1985). 

However layers of turf algae, a known food source for herbivores (Choat et al. 2004), 

was present on hard reef surfaces which likely provide an important food source. 

The relationship between herbivorous fish and algae over a large depth gradient 

(from 1 to 65 m) was investigated in more detail by Brokovich et al. (2010) in the 

Red Sea. Their study found herbivorous fish abundance to decline rapidly within the 
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first 10 m of water and despite large variability in their dataset, less change was 

observed between 10 m and 65 m. Algae consumption rates, as measured from 

settlement plates and bioassays, were also reported to decline with depth, prompting 

the conclusion that general herbivore impact on mesophotic reefs is substantially 

less than on shallow reefs (Brokovich et al. 2010). Kosaki et al. (2014) noted a 

general decline in the abundance of herbivores to a maximum depth of 70 m, but did 

suggest that this may be driven by physiological constraints related to lower water 

temperatures reaching 16° C at mesophotic depths in the northwestern Hawaiian 

Islands. Although we did not record water temperature at the depths of our study 

sites, the mixed surface layer typically extends to depths of 95-125 m in the Mariana 

Islands (Eldredge & Center 1983). Macroalgae appear to be a common benthic 

component of mesophotic reefs, especially at submerged banks (Parrish & Boland 

2004). Together these results prompt further questions about processes driving the 

vertical distribution of herbivorous fish. Although the relative dominance of these 

functionally important species is known to be greatest in shallow waters (<10 m), 

their contribution to the ecology of deeper coral reefs should not be overlooked.  

 

Apart from the use of spatial closures and size limits for fisheries management, the 

ability for fish to obtain refuge from fishing pressure is related to the fishing methods 

used. Species that rarely take bait, including many herbivorous species, are 

commonly caught using predominantly shallow water fishing methods such as spear 

guns and gill nets (Cinner et al. 2009; Houk et al. 2012). As we recorded the 

distribution of many targeted species that range into mesophotic depths, deeper 

reefs likely provide some level of protection as they are out of the reach of these 

depth limited fishing methods. Of particular conservation concern is the humphead 

wrasse (Cheilinus undulatus) which is listed as an endangered species on the IUCN 

Red List of Threatened Species (Russell 2014). Historical catch data in Guam suggests 

that SCUBA spearfishing is the main method used to capture this large iconic species 

(Chapter 2). By extending the depth range sampled in the previous study (Chapter 2), 

we found a greater average abundance of C. undulatus in mesophotic depths, and 

lowest relative densities at 10 m depth.  Previous studies also found increasing depth 

to be the strongest predictor of this species’ distribution in the Mariana Archipelago 

(Richards et al. 2012). Interestingly, Richards et al. (2006) found this species to be 

relatively absent from the uninhabited and comparatively lightly fished northern 
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reefs of the Mariana Islands. This distribution may be related to geological or 

geographical differences between the northern and southern islands. We recorded 

the highest biomass of C. undulatus at Galvez Bank and although this area is a popular 

location for bottom fishing and trolling for pelagic species (Allen & Bartram 2008), 

SCUBA spearfishing does not occur at this location. Furthermore, SCUBA spearfishing 

has been banned in the CNMI since 2002 (Richmond et al. 2008). In the absence of 

such gear-based restrictions, offshore mesophotic reefs can provide refuge to 

vulnerable coral reef fish species, particularly those that are not targeted by line 

fishing methods. 

 

Deeper reef areas are clearly linked to the shallow inshore waters, with the majority 

of targeted species found at depths <35 m also occurring in mesophotic depths. 

However, the degree of connectivity of individual fish between depth strata remains 

a question of interest. Although “free-spawning” into the water column is a common 

reproductive strategy, especially for larger-bodied reef fish that aggregate to spawn 

(Colin 2012), the fate and movement of the resulting fish larvae is difficult to 

determine. If spawning takes place on deeper reefs, the slight positive buoyancy of 

the eggs should bring them close to the surface prior to hatching (Colin & Clavijo 

1988; Hamner & Largier 2012). Once hatched, the fish larvae will generally avoid the 

surface (<10 m) with vertical distribution actively controlled by swimming, typically 

staying within a depth range of 15-60 m (Cowen 2002). Predatory reef fish species 

have been observed to recruit to shallow (<5 m) coral reef habitats finding shelter 

amongst live coral (Quéré & Leis 2010; Wen et al. 2013) and studies using light traps 

have suggested that some species may migrate to surface waters near settlement 

(Fisher 2004; Lecchini et al. 2013). Research focused on determining the depth 

ranges of spawning activities and the origin of fish recruits, possibility through 

genetic studies (i.e. Almany et al. 2013), will further advance understanding of this 

hypothesis. Nonetheless, it appears possible that fish spawning in deeper water 

could deliver recruits to shallower depths, thereby aiding recovery or supporting 

shallow water fishing activities. 

 

Shallow coral reefs are often characterised by higher structural complexity than the 

deeper mesophotic reefs areas (Kahng et al. 2010). Higher structural complexity is 

known to correlate with peaks in species richness and has been suggested as part the 
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reason of low abundance of herbivores in mesophotic depths (Brokovich et al. 2008; 

Kahng et al. 2010). Previous studies over coral reef depth gradients have recorded 

species richness peaking at depths of 30 m (Brokovich et al. 2008) and 25 m (Garcia-

Sais 2010) which in both cases was related to the lower cover of branching coral and 

structural complexity in deeper water. We also observed lower structural complexity 

at mesophotic depths, but contrary to previous studies, average species richness was 

greatest at 60 m depth. This suggests that structural complexity was not the main 

factor influencing the species richness in the southern Mariana Islands. Other factors 

that likely influence species richness might include the mixing of shallow and 

deepwater species, greater diversity of habitats at depth, and fishing pressure. Of 

these factors, fishing pressure has been previously identified as the main factor 

contributing to lower species richness in shallow areas, which resulted in 

preliminary evidence for a depth refuge effect in coral reef fishes (Tyler et al. 2009; 

Goetze et al. 2011).  

 

Although different locations were not important predictors for the assemblage 

structure of fished species at mesophotic depths, the species assemblage did differ 

between Galvez Bank and the northern reefs (Rota and Garapan Anchorage). This 

suggests that the assemblage structure between the offshore Galvez Bank and the 

reef systems closer to shore were influenced by environmental factors. However, 

there was a unique fish assemblage at depths greater than 68 m, characterised by 

species that were not found at depths shallower than 30 m (except the jobfish Aprion 

virescens). Four of these species could not be accurately identified and at least one of 

these, a species of sailfin anthias (Rabaulichthys spp.) is likely a species new to 

science (R. Myers pers. comm.). Deep (60-150 m) coral reefs are known to have many 

yet undescribed species, with an estimated 2,000 or more coral reef fish species 

awaiting discovery throughout the Indo-Pacific (Pyle 2001). Knowledge on the 

biodiversity of mesophotic coral reef ecosystems is still limited, and studies such as 

this can expand our understanding of the ecology and connectivity of coral reefs. 

 

Unlike other studies describing patterns of mesophotic reef fish assemblages 

(Brokovich et al. 2008; Garcia-Sais 2010; Kane et al. 2014; Kosaki et al. 2014), this 

study had a unique focus on fishery targeted species. The use bait for remote 

sampling of fish is beneficial for attracting the targeted predatory species while 
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minimising bias that may be introduced by the presence of SCUBA divers which are 

known to have mixed effects on fish counts (Willis & Babcock 2000; Harvey et al. 

2007). For example, Parrish and Boland (2004) reported that the presence of divers 

would concentrate the numbers of apex predators in the remote northwestern 

Hawaiian Islands, whereas Garcia-Sais (2010) noted that in Puerto Rico, large 

demersal species such as groupers and snappers avoided divers and stayed outside 

the transect dimensions. The behaviour of fish towards divers and remote cameras 

deserves further attention as they can affect the results and conclusions of 

observational studies (see Chapter 5).  

 

It is important to note that the biomass structure of trophic groups presented here 

from stereo-BRUVs data is not comparable to data collected by other techniques. The 

area of attraction of fish towards a stereo-BRUV system is highly dependent on 

species, with predatory fish such as sharks, snappers and emperors expected to 

approach the system from greater distances and in higher relative abundance than 

that of small-bodied territorial species. The top-heavy biomass structure observed at 

depths of 50-60 m could be interpreted as an ‘inverse biomass pyramid’, as described 

for shallow reef fish at remote and pristine reefs (DeMartini et al. 2008; Sandin et al. 

2008). However, this is more likely the result of using a sampling technique that is 

non-instantaneous. Ward-Paige et al. (2010) describe that non-instantaneous 

surveys as collected by Sandin et al. (2008), which also apply for BRUVs, clearly 

overestimate the density of highly mobile species in comparison to less mobile 

species and territorial species. But in contrast to diver studies, where the 

behavioural bias of large fish will likely change over the factor of interest i.e. fishing 

pressure (Kulbicki 1998; Weijerman et al. 2013), there is less reason to suggest that 

the area of attraction to the BRUV system should differ between depths in this study. 

However this is a potential area for future study, as it suggested that in abyssal 

depths where food is more scarce, species will likely be attracted from greater 

distances (Bailey et al. 2007). Comparisons to other methods such as remotely 

operated video or newly developed towed stereo-video systems may help to clarify 

the generality of these results. Limitations of the stereo-BRUVs method arise from 

not being directly comparable to other methods, not being suitable for sampling 

smaller cryptic species and not being able to deploy successfully on steep reef walls. 

For these cases, technical diving surveys with closed-circuit rebreathers have been 
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suggested as an effective sampling method (Pyle 2001; Parrish & Pyle 2002; 

Brokovich et al. 2008; Bejarano et al. 2013). The application of a closed-circuit 

rebreather for sampling fish communities is presented in Chapters 4 and 5.  

 

In conclusion, mesophotic reefs provide essential fish habitat, especially for fished 

species at higher trophic levels. These deepwater reefs can provide refuge from 

shallow water fishing methods and potentially from other disturbances focused on 

shallow reefs. However, to increase our limited knowledge about fish assemblages at 

mesophotic depths, more studies are needed to understand the generality of the 

patterns described here. Mesophotic reefs could be the last stand for threatened 

coral and fish species and represent key areas for research, management and 

conservation. 
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Supporting materials – Chapter 3 

Table S3.1. Species list for all species recorded. Trophic classifications are 

abbreviated for primary consumers (PC), planktivores (PL), secondary consumers 

(SC), piscivores (PI) and sharks (SH). Length-weight regression values were 

calculated from fishery catch data in Guam. 

   
Trophic Minimum Maximum 

Length-weight  
values 

Family Genus Species Fished group 
depth 

(m) 
depth 

(m) 
a b 

Acanthuridae Acanthurus blochii X PC 10 36 2.26E-05 3.01 
Acanthurus dussumieri X PC 45 62 2.40E-05 2.998 
Acanthurus lineatus X PC 9 12 2.86E-05 2.984 
Acanthurus nigricans X PC 9 60 8.42E-06 3.234 
Acanthurus nigricauda X PC 10 60 2.21E-05 3.009 
Acanthurus nigrofuscus  PC 8 68 7.76E-06 3.252 
Acanthurus nigroris X PC 9 40   
Acanthurus nubilus X PL 30 59   
Acanthurus olivaceus X PC 9 74 1.88E-05 3.039 
Acanthurus pyroferus X PC 10 73 1.21E-05 3.166 
Acanthurus thompsoni X PL 14 74   
Acanthurus triostegus X PC 9 12 3.40E-05 2.951 
Acanthurus xanthopterus X PC 10 38 2.85E-05 2.972 
Ctenochaetus binotatus X PC 10 69 1.59E-05 3.084 
Ctenochaetus hawaiiensis X PC 42 42   
Ctenochaetus striatus X PC 8 71 1.78E-05 3.061 
Naso annulatus X PL 10 43 1.57E-05 3.022 
Naso brachycentron X PC 11 11 1.57E-05 3.022 
Naso brevirostris X PL 9 74 7.25E-04 2.302 
Naso caesius X PL 29 74 1.31E-05 3.023 
Naso hexacanthus X PL 10 73 1.36E-05 3.016 
Naso lituratus X PC 8 74 1.16E-05 3.121 
Naso lopezi X PL 73 73   
Naso minor X PL 48 73   
Naso thynnoides X PC 31 58   
Naso tonganus X PC 9 54 2.60E-05 2.915 
Naso unicornis X PC 9 73 3.49E-05 2.901 
Naso vlamingii X PL 10 74 1.88E-04 2.581 
Paracanthurus hepatus X PL 9 36   
Zebrasoma flavescens X PC 10 73   
Zebrasoma scopas X PC 30 59   
Zebrasoma veliferum X PC 10 60 4.89E-05 2.853 

Apogonidae Apogon novemfasciatus  PL 11 11   
Cheilodipterus macrodon  PI 30 30   

Aulostomidae Aulostomus chinensis X PI 10 49   
Balistidae Balistapus undulatus X SC 8 74 8.96E-05 2.755 

Balistoides conspicillum X SC 11 74   
Balistoides viridescens X SC 10 73 4.12E-05 2.935 
Melichthys niger  PL 9 40 3.35E-04 2.534 
Melichthys vidua  PC 8 74 2.63E-04 2.58 
Odonus niger  PL 29 73   
Pseudobalistes flavimarginatus X SC 28 54 4.19E-05 2.926 
Pseudobalistes fuscus X SC 31 31   
Sufflamen bursa  SC 8 74 5.62E-05 2.864 
Sufflamen chrysopterum  SC 8 62 3.37E-05 2.942 
Sufflamen fraenatus X SC 29 81 5.59E-05 2.865 
Xanthichthys auromarginatus  PL 30 59   
Xanthichthys caeruleolineatus  PL 33 34   
Xanthichthys careuleolineatus  PL 41 81   

Blenniidae Cirripectes stigmaticus  PC 81 81   
Ecsenius bicolor  PL 13 31   
Meiacanthus atrodorsalis  PL 10 54   
Nemateleotris magnifica  PL 37 37   
Plagiotremus tapienosoma  SC 9 31   

Bothidae Bothus mancus X SC 12 13 2.72E-05 2.875 
Caesionidae Caesio teres  PL 49 49   

Pterocaesio marri  PL 30 87   
Pterocaesio tile  PL 10 73   

Carangidae Carangoides ferdau X PI 10 10 5.74E-05 2.806 
Carangoides orthogrammus X PI 10 94 1.87E-05 3.006 
Carangoides plagiotaenia X PI 31 68   
Caranx ignobilis X PI 9 61 3.74E-05 2.883 
Caranx lugubris X PI 35 73 1.75E-05 3.011 
Caranx melampygus X PI 9 81 3.19E-05 2.906 
Caranx papuensis X PI 10 10 2.72E-05 2.932 
Caranx sexfasciatus X PI 9 60 3.56E-05 2.887 
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Decapterus macarellus X PL 34 34 1.71E-04 2.515 
Gnathanodon speciosus X PI 32 32   
Uraspis helvola X PI 10 10 4.56E-05 2.904 

Carcharhinidae Carcharhinus amblyrhynchos X SH 26 81   
Carcharhinus melanopterus X SH 9 94   
Galeocerdo cuvier X SH 66 66   
Triaenodon obesus X SH 28 74   

Chaetodontidae Chaetodon auriga  SC 9 74   
Chaetodon bennetti  SC 10 68   
Chaetodon citrinellus  SC 8 14   
Chaetodon ephippium  SC 8 63   
Chaetodon kleinii  PL 27 70   
Chaetodon lineolatus  SC 10 37   
Chaetodon lunula  SC 8 73   
Chaetodon lunulatus  SC 10 69   
Chaetodon melannotus  SC 29 31   
Chaetodon mertensii  PC 28 70   
Chaetodon ornatissimus  SC 9 60   
Chaetodon punctatofasciatus  SC 10 70   
Chaetodon reticulatus  SC 9 62   
Chaetodon trifascialis  SC 9 62   
Chaetodon ulietensis  SC 9 63   
Chaetodon unimaculatus  SC 8 58   
Chaetodon vagabundus  SC 10 11   
Forcipiger flavissimus  SC 11 68   
Forcipiger longirostris  SC 11 70   
Hemitaurichthys polylepis  PL 26 62   
Hemitaurichthys thompsoni  PL 55 68   
Heniochus chrysostomus  SC 10 68   
Heniochus monoceros  SC 10 62   
Heniochus singularis  SC 27 73   

Chanidae Chanos chanos X PC 10 28 1.62E-03 2.165 
Cirrhitidae Cirrhitichthys falco  SC 10 34   

Paracirrhites arcatus  SC 8 48   
Paracirrhites forsteri  PI 9 58   

Congridae Heteroconger hassi  PL 47 51   
Dasyatidae Taeniura meyeni X SH 33 59   
Diodontidae Diodon hystrix X SC 9 49 8.22E-05 2.823 
Echeneidae Echeneis naucrates X PL 66 68   
Ephippidae Platax orbicularis X SC 9 42 3.19E-05 3.029 
Epinephelidae Anyperodon leucogrammicus X PI 40 40   

Cephalopholis argus X PI 9 73 1.64E-05 3.001 
Cephalopholis leopardus X PI 31 32   
Cephalopholis sexmaculata X PI 43 68   
Cephalopholis sonnerati X PI 29 81 1.01E-05 3.098 
Cephalopholis spiloparaea  PI 26 73   
Cephalopholis urodeta  PI 8 71   
Epinephelus fasciatus X PI 10 73 4.72E-05 2.797 
Epinephelus maculatus X PI 33 66 1.18E-05 3.054 
Epinephelus merra X PI 28 28 8.73E-06 3.096 
Epinephelus polyphekadion X PI 31 46 1.27E-05 3.041 
Epinephelus spilotoceps X PI 30 43   
Gracila albomarginata X PI 27 73   
Variola albimarginata X PI 42 69 2.36E-05 2.937 
Variola louti X PI 10 74 2.36E-05 2.938 
Plectropomus laevis X PI 30 70 1.30E-05 3.039 

Fistulariidae Fistularia commersoni  PI 9 56   
Gobiidae Valenciennea strigata  SC 8 48   
Haemulidae Plectorhinchus albovittatus X SC 29 29 9.47E-06 3.11 

Plectorhinchus picus X SC 48 60 1.79E-05 2.943 
Holocentridae Myripristis berndti X PL 62 62 1.68E-04 2.629 

Neoniphon aurolineatus X SC 70 70   
Neoniphon sammara X SC 11 11   
Sargocentron caudimaculatum X SC 10 62 1.80E-05 3.037 
Sargocentron sp1 X SC 61 61   
Sargocentron spiniferum X SC 10 62 2.40E-05 2.985 

Kyphosidae Kyphosus cinerascens X PC 10 33 2.37E-05 2.988 
Kyphosidae Kyphosus vaigiensis X PC 10 30 2.02E-05 3.014 
Labridae Anampses caeruleopunctatus  SC 10 30   

Anampses meleagrides  SC 10 59   
Anampses twistii  SC 11 47   
Bodianus anthioides  PL 29 64   
Bodianus axillaris  SC 10 61   
Cheilinus chlorourus  SC 11 64   
Cheilinus fasciatus X SC 28 58 3.85E-05 2.867 
Cheilinus oxycephalus  SC 10 71   
Cheilinus trilobatus X SC 9 62 4.59E-05 2.831 
Cheilinus undulatus X SC 10 74 1.87E-05 3 
Cheilio inermis  SC 10 32   
Cirrhilabrus katherinae  PL 9 74   
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Cirrhilabrus rhomboidalis  PL 59 90   
Cirrhilabrus sp1  PL 81 90   
Cirrhilabrus sp2  PL 81 87   
Coris aygula X SC 8 71 6.08E-06 3.152 
Coris gaimard X SC 8 62 4.04E-06 3.218 
Epibulus insidiator X SC 9 68 7.29E-05 2.774 
Gomphosus varius  SC 8 33   
Halichoeres biocellatus  SC 10 71   
Halichoeres hartzfeldii  SC 29 69   
Halichoeres hortulanus  SC 8 54   
Halichoeres margaritaceus  SC 10 14   
Halichoeres marginatus  SC 10 30   
Halichoeres ornatissimus  SC 9 35   
Halichoeres trimaculatus  SC 11 30   
Hemigymnus fasciatus X SC 9 54 6.19E-06 3.165 
Hemigymnus melapterus X SC 9 38 2.40E-05 2.923 
Hologymnosus annulatus  PC 10 47   
Hologymnosus doliatus  SC 10 71   
Labroides bicolor  SC 10 61   
Labroides dimidiatus  SC 8 90   
Labropsis micronesica  SC 66 66   
Labropsis xanthonota  SC 10 43   
Macropharyngodon meleagris  SC 9 43   
Novaculichthys taeniourus  SC 10 71   
Oxycheilinus digramma  PI 9 70   
Oxycheilinus orientalis  SC 33 93   
Oxycheilinus unifasciatus  PI 8 74 7.72E-06 3.117 
Pseudocheilinus evanidus  SC 8 81   
Pseudocheilinus octotaenia  SC 10 29   
Pseudocoris aurantiofasciata  SC 43 43   
Pseudodax moluccanus  SC 9 73   
Pseudojuloides atavai  SC 8 48   
Pseudojuloides cerasinus  SC 29 66   
Pteragogus cryptus  SC 29 48   
Stethojulis bandanensis  PL 9 31   
Thalassoma amblycephalum  PL 8 29   
Thalassoma hardwicke  PL 10 12   
Thalassoma lutescens  SC 9 41   
Thalassoma quinquevittatum  SC 8 31   

Labridae       Tribe: 
scarinae 

Calotomus carolinus X PC 9 64 3.45E-05 2.905 
Cetoscarus ocellatus X PC 10 59 2.00E-05 2.978 
Chlorurus frontalis X PC 10 54 2.97E-05 2.931 
Chlorurus microrhinos X PC 9 73 2.62E-05 2.952 
Chlorurus spilurus X PC 8 69 1.38E-05 3.071 
Hipposcarus longiceps X PC 10 48 1.21E-05 3.061 
Scarus altipinnis X PC 9 27 2.83E-05 2.939 
Scarus festivus X PC 27 62 1.91E-05 3.006 
Scarus forsteni X PC 9 71 1.69E-05 3.025 
Scarus frenatus X PC 35 35 3.29E-05 2.912 
Scarus fuscocaudalis X PC 28 74   
Scarus ghobban X PC 10 68 4.26E-05 2.868 
Scarus globiceps X PC 9 37 1.94E-05 3.009 
Scarus oviceps X PC 37 37   
Scarus psittacus X PC 8 55 1.79E-05 3.024 
Scarus rubroviolaceus X PC 9 47 2.41E-05 2.966 
Scarus schlegeli X PC 9 68 2.08E-05 2.99 

Lethrinidae Gnathodentex aureolineatus X SC 9 73 2.28E-06 3.408 
Gymnocranius spp X SC 10 74   
Lethrinus amboinensis X SC 61 87 2.14E-05 2.973 
Lethrinus atkinsoni X SC 10 69 2.24E-05 2.977 
Lethrinus erythracanthus X SC 29 74 3.74E-05 2.871 
Lethrinus harak X SC 11 11 5.15E-06 3.225 
Lethrinus obsoletus X SC 10 60 4.00E-06 3.269 
Lethrinus olivaceus X PI 10 86 1.38E-05 3.019 
Lethrinus rubrioperculatus X SC 10 93 8.33E-06 3.136 
Lethrinus xanthochilus X PI 9 36 2.39E-05 2.934 
Monotaxis grandoculis X SC 9 74 3.20E-05 2.925 

Lutjanidae Aphareus furca X PI 8 74 4.45E-05 2.828 
Aprion virescens X PI 10 87 2.17E-05 2.942 
Lutjanus bohar X PI 9 74 1.60E-05 3.027 
Lutjanus fulvus X SC 10 55 2.57E-05 2.933 
Lutjanus gibbus X SC 11 58 2.87E-05 2.931 
Lutjanus kasmira X SC 9 73 1.67E-05 3.021 
Lutjanus monostigma X PI 10 73 3.24E-05 2.876 
Macolor macularis X PL 10 73 6.39E-06 3.184 
Macolor niger X PL 9 62 7.18E-06 3.165 
Macolor spp X PL 10 38 6.98E-06 3.17 

Malacanthidae Malacanthus brevirostris  SC 30 74   
Malacanthus latovittatus  SC 8 74   

Microdesmidae Gunnellichthys curiosus  PL 86 93   
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Nemateleotris magnifica  PL 12 73   
Ptereleotris evides  PL 9 32   
Ptereleotris heteroptera  PL 30 69   
Ptereleotris microlepis  PL 28 38   
Ptereleotris zebra  PL 8 14   
Aluterus monoceros X SC 73 73   
Aluterus scriptus X SC 10 73 7.43E-04 2.21 
Amanses scopas  SC 37 37   
Cantherhines dumerilii X SC 9 49 2.23E-04 2.566 
Cantherhines pardalis  PC 9 54   

Mullidae Mulloidichthys flavolineatus X SC 10 51 1.77E-06 3.418 
Mulloidichthys sp1 X SC 90 90   
Mulloidichthys vanicolensis X SC 10 58 1.27E-06 3.481 
Parupeneus barberinus X SC 10 67 7.77E-06 3.147 
Parupeneus ciliatus X SC 58 60 5.87E-06 3.199 
Parupeneus cyclostomus X PI 9 71 5.77E-06 3.2 
Parupeneus heptacanthus X SC 33 34 5.71E-06 3.202 
Parupeneus insularis X SC 9 62 4.06E-06 3.282 
Parupeneus multifasciatus X SC 8 86 2.99E-05 2.899 
Parupeneus pleurostigma X SC 10 74 3.23E-05 2.885 
Parupeneus sp1 X SC 47 94   

Muraenidae Gymnothorax fimbriatus  PI 61 61   
Gymnothorax javanicus  PI 10 73 1.11E-08 3.768 
Gymnothorax meleagris  PI 48 48   
Gymnothorax undulatus  PI 10 36 1.52E-07 3.393 

Nemipteridae Scolopsis lineata  SC 10 10   
Ostraciidae Ostracion cubicus  PC 59 59   

Ostracion meleagris  SC 13 36   
Pempheridae Pempheris oualensis  PL 11 11   
Pinguipedidae Parapercis clathrata  SC 10 92   

Parapercis schauinslandi  SC 67 94   
Pomacanthidae Apolemichthys trimaculatus  SC 10 73   

Centropyge flavissima  PC 8 42   
Centropyge heraldi  PC 10 81   
Centropyge shepardi  PC 28 73   
Genicanthus watanabei  PL 30 69   
Paracentropyge multifasciata  SC 10 69   
Pomacanthus imperator  PL 9 73   
Pygoplites diacanthus  SC 9 73   
Abudefduf vaigiensis  PL 10 12   
Amphiprion chrysopterus  PL 10 10   
Amphiprion clarkii  PL 34 54   
Chromis acares  PL 9 32   
Chromis agilis  PL 10 71   
Chromis alpha  PL 10 73   
Chromis amboinensis  PC 28 70   
Chromis caudalis  PL 40 90   
Chromis margaritifer  PL 10 37   
Chromis xanthura  PL 36 63   
Chrysiptera brownriggii  PC 8 12   
Chrysiptera caeruleolineata  PC 28 90   
Chrysiptera traceyi  PC 10 46   
Dascyllus reticulatus  PL 9 73   
Dascyllus trimaculatus  PL 8 70   
Lepidozygus tapeinosoma  PL 11 11   
Plectroglyphidodon dickii  SC 9 12   
Plectroglyphidodon johnstonianus  SC 8 38   
Plectroglyphidodon lacrymatus  PL 10 34   
Pomacentrus amboinensis  PL 32 34   
Pomacentrus vaiuli  PL 8 68   
Pomachromis guamensis  PL 8 68   
Stegastes fasciolatus  PC 9 37   

Scombridae Grammatorcynus bilineatus X PI 10 87 3.54E-04 2.4 
Gymnosarda unicolor X PI 10 87 4.32E-05 2.836 

Serranidae Belonoperca chabanaudi  PI 59 59   
Pseudanthias pascalus  PL 31 68   
Pseudanthias sp1  PL 68 68   
Pseudanthias sp3  PL 69 69   
Rabaulichthys spp  PL 66 81   

Siganidae Siganus argenteus X PC 9 74 3.77E-05 2.855 
Siganus punctatus X PC 11 58 1.03E-04 2.709 

Sphyraenidae Sphyraena barracuda X PI 10 73 7.32E-06 2.97 
Synodontidae Synodus variegatus  PI 10 34   
Tetraodontidae Arothron meleagris  SC 42 42   

Arothron nigropunctatus  SC 10 62   
Arothron stellatus  SC 41 68   
Canthigaster coronata  PC 63 63   
Canthigaster solandri  PC 9 68   
Canthigaster valentini  PC 28 28   

Zanclidae Zanclus cornutus   SC 9 73     



Deeper waters sustain fish biomass 

 76 

 
 

Chapter Four 

- 

Deeper waters sustain fish biomass across gradients of 

habitat and human population at remote coral reefs. 

 
 

  

 

 

 
 
 

 

  



Chapter 4 

77 

Abstract 

Remote and unfished reefs provide an invaluable perspective when examining the 

impacts of local human activities on populated islands. To reveal the impacts of 

fishing, reef fish biomass is often assessed through surveys focussed at depths less 

than 20 m. Yet less is known about deeper coral reef areas and if depth may provide 

refuge from fishing impacts focussed on shallow reefs. To investigate this topic, we 

studied fish communities across a gradient of human population at the remote outer 

islands of Yap State, Micronesia (Sorol, Ifaluk, Lamotrek, and Satawal). As expected, 

reef fish biomass at shallow (5-10 m) reef sections declined from an unpopulated 

island to the most densely populated island. Rather than differences attributed to 

human population density and associated fishing pressure, the decline was primarily 

correlated with a gradient in habitat structure from coral dominance to reefs with 

greater proportions of macroalgae. Changes in reef fish communities were most 

pronounced at shallow depths (5-10 m) and once accounting for the variation in 

habitat, human population density was correlated to the decline in fish biomass and 

species richness, particularly for piscivorous species at shallow depths. In contrast, 

the fish biomass residing in deeper reef areas (20-25 m) were less affected by 

changes in habitat and increasing population density. Despite low biomass and 

truncated length structure of reef fish in shallow water at the most densely 

populated island (Satawal), the deeper reef areas harboured fish biomass and mean 

length greater than the other islands. These results suggest that deeper coral reef 

areas may provide some refuge from fishing impacts and habitat degradation that is 

predominantly focussed on shallow depths. Communities residing on Yap’s outer 

islands provide a unique case study into the effects of subsistence fishing customary 

management but also face challenges from a changing climate, which will likely 

impact coral reef habitat and associated food resources.  
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Introduction 

Coral reefs are under pressure from a range of broad-scale and local human impacts. 

To understand anthropogenic impacts on tropical marine ecosystems, remote reefs 

(i.e., reef systems distant from major human populations) have been used as a proxy 

to investigate historical baselines, the impacts of fishing and possible cascading 

effects that can impact the structure of flora and fauna communities (Knowlton & 

Jackson 2008; Sandin et al. 2008; Williams et al. 2011). Remote and unfished reefs 

are often reported to harbour a relatively high biomass of apex predators and 

herbivorous fishes compared to fished reefs (Sandin et al. 2008; Williams et al. 2011; 

Edwards et al. 2013). The corresponding high fish biomass has been further 

implicated with top-down influence on benthic structure, contributing to lower algal 

cover which is thought to strengthen the resilience of a coral-dominated ecosystem 

(Sandin et al. 2008; Graham et al. 2013). However, there are also examples of 

‘healthy’ remote reefs that naturally have low coral cover and higher proportions of 

macroalgae (Vroom 2010; Bruno et al. 2014; Friedlander et al. 2014). It is therefore 

important to further expand our knowledge of remote reefs and review our 

assumptions regarding the interplay between the effects of fishing and benthic 

composition.  

 

Subsistence harvesting of coral reef fish is generally focussed on the shallow near-

shore reefs particularly when using basic fishing methods such as spears and nets 

(Dalzell et al. 1996; McClanahan & Cinner 2008; Tyler et al. 2009). The foremost 

focus on shallow reefs, is thought to allow reef fish to attain refuge from fishing 

pressure in deeper reef areas that are not accessible to certain fishing techniques 

(Tyler et al. 2009; Goetze et al. 2011; Lindfield et al. 2014b). Although some recent 

studies of reef fish populations have performed depth stratified sampling 

(Friedlander et al. 2010) or sampled a range of mid-depths (Williams et al. 2011), 

surveys assessing fishing impacts over gradients of human population are 

predominantly conducted at these shallow depths (< 15 m) were fishing pressure is 

most focussed (Dulvy et al. 2004a; Newman et al. 2006; Sandin et al. 2008). As a 

result, the interplay between shallow and deep reefs and the role of depth in 

providing refuge against fishing impacts is relatively unexplored. 
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Reef fish are an important food resource for coastal communities in the tropical 

Pacific (Dalzell et al. 1996; Kronen et al. 2010; Zeller et al. 2015). Though in recent 

decades, fishing practices on some islands have changed rapidly from subsistence 

fishing using traditional techniques to commercial fishing utilising highly efficient 

technologies (Dalzell et al. 1996; Houk et al. 2012). Such changes in coral reef 

fisheries coupled with increased demand from growing human populations and 

access to fish markets have contributed to the overexploitation of coral reef fish 

stocks (Newton et al. 2007; Cinner et al. 2013). While recognised that even low levels 

of fishing and human population can reduce fish biomass potentially allowing 

cascading effects on ecosystem structure (Dulvy et al. 2004a), much uncertainty 

remains about the generality and extent of such effects. Archaeological records for 

long-inhabited Pacific islands suggest stability in catch composition of reef fish over 

millennia with little evidence suggesting that long-term subsistence fishing had a 

major impact on catches (Dalzell 1998; Craig et al. 2008). Remote island 

communities with small human populations have largely eluded the distribution of 

new fishing equipment and demands from export markets, hence are likely have 

near-shore fishery resources in better shape than more developed locations. 

However these populations also place greater reliance on near-shore fisheries due to 

a lack of imported foods and opportunities for agriculture (Bell et al. 2009; Kronen et 

al. 2010).  

 

The remote outer islands of Yap State, Micronesia, provide a valuable case study to 

assess the impacts of subsistence fishing on coral reef fish communities. These small 

islands, many of which with populations less than 600 people, have largely 

maintained customary control of marine resources with minimal influence from 

government or colonial powers (Goldman 1994; Tafileichig & Inoue 2001). Although 

strong traditional knowledge and customary ownership of marine resources exist at 

these islands, there is little or no scientific data to assess changes in the marine 

environment or sustainability of coastal fisheries of which the islands inhabitants 

largely depend on. Here we quantify the biomass of coral reef fish at four of Yap’s 

remote outer islands spanning a gradient of human population. We also used depth 

stratified sampling to investigate if the shallow waters typically fished with 

traditional fishing methods were more impacted than the deeper reef areas.  
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Methods 

Study area 

Diving surveys were carried out at the outer islands of Yap State, part of the 

Federated States of Micronesia located in the western Caroline Islands (Fig. 4.1). 

Yap’s outer islands consist of 15 low lying atolls or raised limestone islands 

(hereafter referred to as islands) in addition to at least 23 submerged banks 

scattered across the state. Of these, 10 are inhabited and represent 35% of Yap’s 

population of 11,376 (2010 FSM census). We surveyed four islands; Sorol, Ifaluk 

(also known as Ifalik), Lamotrek, and Satawal, each differing in human population 

and reef area (Table 4.1). Each of these reef systems were over 280 km from the 

nearest major population center (the main island of Yap proper). These island 

communities have little connection to the population center, being serviced every 3 

months by the local supply vessel and there is no commercial export of fishery 

resources. There is also no intensive agriculture or sources of pollution and sediment 

that is likely to affect the structure of the reef at the islands sampled. 
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Figure 4.1. Location of the four islands sampled in Yap State, Federated States of 

Micronesia 
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Table 4.1. Summary of human and geomorphologic metrics for each the four islands 

sampled 

Island Geomorphology 

Population 

(2010 census) 

Lagoon 

area (km2) 

Coral 

reef area 

(km2) 

Population density 

(pop’n/ accessible reef 

area) 

Sorol Atoll 0 6.8 10.5 0 

Ifaluk Atoll 578 1.9 5.0 116 

Lamotrek Atoll 329 30.8 17.3 40 

Satawal Low coral island 501 0.0 2.3 218 

 

Calculation of reef area was derived from satellite imagery and included forereef, 

backreef and reef flat. Population density was calculated from the ratio of human 

population (2010 census) divided by the reef area (km2). Due to the large lagoon and 

reef area at Lamotrek, we restricted our calculation of population density to the 

accessible area of reef within 5 km of the village where fishing pressure was focussed 

and where our sample sites were located. We also calculated wave exposure for each 

sample site following the procedure described by Ekebom et al. (2003). Surveys were 

conducted at multiple sites that were haphazardly selected around each island (Fig. 

4.1). Only two sites were sampled at Sorol, whereas four sites were sampled at Ifaluk, 

and five sites each at Lamotrek and Satawal. Surveys took place between 21st and 

29th June 2011.  

 

Survey techniques 

As surveys of remote locations and deeper waters are time-constrained, we used a 

relatively novel sampling technique to improve the efficiency of data collection; diver 

operated stereo-video systems (stereo-DOVs). Video footage can be used to 

simultaneously record information on fish assemblage composition and benthic 

habitat structure, while the stereo configuration and calibration of the video cameras 

facilitate accurate measurements of fish length and the ability to standardise the 

sampling area (Shortis et al. 2009). The stereo configuration, accuracy and precision 

of this video system has been reviewed in detail by Harvey et al. (2010).  

 

To further improve sampling efficiency, timed swims with GPS tracking were used to 

standardise the sampling distance and provide accurate locations of sample sites. 



Chapter 4 

83 

Divers using stereo-DOVs swam at a speed of ~20 m min-1 while a dive buddy 

followed towing a floating GPS unit in waterproof housing which also acted as a 

visual reference for surface support. Each transect was timed for a period of 3 min 

and these times were aligned with the GPS time stamp to determine the distance 

covered with each 3 min transect covering a distance of approximately 60 m (300 m2 

of reef area). At each site, eight transects were sampled at shallow (5-10 m) and deep 

(20-25 m) depths. Two divers performed stereo-DOV transects simultaneously at 

each depth, one using a closed-circuit rebreather (CCR) and the other using standard 

open-circuit (OC) SCUBA equipment. Rebreathers are suggested to minimise 

disturbance to fish by eliminating the production of bubbles when used at a constant 

depth (Lobel 2005). Hence, with the exception of Sorol (which was only sampled 

with open-circuit SCUBA due to logistical reasons), divers alternated between 

shallow and deep transects so that equal numbers of transects were completed by 

each diving technique at each island. Diving technique (CCR or OC) was included as a 

factor in the statistical analysis. 

 

Data processing 

To enable accurate 3D positioning of objects, camera calibrations were conducted 

before and after sampling trips and followed the process described by Harvey & 

Shortis (1998) using the software CAL (Seager 2014). The stereo-video footage was 

reviewed using the software EventMeasure-Stereo (Seager 2014) and we identified, 

counted and measured the length (mm fork length) of a subset of the total fish 

community representing 147 species (Table S4.1). Species selected for study were 

those that were non-cryptic, diurnal and readily identifiable. This included all species 

targeted by fishing, in addition to all primary consumers from the families 

Acanthuridae, Labridae, Kyphosidae and Siganidae. We also included all species from 

the families Ballistidae and Chaetodontidae. The stages of fish, such as juveniles 

(<100 mm for targeted species) and initial and terminal phases of sexually dimorphic 

species were recorded. 

 

We calculated biomass from length measurements using allometric length-weight 

relationships from fishery catch data in Guam (Table S3.1) and other sources when 

not available (Kulbicki et al. 2005; Froese & Pauly 2013). For individual fish that 
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could not be measured for various reasons (e.g. part of the fish was obscured from 

one of the camera views), the abundance was still recorded (using a 3D point in 

EventMeasure-Stereo) and an average length for that species was assigned from the 

same site (if greater than 2 records) or from the next highest experimental factor. 

This allowed biomass counts to be the same as abundance, rather than only reporting 

biomass for species that could be measured. We classified fish species into trophic 

groups following Sandin and Williams (2010), but for analysis we excluded large 

schooling species (Caranx sexfasciatus, Elagatis bipinnulata, Sphyraena forsteri) 

which were observed in less than 2 transects, yet dominated biomass when present.  

 

Habitat metrics were assessed from stereo-DOV footage. Benthic habitat was 

categorised for structural complexity, slope and the percentage benthic cover of four 

habitat types; live coral, macroalgae, sand and other benthos (i.e. rubble, coralline 

algae and turf algae). Habitat was recorded at 6 points per transect (every 10 m). The 

assessment of habitat variables were graded on relative scales which can reliably 

estimate benthic complexity and composition, providing similar results to line-

intercept transects, yet can be completed much more efficiently (Wilson et al. 2007). 

Structural complexity followed that used by Wilson et al. (2007) where 0 = no 

vertical relief, 1 = low and sparse relief, 2 = low but widespread relief, 3 = moderately 

complex, 4 = very complex with numerous fissures and caves, 5 = exceptionally 

complex with numerous caves and overhangs. Reef slope was estimated on a scale 

from flat to vertical wall. Benthic cover was also assessed on a 6 point scale where 0 

= trace (0%), 1 = sparse (1-10%), 2 = low (10-25%), 3 = medium (25-50%), 4 = 

dense (50-75%), 5 = very dense (>75%).  

 

Statistical analyses 

Firstly, we used principal components analysis (PCA) to examine the differences in 

habitat variables among replicate transects across all islands at both depths. We 

included all measured habitat variables into the analysis (structural complexity, 

slope and the percentage benthic cover of live coral, macroalgae, sand and other 

benthos) based on their relative scales. The resulting two linear axes (PC1 and PC2) 

summarised the habitat variation, which was used as a data reduction tool to assess 

the gradient of habitat types surveyed and avoid collinearity for subsequent analysis. 
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To investigate the factors contributing to differences in fish communities between 

depths, we based statistical inference through two complementary methods for 

analysing ecological data, namely regression trees and mixed effect models (Zuur et 

al. 2007). Observational studies in ecology benefit from analysing multiple 

competing models to explain the observed patterns, for this reason, methods such as 

these are preferred over classical null hypothesis testing to provide inference 

(Stephens et al. 2007; Hawkins 2012). Univariate regression trees were used to 

analyse the hierarchical structure of variation in fish community variables (total 

biomass, abundance, species richness and the biomass of each trophic group) relative 

to explanatory variables. These explanatory variables included the two PCA axes, 

depth, exposure, diving technique, lagoon size, island, island type and human 

population density. Regression trees can be constructed using continuous and/or 

categorical predictor variables and because each tree branch is separately split into 

sub-groups, regression trees are particularly suitable to deal with correlated 

environmental variables (De’ath & Fabricius 2000). Furthermore, univariate 

regression trees indicate the relative importance of different explanatory variables 

and have also been shown as a good method to determine if counts of reef fish are 

influenced by different surveys techniques (Zuur et al. 2007). Prior to regression tree 

analysis we transformed the response variables to normalise the data (square-root 

for abundance and natural log for biomass values). We used the rpart package in R 

for analysis (Therneau et al. 2014) and regression trees were ‘pruned’ according to 

the minimum cross-validation error (De’ath & Fabricius 2000). We ran the model 

multiple times to assess the degree of variation and to ensure the chosen tree was 

not atypical yet making sure the tree was not too large as to explain increasingly 

small amounts of variation with each split. The relationship between the response 

variable and the PC1 axis was further examined using local polynomial regression 

with the loess smoother function in R. 

 

To complement regression tree analysis, we used generalised additive mixed effect 

models (GAMMs) from the R package ‘gamm4’ (Wood & Scheipl 2013). This additive 

approach was preferred over generalised linear mixed models as our continuous 

predictor variables PC1 and PC2 were often non-linear with the response to the 

dependant variable (Fig 4.4). The introduction of random-effects in mixed effect 



Deeper waters sustain fish biomass 

 86 

models can account for dependencies within hierarchical groups (Zuur et al. 2009), 

in our case, the spatial clustering of transects within sites The random effects 

structure warranted a random slope for depth group when nesting sites, which was 

determined as the optimal fit after comparing the full model with varying random 

effect structures (Zuur et al. 2009). Prior to fitting models, explanatory variables 

were tested for collinearity using variance inflation factors, which warranted the 

exclusion of island and island type, hence allowing lagoon size to control for 

differences between islands. We fitted smooth terms to PC1 and PC2 and included 

the interaction between depth group and the other variables; exposure, diving 

technique, lagoon size and population density. Analysis was based on untransformed 

count data and originally fitted with a poisson distribution, but with the exception of 

species richness, fish community variables were over-dispersed and were therefore 

fitted using a negative binomial distribution (Zuur et al. 2009). Model selection was 

based on an information-theoretic approach (Burnham & Anderson 2002) using the 

‘dredge’ function in the R package ‘MuMIn’ (Barton 2014). Subsequent model 

selection was performed by model averaging by evaluating models within 2 AICc of 

the optimum.  

 

The length distributions of targeted species for the three main trophic groups were 

compared between depths at each island. The low sample sizes of targeted 

planktivores at the shallow reef sections precluded meaningful comparisons 

between depths and were hence excluded. Sharks were not included in the length 

analysis for the same reason. Kernel density estimates (KDE) were used to 

statistically analyse differences in length-frequency compositions and provide a data-

driven method which is sensitive to both shape and location of the distribution 

(Sheather & Jones 1991; Langlois et al. 2012). Kernel density estimates tests were 

based on a null model of no difference between groups and a permutation test 

(n=100,000) as described by Langlois et al. (2012).  KDE analyses were conducted 

using the R packages ‘KernSmooth’ (Wand & Ripley 2014) and ‘sm’ (Bowman & 

Azzalini 2014). 

  



Chapter 4 

87 

Results 

Fish biomass 

At the shallow depth, total fish biomass declined by a factor of 3.5 from the 

unpopulated island with high coral cover (Sorol; 47 g m-2) to the most densely 

populated island with greater proportions of macroalgae (Satawal; 13 g m-2) (Fig. 

4.2). Primary consumer biomass was similar at the shallow depths of Sorol and Ifaluk 

(21-23 g m-2), averaging approximately twice the biomass recorded at Lamotrek and 

Satawal (10-11 g m-2). The highest biomass of sharks was observed at Lamotrek, and 

when including piscivores, these apex predators represented 37% and 41 % of total 

biomass at shallow and deep reef sections respectively. The lowest total biomass was 

recorded among shallow reef sections of Satawal where there was a comparative lack 

of predatory species (sharks, piscivores and secondary consumers), yet biomass was 

substantially (3.9 times) greater in the deeper reef sections. At the other islands, total 

biomass was marginally greater in the deeper compared to shallow reef sections 

(Sorol 1.3 times, Ifaluk and Lamotrek 1.2 times). 
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Figure 4.2. Mean (+ SE) biomass of targeted fish trophic groups at each island for 

each depth: (a) shallow and (b) and deep. 

 

Habitat composition 

Principal component analysis (PCA) demonstrated considerable gradients in habitat 

composition among islands and between depths along both PCA axes (Fig. 4.3). The 

two PCA axes explained 70% of habitat variation across sites, providing a robust 

metric to summarise habitat characteristics. The first principal component (PC1; 45 

% of variation) represented a gradient from a relatively high cover of coral and other 

benthos to reefs dominated by macroalgae. Whereas PC2 (25% of variation) 

represented a gradient of structural complexity and reef slope, with greater values 

typical of deeper reef sections. Habitat was similar at Sorol and Ifaluk with coral and 

other benthos dominating benthic cover as well as higher structural complexity, 

whereas habitat at Lamotrek and Satawal was characterised by greater proportions 

of macroalgae and low structural complexity.  
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Figure 4.3. Principal components analysis (PCA) of habitat composition. Data 

symbols represent individual transects at each island, open symbols are shallow 

depth and filled symbols are deep depth. Correlations of habitat variables are 

indicated by the length and direction of vectors. 

 

Fish community variables 

Overall, three explanatory variables (PC1, PC2 and depth) were the main drivers 

influencing the fish community variables (Fig. 4.4). The explanatory variables, 

population density, island type, lagoon size, exposure and diving technique were less 

important once other explanatory variables were accounted for.  
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Figure 4.4. Univariate regression tree analysis describing (a) total biomass (b) total 

abundance (c) species richness. Numbers in the box of terminal nodes refer to the 

transformed average values. Polynomial regressions between the primary split (PC1) 

and the univariate variables (transformed values) for each depth are shown on the 

right panel. Shallow depth (5-10 m) is displayed in light blue and deep depth (20-25 

m) displayed with dark blue. 
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Figure 4.4. (cont). Univariate regression tree analysis describing the biomass of 

each trophic group: (d) piscivore (e) secondary consumer (f) planktivore (g) primary 

consumer.  
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The biomass of fishery targeted species was primarily explained by variation in 

benthic cover (PC1; 24 % variance explained) as indicated by the first split in the 

regression tree analysis (Fig. 4.4a). The relationship was non-linear with relatively 

consistent biomass when PC1 scores were less than 0.56 (higher cover of coral and 

other benthos). However with increasing proportions of macroalgae, biomass 

declined steeply at the shallow depth, yet appeared relatively stable at the deeper 

reef sections. This subsequent difference in biomass was explained by negative PC2 

values (greater structural complexity and slope), which was typical of deeper waters 

where biomass was comparatively greater. These predictor variables were also 

regarded as important in the GAMM analysis (Table 4.2). In addition, lagoon size and 

the interaction between population density and depth were identified as variables 

that further explained the observed biomass patterns, with higher levels of 

population density associated with lower biomass at the shallow depth but not in the 

deeper reef sections (Figure S4.2).  

 

Table 4.2. Summary table showing the predictor variables (X) that were found to be 

optimal for constructing the GAMM for each fish community variable. The * 

represents an interaction term between variables. 

  Fish community variable 

Predictor variable Biomass Abundance 
Species 

richness 
Piscivore 

Secondary 

consumer 
Planktivore 

Primary 

consumer 

Depth X X X X X X X 

PC1 X X X X X 
 

X 

PC2 X 
   

X 
  

Exposure 
 

X X 
   

X 

Population density X 
 

X X X 
  

Lagoon size X 
   

X X 
 

Exposure*Depth 
 

X X 
   

X 

Population*Depth X 
 

X X X 
  

Lagoon*Depth           X   
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Higher cover of macroalgae (positive PC1 values) was the primary explanatory 

variable associated with lower fish abundance, explaining 43% of the variation (Fig. 

4.4b). The negative relationship was relatively consistent across the PC1 axis and 

between depths. GAMM analysis identified the interaction between exposure and 

depth was also an important contributing factor, with higher exposure values 

(windward coastlines with high wave exposure) having lower fish abundance at the 

shallow depth and whereas the opposite trend was observed in deeper waters (Table 

S4.2). 

 

Variation in species richness was also primarily explained by the PC1 axis (31% 

variance explained) with greater species richness typically associated with higher 

cover of coral and other benthos (Fig. 4.4c). This was relationship was non-linear at 

the shallow depth and declined steeply when PC1 values were >0.37. When coral 

cover was comparatively high (PC1<0.37) depth was an important factor in 

structuring the community and greater numbers of species were recorded in the 

deeper reef sections. In the other direction, where benthos was more macroalgae 

dominated, the gradient of topographic complexity and slope (PC2) was important in 

regression tree analysis but was not identified as an important variable when 

analysis conducted with GAMMs (Table 4.2). Rather the interactions between depth x 

exposure and depth x population density were identified as being important for 

explaining the observed variation in the GAMM analysis. Specifically, lower species 

richness was observed with increased population density only at the shallow depth. 

Increasing exposure was correlated with greater species richness but only at the 

deeper reef sections (Figure S4.2). 

 

The biomass of each trophic group was explained by the combination of various 

explanatory variables. Depth was the most important variable explaining variation in 

piscivore biomass (11% variance explained), with greater biomass in deeper water 

(Fig. 4.4d). The next split separated the most populous island Satawal which had 

distinctly lower fish biomass, but only at the shallow depth. Secondary consumer 

biomass was primarily explained by the PC2 axis (11% variance explained) with 

greater biomass associated with increasing structural complexity and slope.  

Subordinate splits were both due to the gradient in benthic habitat (PC1) with 

greater biomass with greater proportions of coral and other benthos. GAMM analysis 
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further identified lagoon size and the interaction of depth and population density as 

important factors, with increasing human population size correlated with lower 

secondary consumer biomass but only at the shallow depth (Table 4.2; Fig. S4.2). The 

biomass of planktivores were best explained by depth (12% variance explained) with 

greater biomass on deeper reefs, particularly at Sorol and Satawal (Fig. 4.4f). The 

snapper Macolor spp. and unicornfish Naso vlamingi and Naso hexacanthus were the 

main contributors to the observed biomass (Table S4.1). The biomass of primary 

consumers (herbivores and detritivores) split in response to the gradient in benthic 

habitat (PC1) and the lowest biomass was observed with higher proportions of 

macroalgae. The interaction between exposure and depth was also important, with a 

slight trend for lower biomass with increasing exposure at shallow depths, whereas 

in deeper waters, greatest biomass was recorded at more exposed sites (Table 4.2, 

Table S4.2). 

 

Size structure 

Fishery targeted species were typically larger in deeper waters (Fig. 4.5). However 

this was variable between islands and trophic groups, for example primary 

consumers were on average larger in shallow waters at Ifaluk and Lamotrek. The 

larger piscivores at the shallow depth of Lamotrek were attributed to a school of 

Lutjanus bohar at one site. At the shallow depth of the unpopulated island, Sorol, 

primary consumers and piscivores were comparatively small compared to other 

islands, and this may partly be due to differences in habitat. At the shallow depth, 

mean length of secondary consumers declined from Sorol to the most densely 

populated island, Satawal, whereas fish in deeper water were comparatively larger. 
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Figure 4.5. Length frequency distributions of fishery targeted species for each 

trophic group sampled between depths across the four islands. The shallow depth (5-

10 m) is displayed with light blue and the deep depth (20-25 m) displayed with dark 

blue. Vertical lines are the mean length, the numbers show the sample size (n) for 

each depth and the p-value represents the test result for the location and shape of 

the distributions. 

 

Discussion 

Rather than human population density, depth and habitat were found to be the most 

influential factors affecting the biomass of reef fishes across these remote oceanic 

islands. Although the effects of habitat on reef fish communities have received 

particular attention both at small (Komyakova et al. 2013) and large spatial scales 

(Pinca et al. 2012; Taylor et al. 2014), less is known about the structure of fish 

communities between depth strata over gradients of habitat and the fishing pressure 

associated with increasing human population density. Species targeted by fishing 

were typically larger in deeper waters and depth was the most important factor 

explaining piscivore and planktivore biomass. Piscivorous species are important 
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fishery resources on coral reefs and often the first trophic group to decline with 

increasing fishing pressure (Friedlander & DeMartini 2002; Williams et al. 2011; 

Kronen et al. 2012). Indeed piscivore biomass was lowest at the most densely 

populated island (Satawal), but only in the shallow depth. In deeper waters, piscivore 

biomass at Satawal exhibited biomass levels similar to the unpopulated island, Sorol. 

The interaction between depth and population density was also evident for total 

biomass, species richness and biomass of targeted secondary consumers, with 

biomass declines only evident in shallow water. A finding consistent with the depth 

refuge hypothesis where coral reef fish may obtain refuge from fishing pressure in 

deeper waters (Tyler et al. 2009; Goetze et al. 2011; Lindfield et al. 2014b).  

 

Apart from the lowest biomass at the shallower reef sections at Satawal, we also 

observed targeted fishes to be substantially larger in deeper waters, with average 

length greater than other islands. Although bottom line fishing is practiced on the 

seaward margin of the reef at Satawal in the depth range of our surveys, its relative 

importance and frequency of use was reportedly less than that of shallow water 

fishing methods such as spearfishing and fish driving using a net when studied by 

Sudo (1984). The direct removal of fishes through fishing practices and the indirect 

effects of habitat would contribute to the low biomass and truncated length structure 

in shallow water, but it is also possible that frequent shallow water fishing resulted 

in a behavioural change with the larger targeted fish seeking refuge in deeper water. 

Although difficult to quantify, such behavioural responses have been observed 

elsewhere for species targeted by spearfishing (Johannes 1981; Jouvenel & Pollard 

2001). For example, when observing fish to be wary of spear fishers on shallow reefs, 

Feary et al. (2011) found the snapper Lutjanus gibbus only in deeper water (>12 m) 

at fished areas, while this species was abundant in shallow, unfished areas; a 

distribution which was attributed to a behavioural response to fishing pressure. It 

has also been reported that a sudden increase in fishing pressure resulted in a ‘bail 

out’ effect in Fiji, whereby targeted fish moved away from a newly fished area 

(Jupiter et al. 2012). Fish size is known to naturally vary across reef types (Gust et al. 

2001) and it should also be noted that the different island type at Satawal, a low coral 

island with limited reef area, may also contribute to discrepancies is size and 

assemblage structure when compared to larger atolls (Taylor et al. 2014). Regardless 

of the cause, the greater biomass and size of fish in deeper waters may help support 
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the replenishment of the depleted shallow-water communities through the 

movement of adults or recruits, thereby acting similar to a marine protected area 

where spillover could occur vertically, rather than horizontally along the reef.  

 

Along with greater biomass, species richness of non-cryptic species was also higher 

in deeper waters, a finding consistent with observations at a pristine coral atoll 

(Friedlander et al. 2010). Greater species richness at depths of 20-25 m likely 

represents a mixing of depth-generalist species, many of which could move into 

shallow waters if conditions are favourable. As these deeper reefs may allow for 

populations of reef fishes to persist after possible impacts affecting shallow water 

coral habitat, it will be important to monitor this refuge habitat and further 

investigate vertical linkages on coral reefs.   

 

Although abundance and species richness declined with greater proportions of 

macroalgae at both shallow and deeper reef sections, larger fishes that contributed to 

overall biomass were relatively stable across the gradient of benthic cover. Loss of 

shallow water coral-dominated habitat are expected to prevail a changing climate 

(Hoegh-Guldberg et al. 2007; Baker et al. 2008) and oceanic reefs can be particularly 

susceptible to these impacts (Graham et al. 2006). The loss of live coral will indeed 

have profound impacts for coral dependent species and those that take refuge within 

the topographic complexity of the reef (Graham et al. 2006, 2007; Coker et al. 2014), 

however these results suggest that larger food fish residing in deeper waters may be 

less affected. Such a finding contrasts with a recent study by Rogers et al. (2014) who 

demonstrated that a loss of structural complexity from coral communities has a 

strong negative effect on fisheries productivity in the Caribbean. Differences between 

these studies may be due to the reef structure on the deep reefs of Satawal and 

Lamotrek, although not being structurally complex from live coral, they do form a 

steep wall surrounded by water deeps in excess of 1000 m (Fig. S1). The underlying 

geology may not allow the formation of complex corals reefs and oceanographic 

processes such as upwellings are likely more important than coral habitat for fishery 

productivity at these islands. Nutrient upwellings may support small planktivorous 

species as prey for larger predators while also providing nutrients to sustain the 

observed algal growth.  
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It is generally accepted that human population density and associated fishing 

pressure are one of the main drivers affecting fish biomass between populated and 

unpopulated islands (Friedlander & DeMartini 2002; Williams et al. 2011; Cinner et 

al. 2013; Edwards et al. 2013). However, along the gradient of human population at 

Yap’s outer islands, total biomass of fish and other trophic groups (with the 

exception of piscivores in shallow water) were more influenced by habitat 

differences than human population density. Indeed, if we did not include the effects 

of habitat into our analysis and only conducted surveys in shallow water (<15 m) as 

commonly done by diving surveys, it would appear that human population density 

was driving the differences as total biomass values were 3.5 times less at the most 

populous island compared to the unpopulated island. Similar differences in 

magnitude have been recorded in the Pacific with fish biomass approximately four 

times greater on unpopulated compared to populated reefs (Williams et al. 2011). 

The relative importance of fishing, habitat and island type in structuring fish 

communities has been examined in more detail by Pinca et al. (2012) and Taylor et 

al. (2014) which, similar to our study found the relative impact of habitat to be 

considerably greater than that of population density and associated fishing pressure. 

Although fishing undoubtedly has an effect on fish populations and even lower 

human population densities than observed in this study are known to impact coral 

reef communities (Dulvy et al. 2004b), our findings reiterate the importance of 

quantifying habitat variables before conclusions are drawn about fishing impacts. 

 

The small number of islands sampled during this study limited our inference about 

underlying biogeographic patterns and the role of island size and type affecting the 

proportion of trophic groups (MacNeil et al. 2009; Pinca et al. 2012). For example, 

herbivores in the Pacific are generally less abundant than other functional groups at 

atolls and oceanic islands, and more abundant at complex islands and sites with large 

coastal reefs (Pinca et al. 2012). Despite similar benthic habitat composition between 

Lamotrek and Satawal, the stark difference between biomass of trophic groups other 

than herbivores could be due to differences in reef type, which is known to affect fish 

community structure (Gust et al. 2001; Pinca et al. 2012; Taylor et al. 2014) and life 

history traits (Taylor 2014). The higher proportion of piscivores (including sharks) 

at Lamotrek may be partly due to the size of the lagoon, which has been previously 

correlated with the abundance of these predatory species (MacNeil et al. 2009). Even 
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low levels of fishing pressure are expected to impact reef shark populations (Robbins 

et al. 2006) and although we are not sure if island communities at Lamotrek fished 

for sharks, shark fishing is practiced by people on Satawal where dried fins were 

observed and used as a commodity to trade with infrequently passing tuna fishing 

vessels.   

 

Herbivores, particularly parrotfishes and surgeonfishes are commonly targeted in 

coral reef fisheries in Micronesia (Houk et al. 2012). Although a global study found 

herbivore biomass to be on average over twice as high at locations not accessible to 

fisheries (Edwards et al. 2013), we found biomass to be most affected by habitat, 

which complicated comparisons related to fishing effects across the islands sampled. 

Habitat composition was however similar between Sorol and Ifaluk, and despite 

Ifaluk’s population of over 500 people who depend on the surrounding reefs for an 

important part of their diet, the mean size of herbivores on the shallow reefs were 

larger at Ifaluk and there was no significant difference in biomass between the 

populated and unpopulated reefs. It may be the strong customary-management and 

high regard on sustainable fishing practices at Ifaluk that has minimised the potential 

impact on herbivorous species. For example fishing technology such as monofilament 

gill gets and the use of underwater flashlights for spearfishing at night has been 

prohibited. Indeed the use of these two fishing methods has been implicated in large 

catches of herbivorous species on coral reefs (Rhodes et al. 2008; Cinner et al. 2009; 

Graham et al. 2013) and such gear restrictions have been suggested for other parts of 

Yap State (Smith 1993) and the greater Micronesian region (Rhodes et al. 2011b).  

 

Minimising catches of herbivores is regarded as an important management strategy 

for the resilience of coral reefs, as these fish have functionally important roles of 

grazing turf algae after coral mortality, or browsing on established fleshy algae 

(Cinner et al. 2009; Graham et al. 2013). Sorol and Ifaluk had a relatively high cover 

of coral, whereas Lamotrek and Satawal had proportionally greater covers of 

macroalgae. Although much of the literature suggests the proliferation of macroalgae 

reflects the overfishing of herbivores as grazing intensity is critically important for 

preventing macroalgal blooms (Hughes et al. 2007; Mumby & Steneck 2008), there 

are also examples of islands where high cover of macroalgae occur naturally on 

uninhabited and unfished tropical reefs (Vroom 2010; Bruno et al. 2014). Macroalgae 
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recorded in this study were predominately the fleshy green algae Microdictyon spp. 

and the coralline algae Halimeda spp., both of which have been observed at 

unpopulated reefs in the Pacific, thus challenging the commonly perceived image of 

“healthy” reefs being dominated by live coral (Vroom et al. 2006; Vroom 2010; Bruno 

et al. 2014). Although there are no other quantitative marine surveys published at 

these islands, observations in the year 2000 also described reef slopes at these and 

other nearby islands to have high cover of Microdictyon algae (R. Myers, pers comm.). 

The question remains if this level of algae would have naturally dominated these 

reefs, or if these reefs were impacted and had not recovered from impacts such as 

coral bleaching, starfish outbreaks or cyclones. 

 

People residing on these remote islands are highly dependent on fish for food 

security. Although we did not quantify the relative uses of fishing methods and the 

catch composition, reef fish are reported as the main source of protein supporting 

these human populations (Bates & Abbott 1958; Sudo 1984; Smith 1992). A study of 

the Ifalukan diet in 1953 by Bates and Abbott (1958) documented 105 g of fish was 

eaten per person per day on average, which equates to a yearly per capita fish 

consumption of 38 kg. This level of fish consumption, although on the high end of the 

range for Melanesia (Labrosse et al. 2006), it is still surprisingly low compared to 

other calculations for the Federated States of Micronesia, of 44 kg (Gillett 2011) and 

96 kg (Bell et al. 2009). It is important to note here that pelagic species such as tuna 

are also important in this region, especially on Satawal where there is no lagoon and 

limited reef area (Gillett 1987; Smith 1992). Furthermore, long distance journeys 

with sailing canoes can be made to other fishing grounds, for example people from 

Satawal will travel to the uninhabited atolls of West Fayu (280 km) and Pikelot (90 

km) to catch fish and turtles (Sudo 1984). As there is no import or export of fish at 

these islands, an updated estimate on fish consumption at these small islands would 

prove useful for estimating harvest rates and the sustainability of these fishery 

resources. Issues arising around food security at these low lying islands is further 

compounded from sea-level rise through an increased risk of seawater inundation, 

shoreline erosion and groundwater salinisation which can devastate terrestrial food 

crops and drinking water supplies (Richmond et al. 1997; Nunn 2013). Although it is 

somewhat promising that fish populations in deeper waters may be less affected by 

impacts facing shallower depths, we suggest further studies examining the potential 
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for depth refuge across gradients of disturbance and how a changing climate will 

impact reef habitat and associated food resources at these remote islands 
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Supporting materials – Chapter 4 

 

 
Figure S4.1. Images of habitat: (a) High complexity reef slope and (b) high coral 

cover typical of Sorol and Ifaluk. (c) Low complexity reef slope and (d) low 

complexity and low relief macroalgae dominated reef commonly encountered at 

Lamotrek and Satawal. 
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Figure S4.2. Conditioning plots showing the direction of significant interaction terms 

identified with GAMMs. The left panel of each plot shows the shallow (S) depth and 

the right panel shows the deep (D) depth. The continuous predictor variables are 

along the x-axis with all population density interactions shown on the left column.  
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Table S4.1. Species list for all species recorded. Trophic classifications are 

abbreviated for primary consumers (PC), planktivores (PL), secondary consumers 

(SC), piscivores (PI) and sharks (SH). Numbers represent the summed count at each 

island and depth (shallow [S] and deep [D]).  

 

  
 

                                                  Trophic Sorol Ifaluk Lamotrek Satawal 

Family Fish species                                           group     Target S D S D S D S D 
Acanthuridae Acanthurus lineatus PC X          45   

Acanthurus mata PL X        1    

Acanthurus nigricans PC  88 44 197 59 85 55 181 14 

Acanthurus nigricauda PC X 7 3 5 2 8 17 4 19 

Acanthurus nigrofuscus PC  41 24 191 34 265 52 381 84 

Acanthurus nigroris PC X    11   10   20   

Acanthurus nubilus PL X           2 

Acanthurus olivaceus PC X 13 7 4 12 46 23 7 12 

Acanthurus pyroferus PC X 8 37 10 65 43 79 23 80 

Acanthurus thompsoni PL  1 142 30 236 9 17 101 148 

Ctenochaetus binotatus PC  30 36 6 42 5 12  3 

Ctenochaetus hawaiiensis PC        1 4    

Ctenochaetus striatus PC  173 108 536 204 222 148 585 70 

Naso brevirostris PL X 5 17  6 1      

Naso caesius PL X        1    

Naso hexacanthus PL X  43  4  13  18 

Naso lituratus PC X 1   11 12 10 9 14 17 

Naso minor PL X           4 

Naso unicornis PC X  6    2    1 

Naso vlamingii PL X 1 35 11 42 5 3 1 47 

Paracanthurus hepatus PL X       1      

Zebrasoma scopas PC X    3 36 6 10 2 2 

Zebrasoma veliferum PC X 2 5 3 4 1    2 

Balistidae Balistapus undulatus SC X 32 34 54 63 96 59 29 76 

Balistoides conspicillum SC X 1   1 1  1    

Balistoides viridescens SC X    2 2  2    

Melichthys niger PL     19   3 1 1   

Melichthys vidua PC  52 17 55 19 61 71 130 112 

Odonus niger PL  1 10 17   137 233 12 83 

Pseudobalistes flavimarginatus SC X     1     1 

Sufflamen bursa SC  2 1 7 5 11 13 11 15 

Sufflamen chrysopterum SC     5   22 4 16 1 

Xanthichthys auromarginatus PL         1 2 30 

Carangidae Carangoides orthogrammus PI X        2    

Caranx ignobilis PI X    1         

Caranx lugubris PI X     1     1 

Caranx melampygus PI X 1 3  1       

Caranx sexfasciatus PI X    100      23 13 

Elagatis bipinnulata PI X     20  6    

Carcharhinidae Carcharhinus amblyrhynchos SH X        9    

Carcharhinus melanopterus SH X 2      3      

Triaenodon obesus SH X  2    1 3  1 

Chaetodontidae Chaetodon auriga SC  3   2 1 4      

Chaetodon bennetti SC         1  1 

Chaetodon citrinellus SC     4   18 1 23 1 

Chaetodon ephippium SC     3 2 2      

Chaetodon kleinii PL   2 2 1 3 10  4 

Chaetodon lunula SC        3   2   

Chaetodon lunulatus SC   5 10 7 9 5    

Chaetodon melannotus SC      1       

Chaetodon mertensii PC   1          

Chaetodon ornatissimus SC            1 

Chaetodon punctatofasciatus SC   9 5 1 9 6 1 4 

Chaetodon reticulatus SC  51 12 43 21 20 9 32 4 

Chaetodon ulietensis SC     10 7 5   1 2 

Chaetodon vagabundus SC  3   4         

Forcipiger flavissimus SC  10 12 16 34 13 17 26 6 

Forcipiger longirostris SC      4    1   
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Forcipiger spp SC  3 2  4       

Hemitaurichthys polylepis PL     3 50 1 4 1 2 

Heniochus chrysostomus SC  1 3 3 6 6 1 2   

Heniochus monoceros SC   2     3    

Heniochus varius SC     1 1 8      

Ephippidae Platax orbicularis SC X        3    

Epinephelidae Aethaloperca rogaa PI X 1    1  8 1   

Anyperodon leucogrammicus PI X     2       

Cephalopholis argus PI X 34 20 26 25 2 9 10 5 

Cephalopholis miniata PI X           2 

Cephalopholis sexmaculata PI X           2 

Cephalopholis sonnerati PI X        2    

Epinephelus fasciatus PI X        11    

Epinephelus macrospilos PI X       1   1   

Epinephelus melanostigma PI X  1     1    

Epinephelus polyphekadion PI X     2       

Epinephelus spilotoceps PI X  5 4 3 2 1 1   

Gracila albomarginata PI X  3 1 10 2 12  20 

Plectropomus laevis PI X     3 1 1  1 

Plectropomus leopardus PI X        1  1 

Variola louti PI X 6 7 4 2 4 3 8 26 

Ginglymo-
stomatidae 

Nebrius ferrugineus SH X       1      

Haemulidae Plectorhinchus albovittatus SC X  2     3  2 

Plectorhinchus gibbosus SC X       9      

Plectorhinchus lineatus SC     2 1       

Plectorhinchus vittatus SC     2 1 3 6  5 

Kyphosidae Kyphosus cinerascens PC X       2      

Labridae Bodianus bilunulatus IP SC X        7    

Bodianus bilunulatus TP SC X       1 1    

Cheilinus fasciatus IP SC X    14 20  2    

Cheilinus oxycephalus IP SC      19       

Cheilinus trilobatus IP SC X 9 13 24 2 31 17 7 12 

Cheilinus trilobatus TP SC X  3 1       4 

Cheilinus undulatus IP SC X 1          1 

Coris aygula IP SC X 2          4 

Coris aygula TP SC X  1  1     1 

Coris gaimard IP SC X    1   1 13 1 5 

Epibulus insidiator IP SC X 6 2 34 30 12 10 1 1 

Epibulus insidiator TP SC X  2 9 17 3 6    

Hemigymnus fasciatus IP SC X 2   7 11 4   3 2 

Hemigymnus melapterus IP SC X 1    5 1      

Hemigymnus melapterus TP SC X     1  1    

Oxycheilinus digramma IP PI   4 6 8  14  5 

Oxycheilinus unifasciatus IP PI  14 21 40 34 42 29 27 40 

Oxycheilinus unifasciatus TP PI  1 2 2 4 1 2  4 

Labridae 
Tribe: scarinae 

Calotomus carolinus IP PC X 6 8 4 1     2 

Calotomus carolinus TP PC X 3   3 4       

Cetoscarus bicolor IP PC X 3 1 9 4 3 1    

Cetoscarus bicolor TP PC X 2   4 3 2 1    

Chlorurus bleekeri IP PC X 1            

Chlorurus bleekeri TP PC X 1            

Chlorurus frontalis IP PC X       1   1   

Chlorurus frontalis TP PC X  1          

Chlorurus japanensis TP PC X 1            

Chlorurus microrhinos IP PC X 8 15 35 10 24 31 1 10 

Chlorurus microrhinos TP PC X 3 13 10   5 2 1 9 

Chlorurus spilurus IP PC  239 100 287 164 51 54 3 2 

Chlorurus spilurus TP PC X 50 31 85 92 26 17 2 2 

Hipposcarus longiceps IP PC X  1 8 4  2  1 

Scarus dimidiatus IP PC X     1 2      

Scarus dimidiatus TP PC X  1    2      

Scarus festivus IP PC X 84 11 35 22 39 33 1 10 

Scarus festivus TP PC X 4 2 3 3 3    2 

Scarus forsteni IP PC X 44 18 50 7 13 6 4 6 

Scarus forsteni TP PC X 22 7 14 6 3 3 1 1 

Scarus frenatus IP PC X     4       

Scarus frenatus TP PC X    3 3       

Scarus fuscocaudalis IP PC X  16 1 14 1 25  20 

Scarus fuscocaudalis TP PC X  6  8  4  4 

Scarus niger IP PC X 50 17 85 97 33 41 6 12 

Scarus oviceps IP PC X    1 4       
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Scarus oviceps TP PC X    6 6       

Scarus prasiognathos IP PC X    1         

Scarus prasiognathos TP PC X    1   1      

Scarus psittacus IP PC  2 2 16 3 1   3   

Scarus psittacus TP PC X 2   3 7       

Scarus rubroviolaceus IP PC X 8   13 3 7 2 17 8 

Scarus rubroviolaceus TP PC X 1   3 3  5  7 

Scarus schlegeli IP PC X 1 7 8 15 16 44 2   

Scarus schlegeli TP PC X 4 6 12 23 13 14 1   

Scarus spinus IP PC X 1    2       

Scarus spinus TP PC X 2   3   1 1    

Scarus spp (Unidentifed) IP PC  1 13 5   21 28 5 5 

Scarus xanthopleura IP PC X     1  1  1 

Lethrinidae Gnathodentex aureolineatus SC X    55   59 19  9 

Lethrinus erythracanthus SC X 1 2  5 2 6 1 19 

Lethrinus obsoletus SC X 1            

Lethrinus xanthochilus PI X 1 1          

Monotaxis grandoculis SC X 21 11 85 51 40 34 2 50 

Lutjanidae Aphareus furca PI X 13 7 10 32 9 10 3 9 

Aprion virescens PI X       2 2    

Lutjanus bohar PI X 5 4 2 12 35 3 2 19 

Lutjanus fulvus SC X    2    6  26 

Lutjanus gibbus SC X 33 24 92 185 28 30  57 

Lutjanus kasmira SC X       2 5    

Lutjanus monostigma PI X 9 9 12 41 3 21  77 

Macolor macularis PL X  3 3   2 1  7 

Macolor niger PL X    5 2     4 

Macolor spp PL X 5 8  25 16 26  81 

Monacanthidae Cantherhines dumerilii SC X 3            

Cantherhines pardalis PC     2 1 1   2   

Mullidae Mulloidichthys vanicolensis SC X    6 6 7 39  122 

Parupeneus barberinus SC X        1  4 

Parupeneus cyclostomus PI X  1    1 2    

Parupeneus insularis SC X 2   7 4 3   6 7 

Parupeneus multifasciatus SC X 3 29 44 45 26 44 74 84 

Parupeneus pleurostigma SC X        4  1 

Scombridae Gymnosarda unicolor PI X  2  1  6  3 

Serranidae Aethaloperca rogaa PI X 1    1  8 1   

Anyperodon leucogrammicus PI X     2       

Cephalopholis argus PI X 34 20 26 25 2 9 10 5 

Cephalopholis miniata PI X           2 

Cephalopholis sexmaculata PI X           2 

Cephalopholis sonnerati PI X        2    

Epinephelus fasciatus PI X        11    

Epinephelus macrospilos PI X       1   1   

Epinephelus melanostigma PI X  1     1    

Epinephelus polyphekadion PI X     2       

Epinephelus spilotoceps PI X  5 4 3 2 1 1   

Gracila albomarginata PI X  3 1 10 2 12  20 

Plectropomus laevis PI X     3 1 1  1 

Plectropomus leopardus PI X        1  1 

Variola louti PI X 6 7 4 2 4 3 8 26 

Siganidae Siganus argenteus PC X  4 40 4 59 44    

Siganus punctatus PC X     3       

Sphyraenidae Sphyraena forsteri PI X        74    

Zanclidae Zanclus cornutus SC   3 1 17 9 10 15 9 7 
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Abstract 

Underwater visual census using SCUBA is a commonly used method for assessing 

reef fish communities. Evidence suggests, however, that fish avoid divers due to the 

sound of bubbles produced by open-circuit SCUBA, and avoidance behaviour is more 

pronounced as fishing pressure increases. Despite the potential for producing biased 

counts and conclusions, these behavioural effects have rarely been quantified, 

especially when assessing the effectiveness of marine protected areas (MPAs). To 

test the magnitude of avoidance behaviour we surveyed fish populations inside and 

outside two MPAs, using two diving systems: standard open-circuit (OC) SCUBA and 

a closed-circuit rebreather (CCR) that produces no bubbles. Data was collected using 

a diver operated stereo-video system (stereo-DOV), which provided counts of 

relative abundance, measures of fish length and the minimum approach distance of 

the diver to a fish. Inside MPAs, fish surveys conducted with OC SCUBA recorded 

similar community metrics to fish surveys conducted with CCR. In contrast, outside 

the MPAs, the bubble-free diving system recorded 48% more species and up to 260% 

greater fish abundance. These differences reflected the ability of a diver wearing the 

silent CCR unit to sample the larger, most heavily targeted species that are shy of 

divers in fished areas. This difference was also large enough to change our result 

from “reject” to “accept” the null hypothesis of “no significant differences exist 

between fished and protected areas”. The use of closed-circuit rebreather for fish 

surveys clearly minimises behavioural biases associated with fish avoiding open-

circuit SCUBA divers. We recommend the use of this bubble-free diving system for 

surveys assessing reef fish populations, especially in areas where fish are heavily 

targeted by spearfishing. If fish behaviour is not controlled for, surveys using SCUBA 

could result in erroneous conclusions when comparing fished and protected areas. 

While the behaviour of fish towards divers is rarely mentioned in conclusions from 

studies using underwater visual census, it is an important source of bias that should 

be acknowledged and minimised where possible.  
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Introduction 

Ecological field studies require survey techniques that can accurately and 

consistently measure the relative abundance, size and distribution of organisms. 

Observational census techniques have long been used for non-cryptic mobile 

organisms such as large mammals, birds and fish (Thresher & Gunn 1986; Pollock & 

Kendall 1987; Thompson 2002). However, the presence of an observer has been 

shown to have an effect on animal behaviour with semaphore crabs (MacFarlane & 

King 2002), vervet monkeys (McDougall 2012) and burrowing owls (Manning & 

Kaler 2011) all changing their behaviour as a result of an observer being present. In 

the marine realm, Stoner et al. (2008) observed that their largest bias when sampling 

fishes with a remote operated vehicle (ROV), was associated with fish attracted to, or 

avoiding the ROV outside the field of view. They concluded that the distance at which 

fish behavior changed was unknown and that it was important to understand and 

quantify the effects of observational bias so that it can be incorporated into the 

survey design. 

 

On coral reefs, resident fish populations are typically surveyed by SCUBA divers 

using underwater visual census (UVC) methods (e.g. Thresher & Gunn 1986; 

Samoilys & Carlos 2000). It is one of the most popular methods as it does not require 

a lot of equipment and is therefore a cost-effective means of surveying reef fish in 

shallow waters. Yet SCUBA diving is recognised as an intrusive activity that can 

influence fish behaviour thereby distorting any measure of their distribution and 

abundance (Lobel 2001; Schmidt & Gassner 2006; Dickens et al. 2011). Early 

research using underwater sonar found that fish could detect divers well before the 

divers saw the fish and that this could have significant impacts on population 

estimates (Chapman et al. 1974; Chapman & Atkinson 1986; Stanley & Wilson 1995). 

Despite these recognised biases, only ~30% of 100 UVC studies conducted between 

1999 and 2009 acknowledge any potential effect that the presence of a SCUBA diver 

might have on fish behaviour and population estimates (Dickens et al. 2011). 

Although some authors have stated that changes in fish behaviour could impact UVC 

results, the interaction between observers and fish is rarely quantified. 
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Biases due to altered fish behaviour are assumed not to be an issue for fish surveys if 

the biases are consistent across the spatial scales investigated. However, recent 

studies suggest that fish behaviour may change at small spatial scales, particularly 

inside and outside areas closed to fishing. For example, targeted fish species will 

consistently flee from an observer at a greater distance in fished areas compared to 

protected areas (Gotanda et al. 2009; Feary et al. 2011; Januchowski-Hartley et al. 

2013). Moreover, avoidance behaviour of fish towards SCUBA divers becomes 

greater with increasing disturbance levels, especially in areas targeted by 

spearfishers (Kulbicki 1998; Guidetti et al. 2008). Whereas in protected areas, fish 

can become accustomed or attracted to SCUBA divers when presented with food 

(Chapman et al. 1974; Cole 1994). It is therefore imperative we recognise that fish 

behaviour towards SCUBA divers might influence population estimates of fishes in 

areas of different fishing pressure. 

 

While a comprehensive assessment of the stimuli associated with fish avoidance 

behaviour has not been done, sound has been implicated as a significant contributing 

factor (Chapman et al. 1974; Lobel 2005; Cole et al. 2007). The noise level of bubbles 

emitted from open-circuit (OC) SCUBA diving is in the low frequency range (<400 

Hz), where fish hearing is most sensitive (Popper 2003; Lobel 2005; Radford et al. 

2005). Additionally, bubbles create a visual disturbance barrier (Sharpe & Dill 1997) 

which adds to the overall impact associated with SCUBA based UVC methodology. 

Removing bubbles as a source of disturbance should therefore create a more serene 

environment within which to conduct UVC and result in data that more accurately 

reflects the natural state of the fish assemblages being surveyed.  

 

Use of a closed-circuit rebreather (CCR) does not produce bubbles if operated at a 

constant depth, hence providing a suitable tool for estimating the effects of SCUBA 

derived bubbles on the quality of data collected by diver surveys. While the CCR 

diving technique has been recommended for behavioural observations of marine life 

since the 1970s (Collette & Earle 1972; Hanlon et al. 1982; Lobel 2001), there have 

been few studies comparing OC SCUBA and CCR for quantitative fish surveys (see 

Cole et al. 2007 for the use of semi-closed circuit rebreather). One example by 

Rhodes et al. (2014) on a fish spawning aggregation found that the density estimates 

of one species of grouper (Epinephelus polyphekadion) to be three times greater 
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when surveyed with CCR compared to OC, a result that was attributed to the impact 

of SCUBA exhaust on the behaviour of this species. However, this observation was 

from only one day of sampling and there was a lack of details on how the surveys 

were completed. Our study was designed to robustly quantify bubble effects through 

comparisons of fish community metrics collected by the two different diving 

techniques. By minimising fish avoidance behaviours, we expected that a diver using 

CCR could approach closer and hence record a greater diversity, abundance and 

biomass of fish than divers using OC SCUBA. We included an interaction effect with 

marine protected areas (MPAs) to specifically investigate the hypothesis that fishing 

pressure creates behavioural changes in fish which may increase the differences 

between diving techniques.  

 

Methods 

Study area 

Fish surveys were conducted on the coral reefs of Guam, the largest and 

southernmost of the Mariana Islands in Micronesia (Fig. S5.1). Guam has a network 

of marine protected areas (MPAs) that provide reference areas for the impact of 

fishing on the fringing coral reefs. Enforced in 2001, the protected areas are not 

strictly no-take areas (allowing limited fishing from shore and trolling for pelagic 

species), but they do prohibit spearfishing within their boundaries (Burdick et al. 

2008). 

 

Two locations were chosen, each of which included an MPA and adjacent area of 

similar size and habitat (Fig. S5.1). The Guam West location included the Tumon Bay 

Marine Preserve which covers 4.52 km2 (Burdick et al. 2008). Due to the proximity to 

the main population centre, recreational SCUBA divers frequently visit the MPA and 

enforcement is high. The other location, Guam South, which includes the Achang 

Marine Preserve (4.85 km2), is located away from the main population centre and 

only rarely visited by recreational divers. 

 

Survey equipment 
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Surveys were conducted using a closed-circuit rebreather (CCR; Inspiration Classic, 

Ambient Pressure Diving Ltd) and standard open-circuit (OC) SCUBA equipment. 

When using a CCR, exhaled breath is recirculated through a chemical carbon-dioxide 

absorbent material and oxygen is only added to replace that lost through metabolism 

(Sieber & Pyle 2010). Hence CCRs do not produce bubbles if used at a constant depth. 

This is in contrast to the commonly used OC diving system where each breath of gas 

is delivered from a compressed air cylinder and expelled into the water through a 

demand-valve regulator. 

 

A diver operated stereo-video system (stereo-DOV) was used to sample reef fish 

(Watson et al. 2010). The stereo configuration of the video cameras (Sony HDR-

CX12) allow accurate measurements of fish length, distance between the video 

camera and the focal fish, and allows the sampling area to be standardised (Shortis et 

al. 2009). The configuration, accuracy and precision of the camera system used in 

this study has been presented in detail by Harvey et al. (2010).  

 

Data collection 

Diving surveys. At each location (Guam West and Guam South), three sites were 

sampled inside and outside the MPAs using CCR and OC diving techniques. Fish were 

surveyed along five replicate transects 50 m long by 5 m wide (250 m2 of reef) at 

each site. The transect dimension and level of replication was chosen as it is 

commonly used for quantifying coral reef fishes (Halford & Thompson 1994; 

Samoilys & Carlos 2000). The length of transect was calculated and marked out using 

a modified hip chain counter (Chainman Industries) which leaves a thin line of 

biodegradable cotton on the reef. The use of cotton avoids the presence of fiberglass 

tape measures which may also affect the fish community during repeat surveys 

(Dickens et al. 2011). The same transects were sampled by each diving technique 

with the starting order of sites and techniques randomized. A time-out period of 60 

minutes was taken between repeat sampling of the same area to reduce disturbance 

on the fish community between surveys. A total of 120 transects were completed (60 

from each of the CCR and OC systems) in June 2011 (Guam West) and October 2011 

(Guam South). 
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Video analysis. Stereo-video footage was analysed using the software 

EventMeasure-Stereo (SeaGIS Pty Ltd) which logs and records the stereo coordinates 

of each measurement. We identified and measured the length of all non-cryptic fish 

species that are regularly caught in Guam’s coral reef fishery and the conspicuous, 

non-target families Chaetodontidae, Pomacanthidae and Zanclidae (Table S5.1). Fish 

lengths were measured at the closest point to the diver, but if the diver approached 

the fish at a closer distance where the length measurement was not possible (due to 

the angle of the fish or the camera view being obstructed), a “3D point” was recorded 

and used as the distance for the measured fish. We did not include fish that were 

outside the sampling area (2.5 m either side of the centre of the stereo-DOV) or at a 

distance greater than 10 m ahead of the cameras. For each fish we also recorded the 

conspecific group size, life phase i.e. initial phase (IP) or terminal phase (TP) of 

sexually dimorphic species, or if the fish was juvenile (usually <100 mm for targeted 

species).  

 

Minimum approach distance. For every fish sampled, the distance between the 

diver and the fish at its closest point was termed ‘minimum approach distance’. This 

was used as a measure of fish behaviour towards the diver and is similar to the 

measure of flight initiation distance used by other authors studying coral reef fish 

(Gotanda et al. 2009; Januchowski-Hartley et al. 2011). In contrast to flight initiation 

distance, distance was recorded for every fish on the transect, even if the fish did not 

flee and moved away during what appeared to be normal swimming activity. 

 

Biomass calculation. Biomass (grams) was calculated from length measurements 

(mm fork length) using length-weight relationships. Length-weight regression values 

were derived from fishery catch data in Guam (see Table S3.1), but when not 

available (i.e. for non-target species), these values were sourced from Kulbicki et al. 

(2005) or FishBase (Froese & Pauly 2013). Reef sharks (Carcharhinidae) were 

excluded from biomass analysis as their rare occurrence and large size would 

disproportionally affect biomass patterns when present. For individual fish that were 

not measured (e.g. being obscured from one of the camera views) we calculated 

biomass using an average length for that species from the site where it occurred. 

 

https://www.google.co.id/search?client=firefox-a&hs=WpO&rls=org.mozilla:en-GB:official&channel=sb&q=Carcharhinidae&spell=1&sa=X&ei=29imU4w21YTyBbzogbgN&ved=0CBkQvwUoAA


Silent fish surveys 

 114 

Grouping of fish. For data analysis, fish species were placed into 4 groups: fished, 

target, non-target and high value (Table S5.1). FISHED species included all non-

cryptic fish species that are regularly caught in Guam’s coral reef fishery (excluding 

juveniles). Parrotfish; scarines (family: Labridae, tribe: scarinae), and the 

surgeonfish, unicornfish and tangs; acanthurids (family: Acanthuridae) were 

analysed separately as they are the main family groups caught by spearfishing in 

Guam (Lindfield et al. 2014b). TARGET species from these two groups were selected 

by excluding species that were not targeted by spearfishers in Guam (desirability 

score <1) according to Bejarano et al. (2013). The larger brightly coloured terminal 

phase (TP) of the parrotfishes; Chlorurus spilurus (formally C. sordidus), Scarus 

globiceps and Scarus psittacus were classified as targeted, whereas the smaller initial 

phase (IP) were not. We further classified species as HIGH VALUE if desirability 

scores were >3 (Bejarano et al. 2013) or identified as significant contributors to reef 

fish catch in Guam (Houk et al. 2012), in addition to targeted species from families 

Lethrinidae, Epinephelidae, Lutjanidae and Carcharhinidae. 

 

Statistical analysis 

As our experimental design consisted of sites nested within MPA status and different 

diving techniques repeated on the same transects, mixed effects model techniques 

were used for the analysis of univariate response variables (Bolker et al. 2009; Zuur 

et al. 2009). Mixed effects models can account for dependencies within hierarchical 

groups through the introduction of random-effects and are well suited for repeated-

measures designs (Pinheiro & Bates 2000). All statistical modelling was conducted 

with the lme4 package (Bates et al. 2014) in the R language and environment (R Core 

Team 2014). Graphical plots were created with the ggplot2 package (Wickham 

2009). 

 

To test for differences in count data (abundance, biomass and species richness) we 

used generalised linear mixed models (GLMMs) on the untransformed data by fitting 

a Poisson distribution (log-link) using Laplace approximation (Bolker et al. 2009). 

The optimal random effects structure was determined (using log likelihood ratio 

tests) after fitting the full model with varying random effect structures (Zuur et al. 

2009). This process consistently resulted in a random intercept for Site and random 
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slope of Technique within Transects with a correlated intercept. Including transects 

into the design (with different random effects structure between the different diving 

methods) also assured the model was not over-dispersed. We then ran the full model 

with the categorical variables Status (MPA or fished) and Technique (OC or CCR) and 

their interaction as fixed effects and checked model validation results (Bolker et al. 

2009; Zuur et al. 2009).  

 

Minimum approach distance of fishery targeted acanthurids, scarines and the non-

target chaetodontids were analysed using linear mixed models (LMMs) with 

Gaussian distribution. We included fixed effect covariables; group size and length of 

fish as they are known to influence flight initiation distance for reef fish (Gotanda et 

al. 2009; Januchowski-Hartley et al. 2011). Group size showed large non-normal 

variation and was therefore log transformed. Optimal random effect structure was 

typically similar to GLMM analyses but sometimes required a random group 

intercept for Transects. For the full model we tested the significance of each fixed 

effect using log likelihood ratio tests and non-significant effects were removed before 

re-running the analysis to obtain the optimal mixed model (Zuur et al. 2009). We 

present final model results with P-value significance calculated from t-tests using the 

lmerTest package in R (Kuznetsova et al. 2014). 

 

To test for differences in assemblage composition of all fish species recorded, we 

conducted permutational multivariate analysis of variance (PERMANOVA) using 

PRIMER v6 (Anderson et al. 2008). Analysis followed the same statistical design as 

the mixed models with Sites (nested within Status) and Transects (nested within 

Sites). Our experimental design was balanced and therefore PERMANOVA will be 

robust to heterogeneity when testing for differences in the location of centroids 

among the groups (Anderson & Walsh 2013). A Bray-Curtis dissimilarity matrix was 

created between every pair of observations to focus on the change in the 

composition of species identities. Prior to analysis, biomass data was ln(x+1) 

transformed to remove large differences in scale among the original variables 

(Anderson & Willis 2003). Principal coordinate analysis (PCO) was then used to 

examine the relationships between the samples through a direct projection defined 

by dissimilarities (Anderson & Willis 2003). Spearman rank correlations of |r| >0.45 

were used to show relationships between individual species and the PCO axes. 
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Results 

Fished species 

Abundance. Surveys conducted using OC SCUBA recorded 1.5 to 2.6 times the mean 

abundance of fished species within the MPA compared to fished areas at Guam South 

and Guam West respectively (Fig. 1a). In contrast, surveys using CCR recorded 

similar numbers of fish between MPA and fished areas at both locations with no 

overall effect of MPA status in the GLMM analysis and a significant interaction term 

of Status x Technique (Table S5.2). Furthermore, the magnitude of difference 

between the two diving techniques, particularly at Guam West revealed that CCR 

recorded 260% greater average fish abundance than OC SCUBA in fished areas (56.3 

vs 21.7 fish per transect), whereas numbers were similar within the MPA (Table S5.2, 

Fig. 1a).  

 

Biomass. Surveys conducted using OC SCUBA recorded over 5 times the mean of 

biomass of fished species inside the MPA compared to fished areas at Guam West, 

and 2.9 times the mean biomass at Guam South (Fig. 1b). CCR surveys also recorded 

greater biomass within the MPA at Guam West, but differences were of a smaller 

magnitude (2.4 times) and no MPA effect was evident at Guam South (Table S5.2, Fig. 

1b). In fished areas, less biomass of fish was recorded with OC, averaging only 30-40% 

of the biomass observed with diving with CCR (Fig. 1b). However in protected areas, 

these differences were not significant (Table S5.2, Fig 1b). 

 

Species richness. The number of fished species recorded between diving techniques 

was similar within MPAs (CCR=52 species, OC=53 species). In contrast, at fished sites, 

CCR recorded 48% more species than OC (49 vs 33). On a location basis, species 

richness values at Guam West were greater for CCR surveys than OC at both fished 

and protected sites, and both diving techniques recorded higher species richness 

within the MPA compared to fished areas (Table S5.2, Fig. 1c). Whereas at Guam 

South, lower species richness was observed only when surveys conducted with OC in 

fished areas (Table S5.2, Fig. 1c).  
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Figure 5.1. Boxplots comparing (a) abundance, (b) biomass and (c) species richness 

of fished species between MPA and fished areas for each diving technique. Mean 

values are displayed as diamonds for each contrast and values from replicate 

transects are depicted in colour for diving techniques (orange: OC, blue: CCR). 
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Target and non-target groups 

Abundance. Targeted acanthurid (surgeonfish, unicornfish and tangs) abundance 

was very low in fished areas at Guam West, irrespective of diving technique. Whereas 

at Guam South there was little difference between MPA and fished areas, but less fish 

were recorded with OC diving compared to CCR (Table S5.3, Fig. 5.2a). Likewise, the 

abundance of targeted scariness (parrotfish) was lower when surveyed with OC 

compared to CCR at fished locations but not within MPAs (Table S5.3, Fig. 5.2b). At 

the Guam West location, differences between MPA and fished areas were most 

pronounced when surveys were conducted with OC SCUBA. In contrast, the non-

target chaetodontids (butterflyfish) showed no significant differences in biomass due 

to MPA status or between diving techniques (Table S5.3, Fig. 5.2c).   

 

 
Figure 5.2. Boxplots comparing the abundance (left panel) and minimum approach 

distance (right panel) between MPA and fished areas for each diving technique. Fish 

groups are compared along rows for (a,d) acanthurids, (b,e) scarines and (c,f) 

chaetodontids. Each replicate value is depicted in colour for diving techniques 

(orange: OC, blue: CCR). 
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Minimum approach distance. With the exception of scarines at Guam South, OC 

diving in fished areas had the greatest average minimum approach distance for 

targeted fish groups (Table 1, Fig. 2d,e). This greater minimum approach distance 

indicates that fish avoid the observer by staying further away, and also corresponds 

to the lowest biomass values (Fig. 2a,b). At the fished areas of Guam West, a diver 

using OC SCUBA would not approach these targeted species closer than 5 m on 

average (Fig. 2d,e). The use of CCR at the same sites allowed the diver to approach 

acanthurids on average 1 m closer than OC diving (5.3 vs 4.3 m) and 2 m closer for 

scarines (6.1 vs 4.0 m). Group size and fish length were also important explanatory 

variables (Table 1). Increasing length was positively associated with increasing 

minimum approach distance (i.e. large fish would stay further from the diver), 

whereas a larger group size would generally allow divers to approach the fish closer. 

For the non-targeted chaetodontids, distance of approach was not affected by diving 

technique or MPA status (Table 1, Fig. 2f). 

 

Table 5.1. Summary table of the optimal LMMs for minimum approach distance (m). 

  Guam West   Guam South 

Effect Estimate SE t value Pr(>|t|)   Estimate SE t value Pr(>|t|) 

Acanthurids                   

(Intercept) 3.51 0.41 8.63 <0.001   4.07 0.68 5.96 <0.001 

Status - MPA -1.04 0.40 -2.62 0.046           

Technique - OC 0.54 0.22 2.53 0.012   0.92 0.47 1.94 0.066 

Length 0.01 0.00 9.12 <0.001   0.01 0.00 3.89 <0.001 

Group size -0.83 0.31 -2.72 0.007   -1.30 0.17 -7.79 <0.001 

Scarines                   

(Intercept) 1.03 0.50 2.05 0.047   0.65 0.48 1.35 0.178 

Status - MPA -0.77 0.42 -1.84 0.128   -0.49 0.36 -1.37 0.179 

Technique - OC 1.94 0.38 5.14 <0.001   0.33 0.28 1.18 0.241 

Status*Tech. -1.00 0.43 -2.31 0.021   1.05 0.39 2.67 0.008 

Length 0.01 0.00 7.08 <0.001   0.02 0.00 8.59 <0.001 

Group size           -0.31 0.14 -2.25 0.025 

Chaetodontids                   

(Intercept) 4.16 0.27 15.46 <0.001   1.68 0.53 3.16 0.002 

Length -1.01 0.16 -6.20 <0.001           

Group size           0.02 0.00 3.50 0.001 
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Assemblage structure 

At Guam West, fish assemblages differed between diving techniques at fished sites 

but not at MPA sites (significant interaction of Status x Technique; Table S5.4). A 

similar trend was also apparent at Guam South, however it was not significant at the 

p<0.05 level (p=0.077). Assemblage differences are visualised with a PCO ordination 

(Fig. 5.3), which illustrated separation of the OC fished replicates from the CCR fished 

replicates, the latter being dispersed amongst samples from the MPA (Fig. 5.3). At 

Guam West, the separation between diving techniques at fished sites was primarily 

correlated with the biomass of small bodied herbivorous species on the first PCO axis, 

particularly the numerically dominant initial phase (IP) parrotfish Chlorurus spilurus 

and Scarus psittacus. 
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Figure 5.3. Principal coordinate analysis (PCO) for fish assemblage biomass at (a) 

Guam West and (b) Guam South. Species correlations are indicated by the length and 

direction of vectors. 
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High value species 

Fifteen of the 31 high value species wre not observed using OC in fished areas, but 

were recorded with CCR (Table 5.2). Yet there were no occurrences where high value 

species were seen in fished areas with OC but not observed with CCR. Some species 

were not observed at all using OC, including the large, commercially valuable 

parrotfish Chlorurus microrhinos, two species of emperor Lethrinus spp. and the 

snapper Lutjanus gibbus. In fished areas, the total number of high value fish counted 

was almost 4 times greater (37 vs 146) when using CCR compared to OC, whereas 

numbers were similar (256 vs 250) in protected areas. 

 

Table 5.2. Number of high value individuals recorded for each diving technique at 

MPA and fished areas. Data summed across locations.  

 
Fished MPA 

High value species OC CCR OC CCR 
Cephalopholis argus - - - 2 
Naso tonganus - - - 10 
Lethrinus rubrioperculatus - - 2 - 
Cetoscarus bicolor - - 4 - 
Caranx melampygus - - 2 1 
Epinephelus fasciatus - - 2 2 
Siganus punctatus - - 2 2 
Variola louti - - 3 7 
Scarus festivus - - 13 9 
Carcharhinus melanopterus - 1 - - 
Lethrinus harak - 1 - - 
Acanthurus lineatus - 7 - - 
Acanthurus triostegus - 8 - - 
Siganus spinus - 13 - - 
Lutjanus gibbus - 1 - 3 
Chlorurus microrhinos - 4 - 2 
Lethrinus obsoletus - 5 - 1 
Hipposcarus longiceps - 1 1 - 
Lutjanus monostigma - 1 5 1 
Siganus argenteus - 2 2 2 
Naso unicornis - 2 2 8 
Scarus rubroviolaceus - 6 12 15 
Lutjanus fulvus - 6 5 7 
Kyphosus cinerascens - 10 41 27 
Epinephelus merra 1 1 - - 
Macolor spp 1 2 - 2 
Monotaxis grandoculis 1 2 10 27 
Scarus altipinnis 2 6 58 24 
Aphareus furca 3 1 12 7 
Scarus schlegeli TP 7 10 12 17 
Naso lituratus 22 56 68 74 

Total 37 146 256 250 
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Discussion 

Our use of a silent diving system highlighted significant inaccuracies associated with 

the use of conventional SCUBA to collect visual census data on fish assemblages. 

These inaccuracies were most pronounced when surveys were conducted on reef fish 

that are targeted through spearfishing. A principal behavioural change in these 

exploited communities was strong diver avoidance, which resulted in depauperate 

assessments when using open-circuit (OC) SCUBA. Use of a silent diving system 

moderated this behaviour to the extent that species richness values were 48% higher 

and estimates of relative abundance and biomass ~ 200-300% greater within heavily 

fished areas. These results highlight the general importance of identifying all major 

sources of error associated with sampling populations in such variable 

environments. More specifically, it indicates how such errors can result in erroneous 

conclusions being drawn on the impacts of fishing and the effectiveness of marine 

protected areas (MPAs). Given the ubiquitous nature of SCUBA assessments in 

marine research and the pre-eminent role of MPA’s as management bulwarks against 

overfishing, these results have widespread implications and validity. 

 

By producing depressed counts of targeted fish in unprotected areas, the use of OC 

SCUBA resulted in inflated assessments of the effectiveness of MPAs. Differences 

between OC and closed-circuit rebreather (CCR) were largely negated when counts 

were made within the MPAs where fish were not unduly disturbed by the presence of 

OC divers. In contrast, our control species, the butterflyfishes, which are not a target 

for fishing, showed no differences between protected and fished areas nor between 

diving techniques. It was suggested as long as fifteen years ago that the acquired 

behaviour of fish could result in erroneous conclusions when comparing marine 

reserves and fished areas using diver surveys (Kulbicki 1998). Our study expands on 

this by eliminating a major source of bias (the bubbles from SCUBA) and clearly 

demonstrates how changes in fish behaviour due to the presence of an observer 

using OC SCUBA can change the interpretation of the data collected. 

 

Closed-circuit rebreathers are thought to minimise diver disturbance due to their 

silent operation underwater (Hanlon et al. 1982; Lobel 2001, 2005; Radford et al. 

2005). A previous study by Cole et al. (2007) also performed quantitative fish 
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surveys using different SCUBA diving systems to specifically investigate diver noise. 

However in their case, noise was only reduced rather than eliminated through the 

use of semi- rather than closed-circuit rebreathers. They found few and largely 

inconsistent differences in fish abundance or size structure between diving 

techniques when sampling inside and outside marine reserves in New Zealand.  

 

Fish are able to detect bubble sounds above that of rough sea conditions at distances 

of up to 200 m for OC SCUBA and up to 7 m for semi-closed circuit rebreathers 

(Radford et al. 2005). This distance to detection remains substantial compared to a 

closed-circuit rebreather which produces sound that should be virtually 

undetectable by fish at distances greater than 0.3 m from the diver (Radford et al. 

2005). Apart from the differences in diving techniques, the larger observed effects in 

our study compared to that of Cole et al. (2007) could be due to increased diver 

avoidance behaviour of fishes in Guam, where spearfishing is frequently practiced. 

SCUBA can be used for spearfishing in both New Zealand (Cole et al. 2007) and Guam 

(Lindfield et al. 2014b), and although use of SCUBA for spearfishing in Guam is 

predominately performed at night, this may increase diver avoidance compared to 

locations where SCUBA spearfishing is banned or less frequently practiced.  

 

Sound travels considerable distances underwater, well in excess of the visible range 

of marine animals (Radford et al. 2005). The lower abundance, biomass and absence 

of many targeted species in surveys conducted with OC compared to CCR, suggest 

that these species avoid divers outside of the range of visibility or transect 

dimensions. Although it is difficult to quantify fish reactions to a moving diver 

outside the range of visibility, the few studies that have used underwater sonar 

recorded fish actively avoiding divers (Chapman et al. 1974; Stanley & Wilson 1995; 

Schmidt & Gassner 2006). For example, Stanley and Wilson (1995) found that in the 

presence of SCUBA divers, fish would leave the area, reducing fish density by 60% on 

average. Furthermore, Chapman et al. (1974) used underwater speakers to mimic 

the noise of diver exhaust bubbles, confirming sound was the stimulus for fish 

reactions towards divers. As fish can detect divers outside the range of visibility or 

transect dimensions, diver surveys will ultimately underestimate true population 

size if fish respond negatively (Stanley & Wilson 1995; Kulbicki 1998; Bozec et al. 

2011; Dickens et al. 2011). 
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Nevertheless, visual census remains the most popular method for assessing reef fish 

distribution and abundance. The rationale for this is that if fish behaviour towards 

divers is constant over the spatial and temporal scales investigated, then this should 

not impact the relative patterns and interpretation of data. However, our results 

suggest otherwise and support a growing body of evidence that fish behaviour 

towards divers is strongly related to the level of fishing pressure (Kulbicki 1998; 

Bozec et al. 2011; Januchowski-Hartley et al. 2011, 2013). Surveys using OC SCUBA 

recorded the relative abundance of fish 1.5 to 2.6 times greater in MPAs than fished 

areas, a result not mirrored with CCR surveys. A similar magnitude of difference was 

calculated by Kulbicki (1998) when using distance-based sampling to account for 

trends in fish detectability with increasing fishing pressure. Shy fish species were 

expected to differ in abundance by a factor of 1.8 between protected and fished areas 

if using 5 m wide strip transects (Kulbicki 1998). As we found targeted fish species to 

respond negatively to OC divers at heavily fished locations, visual census will often 

underestimate fish abundance. When comparing fish populations across spatial 

scales, such changes in fish behaviour will result in overestimates of the difference 

between heavily fished and lightly or unfished reference areas. This is an important 

and widely encountered source of bias that should be acknowledged and minimised 

where possible.  

 

Not only is the behaviour of fish towards divers likely to change between diving 

techniques and fishing pressure, but reactions will also be species specific (Kulbicki 

1998; Watson & Harvey 2007). For example, Kulbicki (1998) classified a subset of 

reef fish as “shy” species which tend to stay away from the observer. Of these high 

value fishery targeted species, large parrotfish; Chlorurus microrhinos, Scarus 

rubroviolaceus, Scarus altipinis, Hipposcarus longiceps, unicornfish Naso unicornis and 

the emperor Lethrinus harak were not observed in this study while using OC SCUBA 

in fished areas, but they were all recorded in the surveys conducted on CCR. The 

discrepancy in the numbers of high value species recorded between diving 

techniques in this study is of particular concern for monitoring and management as 

they are important food resources on coral reefs (Houk et al. 2012). Closed-circuit 

rebreathers provide a means to reduce diver avoidance and therefore improve the 

accuracy of fish surveys.  



Silent fish surveys 

 126 

 

The two MPA systems utilised in this study were located in very different usage 

zones on Guam, with the southerly site more remote and subject to less fishing and 

general visitor pressures. Our results for this location using the CCR system indicated 

no significant difference in the counts of targeted fish inside and outside the MPA. 

Contrast this with the OC surveys which concluded that there were significant 

differences between fished and protected areas. These differences reflect the ability 

of the CCR surveys to pick up those larger, heavily targeted fish species that retreat 

from divers using OC. This result also favours a different interpretation of fishing 

effects in the south of Guam; namely, that fished areas are still holding similar fish 

stocks to the MPA. Whether this reflects lower fishing pressure outside the MPA or 

evidence of poaching inside the MPA (Taylor & McIlwain 2010) is a hypothesis for 

future study.   

 

Although closed-circuit rebreather diving has long been encouraged for behavioural 

observations (Hanlon et al. 1982; Lobel 2001, 2005) and for increased efficiency 

during deep technical diving (Parrish & Pyle 2002; Sieber & Pyle 2010), this study is 

the first to justify their use for quantitative fish surveys. While rebreather systems 

are more expensive than open-circuit SCUBA equipment and require additional 

training for use and regular maintenance, they are rapidly gaining popularity in the 

recreational diving industry with new improvements in design, logistical support and 

acceptance by dive training agencies. Despite this, the widespread use of CCR will be 

limited due to logistical and cost limitations and alternative methods from OC SCUBA 

based surveys may warrant the simple use of snorkelling for assessing shallow 

depths (Taylor & McIlwain 2010) or using remote underwater video stations when 

sampling deeper waters (Mallet & Pelletier 2014). Overall this research highlights 

the need for minimising observer disturbance where possible and we recommend 

further studies to test the applicability of our results to other locations. 
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Figure S5.1. Map of sampling locations around Guam. Circles represent MPA sites 

and stars represent fished sites. 
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Table S5.1. Species list and groupings of all fish species that were recorded during 

dive surveys. 

Family Genus Species Stage Fished Target 
Non-

target 

High 

value 

Acanthuridae Acanthurus lineatus   X X 
 

X 
Acanthurus nigricans   X 

   Acanthurus nigricauda   X X 
  Acanthurus olivaceus   X X 
  Acanthurus pyroferus   X X 
  Acanthurus triostegus   X X 
 

X 
Ctenochaetus striatus   X 

   Naso brachycentron   X X 
  Naso lituratus   X X 
 

X 
Naso tonganus   X X 

 
X 

Naso unicornis   X X 
 

X 
Naso vlamingii   X X 

  Paracanthurus hepatus   X X 
  Zebrasoma flavescens   X X 
  Zebrasoma veliferum   X X     

Balistidae Balistapus undulatus   X 
   Balistoides conspicillum   X 
   Balistoides viridescens   X 
   Melichthys niger   X 
   Melichthys vidua   X 
   Sufflamen bursa   X 
   Sufflamen chrysopterum   X       

Carangidae Caranx melampygus   X     X 
Carcharhinidae Carcharhinus melanopterus   X     X 
Chaetodontidae Chaetodon auriga   

  
X 

 Chaetodon bennetti   
  

X 
 Chaetodon citrinellus   

  
X 

 Chaetodon ephippium   
  

X 
 Chaetodon kleinii   

  
X 

 Chaetodon lineolatus   
  

X 
 Chaetodon lunula   

  
X 

 Chaetodon lunulatus   
  

X 
 Chaetodon melannotus   

  
X 

 Chaetodon mertensii   
  

X 
 Chaetodon ornatissimus   

  
X 

 Chaetodon punctatofasciatus   
  

X 
 Chaetodon reticulatus   

  
X 

 Chaetodon ulietensis   
  

X 
 Chaetodon unimaculatus   

  
X 

 Forcipiger flavissimus   
  

X 
 Forcipiger longirostris   

  
X 

 Heniochus chrysostomus   
  

X 
 Heniochus monoceros   

  
X 

 Heniochus singularius   
  

X 
 Heniochus varius       X   

Epinephelide Cephalopholis argus   X 
  

X 
Epinephelus fasciatus   X 

  
X 

Epinephelus hexagonatus   X 
   Epinephelus merra   X 
  

X 
Epinephelus spilotoceps   X 

   Variola louti   X     X 
Kyphosidae Kyphosus cinerascens   X     X 
Labridae Cheilinus fasciatus 

 
X 

   Cheilinus trilobatus 

 

X 

   
 

Coris aygula 

 

 

 
X 
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Coris gaimard 
 

X 
   Epibulus insidiator 

 
X 

   Hemigymnus fasciatus 
 

X 
   Hemigymnus melapterus 

 
X 

   Hologymnosus doliatus 
 

X 
   Oxycheilinus unifasciatus 

 
X 

   Labridae 

Tribe: Scarinae 

Calotomus carolinus IP X X 
  TP X X 
  Cetoscarus bicolor IP X X 
 

X 
Chlorurus microrhinos   X X 

 
X 

Chlorurus spilurus IP X 
   TP X X 

  Hipposcarus longiceps IP X X 
 

X 
Scarus altipinnis IP X X 

 
X 

TP X X 
 

X 
Scarus festivus IP X X 

  Scarus forsteni IP X X 
  TP X X 
  Scarus globiceps IP X 

   TP X X 
  Scarus psittacus IP X 

   TP X X 
  Scarus rubroviolaceus IP X X 
 

X 
TP X X 

 
X 

Scarus schlegeli IP X X 
  TP X X   X 

Lethrinidae Gnathodentex aureolineatus   X 
   Lethrinus harak   X 
  

X 
Lethrinus obsoletus   X 

  
X 

Lethrinus rubrioperculatus   X 
  

X 
Monotaxis grandoculis   X     X 

Lutjanidae Aphareus furca   X 
  

X 
Lutjanus fulvus   X 

  
X 

Lutjanus gibbus   X 
  

X 
Lutjanus monostigma   X 

  
X 

Macolor spp.   X     X 
Monacanthidae Cantherhines dumerilii   X 

   Cantherhines pardalis   X       
Mullidae Mulloidichthys flavolineatus   X 

   Mulloidichthys vanicolensis   X 
   Parupeneus barberinus   X 
   Parupeneus cyclostomus   X 
   Parupeneus insularis   X 
   Parupeneus multifasciatus   X       

Pomacanthidae Apolemichthys trimaculatus   
  

X 
 Centropyge flavissima   

  
X 

 Centropyge heraldi   
  

X 
 Pomacanthus imperator   

  
X 

 Pygoplites diacanthus       X   
Siganidae Siganus argenteus   X 

  
X 

Siganus punctatus   X 
   Siganus spinus   X     X 

Zanclidae Zanclus cornutus       X   
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Table S5.2. Summary table of the GLMM analysis examining the response of 

abundance, biomass and species richness of fished species between MPA status and 

diving techniques. 

  Guam West   Guam South 

Effect Estimate SE z value Pr(>|z|)   Estimate SE z value Pr(>|z|) 

Abundance                   

    (Intercept) 3.90 0.18 21.55 <0.001   3.49 0.16 22.37 <0.001 

Status - MPA 0.25 0.26 0.96 0.336   -0.21 0.22 -0.97 0.333 

Technique - OC -0.93 0.15 -6.21 <0.001   -0.49 0.21 -2.36 0.019 

Status*Tech. 0.75 0.21 3.64 <0.001   0.57 0.30 1.93 0.054 

Biomass                   

(Intercept) 3.04 0.23 13.25 <0.001   2.90 0.21 13.73 <0.001 

Status - MPA 0.97 0.32 3.04 0.002   0.03 0.30 0.10 0.917 

Technique - OC -1.10 0.19 -5.65 <0.001   -0.75 0.28 -2.68 0.007 

Status*Tech. 0.66 0.26 2.60 0.009   0.93 0.39 2.40 0.016 

Species richness                   

(Intercept) 2.17 0.09 24.80 <0.001   2.38 0.10 22.97 <0.001 

Status - MPA 0.31 0.11 2.72 0.007   -0.19 0.15 -1.28 0.201 

Technique - OC -0.42 0.14 -2.93 0.003   -0.45 0.17 -2.66 0.008 

Status*Tech. 0.22 0.18 1.20 0.230   0.53 0.23 2.31 0.021 

 

 

 Table S5.3. Summary table of the GLMM analysis examining the response of 

acanthurid, scarine and chaetodontid abundance between MPA status and diving 

techniques. 

  Guam West   Guam South 

Effect Estimate SE z value Pr(>|z|)   Estimate SE z value Pr(>|z|) 

Acanthurids                   

(Intercept) 0.42 0.26 1.62 0.106   1.20 0.42 2.86 0.004 

Status - MPA 1.32 0.32 4.16 <0.001   -0.07 0.58 -0.13 0.898 

Technique - OC -0.38 0.34 -1.10 0.272   -1.12 0.48 -2.33 0.020 

Status*Tech. 0.12 0.39 0.31 0.756   0.95 0.59 1.60 0.109 

Scarines                   

(Intercept) 1.41 0.22 6.54 0.000   1.80 0.23 7.79 <0.001 

Status - MPA 0.62 0.28 2.21 0.027   -0.45 0.33 -1.35 0.178 

Technique - OC -1.36 0.32 -4.26 <0.001   -0.98 0.39 -2.50 0.012 

Status*Tech. 0.94 0.36 2.63 0.008   1.14 0.53 2.17 0.030 

Chaetodontids                   

(Intercept) 1.15 0.21 5.55 <0.001   1.05 0.28 3.75 <0.001 

Status - MPA 0.00 0.28 0.01 0.991   0.04 0.39 0.11 0.911 

Technique - OC -0.18 0.29 -0.62 0.535   -0.20 0.36 -0.57 0.572 

Status*Tech. 0.26 0.38 0.69 0.492   0.03 0.49 0.06 0.954 
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Table S5.4. Three-way PERMANOVA testing for differences in fish assemblage 

structure. P-values were obtained using permutation tests (9999 permutations) for 

each individual term in the model. 

  

 

  Guam West   Guam South 

 
df     MS F P(perm)       MS F P(perm) 

MPA status 1 11466 1.77 0.202   6076 0.92 0.409 

Technique 1 4750 3.54 <0.001   2128 1.21 0.269 

MPA status x Technique 1 3507 2.61 0.001   2982 1.69 0.077 

Site (MPA status) 4 6470 4.82 <0.001   6590 3.73 <0.001 

Transect (MPA Status and Site)  24 2480 1.85 <0.001   3104 1.76 <0.001 

Error 28 1343                    1766     
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From the findings presented in this thesis I propose that depth is an important, yet 

often overlooked factor influencing the structure of coral reef fish communities in the 

face of fishing impacts. From the data collected, it was evident that many species 

targeted by coral reef fisheries are found over broad depth ranges and there was a 

trend for greater biomass, abundance and species richness with increasing depth on 

coral reefs (Chapter 3). Reef fish were typically larger and greater biomass was often 

recorded with increasing depth, especially when deeper waters (>20 m) were 

protected from SCUBA spearfishing (Chapter 2) and also at remote islands where 

fishing was subsistence in nature and community-based management had banned 

fishing methods such as night spearfishing (Chapter 4).  With an increased focus on 

identifying sources of refuge for impacted fish communities, these results represent a 

timely and important contribution to marine conservation and fisheries 

management. In addition, I was able to highlight an important source of bias when 

performing fishery-independent sampling with SCUBA and show how the use of a 

diving technique suited for deepwater surveys has the added benefit of minimising 

the behavioural bias of fish avoiding divers (Chapter 5). Rather than repeating 

information discussed in the previous chapters, this general discussion works 

through the generalised findings of this research, addressing limitations and 

highlighting areas for future research. 

 

The potential for depth refuge to sustain coral reef fisheries 

The fundamental question arising from the depth refuge effect is; can deeper waters 

sustain coral reef fisheries by recolonising shallower depths that have been 

previously overfished? Throughout the work presented here, it was not my aim to 

demonstrate the movement of adults or recruits from deep to shallow waters. 

Rather, through the assessment of fish community variables over different levels of 

fishing pressure, I aimed to show the potential for deeper waters to provide refuge 

from fishing pressure. My results showed that many targeted coral reef fish were not 

restricted to shallow depths, but were larger and often of greater biomass in deeper 

waters. Similar to early work on the effectiveness of marine protected areas (MPAs), 

these quantitative data (fish biomass and size) are the first step when assessing the 

potential of refuge areas to provide benefits to nearby fished areas (Lester et al. 

2009). The probable fishery benefits arising from MPAs due to spillover of adults or 
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recruits from protected areas to fished areas has received much attention over the 

past two decades (Roberts & Polunin 1991; McClanahan & Mangi 2000; Russ 2002; 

Gell & Roberts 2003; Sale et al. 2005). However only recently has robust evidence 

demonstrated the fishery benefits arising from MPAs (Harrison et al. 2012; Almany 

et al. 2013). Both these recent studies used genetic parentage analysis and showed 

that a disproportional amount of recruitment to fished areas came from fish within 

MPAs (Harrison et al. 2012) and that fish recruits from a protected spawning 

aggregation can provide localised benefits to nearby fishing communities (Almany et 

al. 2013). 

 

In order to test additional hypotheses on the fishery benefits from deeper waters, 

future studies may consider a genetic study test whether recruits sourced from 

deeper water fish populations out of the range of predominant fishing techniques 

would settle in shallower depths. Reef fish spawning aggregations may provide a 

useful case study for this with the possibility of applying similar techniques as 

Almany et al. (2013) for aggregations occurring on deeper water coral reefs (> 30 m). 

It is important to note however, that depending on the fish species and location, 

spawning aggregations have different levels of susceptibility to certain fishing 

techniques. For example, hook and line fishing techniques are less limited by depth 

when compared to spearfishing. Coral reef grouper spawning aggregations can 

extend to depths of approximately 50 m (Nemeth 2005; Rhodes et al. 2011a; 

Hamilton et al. 2012) and in Pohnpei, Micronesia, these aggregations are efficiently 

fished with hook and line (Rhodes et al. 2011a) limiting the potential for refuge with 

increasing depth. Conversely in the Solomon Islands, grouper spawning aggregations 

are primarily targeted by free-dive spearfishing at night (Hamilton et al. 2012). 

Groupers residing at the deeper depths of spawning aggregations in places like the 

Solomon Islands may therefore obtain a greater degree of protection from 

predominate fishing activities, potentially proving recruitment benefits to shallow 

waters when the use of SCUBA for spearfishing is restricted by law (as recommended 

in Chapter 2). However, it is also likely that fishers may change fishing methods to 

line fishing if depth limits catches from spearfishing. For species that have a wide 

depth distribution and are not targeted by hook and line, but are known to spawn at 

shallow depths (i.e. parrotfish; Johannes 1981; Domeier & Colin 1997), if depth can 

provide some level of refuge to a proportion of the total population, then these 
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remaining fish should still contribute to the replenishment of their populations if not 

harvested during spawning cycles. 

 

The depth distribution of target species is an important factor when assessing their 

potential to sustain functioning populations in the face of heavy fishing pressure. For 

example, the bumphead parrotfish Bolbometopon muricatum was once abundant 

around Guam providing a boom-and-bust fishery in the early 1980’s (Davis & Clarke 

1998). Today this iconic species is regarded as ecologically extinct in Guam with 

declines attributed to the prevalence of SCUBA spearfishing (as discussed in Chapter 

2). Besides being highly susceptible to night-time spearfishing due to the habit of 

sleeping in groups on the reef and being highly desirable as a food fish, the severe 

population decline of B. muricatum in southern Mariana Islands may be also 

attributed to a shallow and restricted depth range distribution. Hamilton and Choat 

(2012) regard the lower depth range of B. muricatum to be in the vicinity of 40 m, 

with these fish most commonly observed between 5-15 m and feeding activities 

largely restricted to shallow reef fronts and crests. When compared to another large 

and vulnerable spearfishing target species, the humphead wrasse Cheilinus 

undulatus, the latter species was observed to be a widely distributed depth generalist 

(found to depths of at least 70 m in this study). It is likely that this depth generalist 

trait would facilitate the persistence of this iconic species in the face of fishing 

pressure, which is particularly relevant given its listing as an endangered species on 

the IUCN Red List of Threatened Species (Russell 2014). An increased knowledge on 

depth ranges and habitat utilisation patterns of reef fish is therefore an important 

factor when determining essential fish habitat and the benefits of natural refuges 

such as depth. For some species, particularly those that are predominately found in 

shallow depths or if targeted by deepwater fishing techniques (such as 

bottomfishing), then depth will provide limited protection. I am not suggesting we 

can rely on natural refuges such as depth for sustaining fishery resources, it will still 

be crucial to implement proven management measures such as catch-based 

restrictions in order to enhance the sustainability of coral reef fisheries (Houk et al. 

2012; Hilborn & Ovando 2014). However with a general lack of other management 

measures across many tropical jurisdictions, the potential benefits of depth refuge 

should be considered before fishing pressure shifts towards deeper waters. 
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Depth distribution and movements of reef fish 

The vertical distribution and habitat preferences of individual fish will likely change 

over their life history. Ontogenetic changes are therefore an important factor 

influencing the observed distribution of reef fishes (Green 1996; Fulton & Bellwood 

2002). For example, some fish species are known to settle and mature in shallow 

lagoonal habitats or mangroves and then move out to deeper reefs as they become 

larger (Nagelkerken et al. 2000; Gillanders et al. 2003; Fitzpatrick et al. 2012). 

Although ontogenetic shifts will likely influence the observed biomass distributions 

and size structures if larger fish migrate to deeper waters, targeted fish are also 

found in shallow depths in greater numbers when protected from fishing (Chapters 2 

and 5) which suggests that fishing pressure was a contributing factor influencing the 

observed distribution of fish communities. Future research may utilise tagging 

techniques to provide insight into movement patterns and habitat utilisation reef fish 

(Gillanders et al. 2003). Other studies in Guam have used acoustic tags at shallow (< 

10 m) lagoonal habitats to show the movement of targeted coral reef fish (Marshell et 

al. 2011; Taylor & Mills 2013). In the case of emperorfish, these fish were residents of 

the lagoon with small home ranges and only visited deeper offshore locations to 

spawn on monthly cycles (Taylor & Mills 2013). Whereas unicornfish showed 

variable home range size depending on fish length, with only the largest fish tagged 

regularly utilising the both the shallow lagoonal area and deeper (>10 m) reef slope 

(Marshell et al. 2011). A potential future study may involve a similar experiment in a 

periodically harvested marine reserve, where the long term movements of fish could 

be tracked to identify natural distribution and habitat utilization patterns, and to 

observe any behavioural effects such as fish fleeing to deeper waters when the area 

is open to fishing. 

 

Although this research is focused on fishery-targeted species, it was evident that 

many other species were found to depths exceeding 30 m (Table S3.1). This included 

non-target species such as butterflyfishes (Chaetodontidae) which are ubiquitous 

components of shallow coral reef fauna, many of which are associated with the 

habitat provided by live coral (Pratchett et al. 2008). Although some reef fish species 

are habitat specialists that may be more susceptible to population declines and 

extinction risk with the degradation of important habitats (Srinivasan 2003; Graham 
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et al. 2011; Berkstrom et al. 2012), others species may find refuge in deeper habitats 

if they are habitat and depth generalists. With habitat degradation from severe storm 

and coral bleaching events primarily focused on the shallowest depths (Bongaerts et 

al. 2010; Bridge et al. 2013; Riegl et al. 2013) and expected to  increase in frequency 

with climate change (Hoegh-Guldberg & Bruno 2010), these deeper water reefs may 

also provide important refuge to other fish species not targeted by fishing. 

 

Important aspects emerging from the deep reef refuge hypothesis is that migration 

can operate asymmetrically with depth, and greater connectivity occurs horizontally 

rather than vertically (Bongaerts et al. 2010; Van Oppen et al. 2011; Serrano et al. 

2014). The study of Caribbean corals by Serrano et al. (2014) showed that shallow 

reefs were the main source population for coral recruits, and although shallow 

regions were connected genetically there was less movement of coral recruits from 

deep to shallow reefs. Although it is theoretically possible for fish recruits derived 

from deep water reefs to settle on shallow reefs (as discussed in Chapter 3), there is 

strong evidence to suggest that the settlement of reef fish is a highly selective process 

where the larval fish can actively choose (or not) to settle at particular parts of the 

reef (Montgomery et al. 2001; Leis 2006). For some species this preference is 

independent of habitat availability, as shown by Srinivasan (2003) who provided 

identical substrata over a depth range (to 20 m) to show that settling fish have 

preferences for particular depths. It is therefore possible that fish larvae sourced 

from deeper water reefs could avoid settling on shallow reefs. But it is important to 

note that the post-settlement movement and ontogenetic changes may override the 

importance of settlement location on the distribution of reef fish (Pratchett et al. 

2008; Nakamura et al. 2009). 

 

Mesophotic coral reef ecosystems can also provide habitat to juvenile reef fish. 

Although these data were not presented in this thesis, it was recorded that at depths 

of 60-70 m at Garapan Anchorage an abundance of juvenile (~5-10 cm) emperorfish 

(Lethrinidae), predominately Lethrinus rubrioperculatus was recorded. Other 

recruits of fishery targeted species were also recorded with stereo-BRUVs on deep 

water coral reefs such as small (~3 cm) two-spot red snapper Lutjanus bohar at 

depths of 70 m. Although shallow waters have been identified as areas of refuge for 

the vulnerable early life stages of fish (Baker & Sheaves 2007; Ryer et al. 2010), it is 
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likely that deep mesophotic reefs can also act as important juvenile habitat for 

targeted species. These deep reef areas are worthy of management, especially at 

Garapan Anchorage where live coral habitat is impacted from the area being used as 

a vessel anchorage area for large ships (Blyth-Skyrme et al. 2013). 

 

Fishery-induced behavioural changes 

Fish behaviour is an important factor to consider in assessments of the distribution 

and abundance of reef fishes. This study identified two potential components of 

fishery-induced behavioural changes. First, and more difficult to quantify, the 

potential for fish to retreat into deeper waters to escape and avoid disturbance. This 

behaviour is one factor that could contribute to the observed distribution of fish 

between depths, such as the observed biomass distribution at Satawal (discussed in 

Chapter 4). Although evidence is lacking for such movements, Russ (1991) proposed 

that heavy fishing pressure focused on shallow Philippine reefs may have resulted in 

parrotfish moving onto the deeper reef slope to escape fishing pressure. In the 

Mediterranean, Jouvenel and Pollard (2001) reported that frequent spearfishing in 

shallow depths resulted in two targeted species of fish retreating into deeper water, 

yet in protected areas, these species would return to their preferred shallow water 

habitats. If this behavioural change is indeed what is causing the distribution of fish, 

it would signal another benefit of depth providing refuge from shallow water fishing 

activities. 

 

The second aspect of fishery-induced behavioural change was recorded for targeted 

species actively avoiding open-circuit SCUBA divers. It was suggested over fifteen 

years ago, that the acquired behaviour of fish could result in erroneous conclusions 

of diver surveys comparing marine reserves and fished areas (Kulbicki 1998). Yet 

Chapter 5 represents the most recent quantitative study on this subject and it is 

hoped that its publication will re-invigorate the discussion on the merits of SCUBA 

based fish surveys. Although there are numerous mentions of fish avoiding divers 

(Bozec et al. 2011; Dickens et al. 2011) or being attracted to divers (Cole 1994; 

Boland & Parrish 2005), SCUBA based fished surveys remain the most commonly 

used method for counting reef fish. I believe the use of a closed circuit rebreather 

(CCR) provides a viable and comparable technique to minimise this bias for scientific 
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diving surveys. The results of a CCR diver observing shy species and approaching fish 

closer than an OC SCUBA diver support anecdotal observations of numerous 

underwater photographers and filmmakers. The extended dive time and improved 

no-decompression limits makes the use of CCR well suited to deep water diving 

(Parrish & Pyle 2002; Sieber & Pyle 2010). It should be noted that the observed 

behavioural effects of fish towards divers would justify the need to use the same 

diving technique when sampling across a depth gradient as to not introduce bias, 

which would occur if conventional open-circuit SCUBA was used in shallow depth 

and CCR used for deeper surveys. In the recreational diving community the uptake of 

CCR is increasing, and technological advancements to improve ease of use and 

reliability due to advancements such as automatic system monitoring should boost 

the uptake of this useful technology for scientific diving (Sieber & Pyle 2010). 

 

The observed fishery induced behavioural changes would warrant revisiting other 

complementary methods such as video, sonar and acoustic tagging to further 

understand the impact of diver disturbance. Underwater video stations have been 

used to assess the impact of snorkelers on fish abundance (Dearden et al. 2009; Beck 

et al. 2014) and there is potential to use a similar technique to assess the disturbance 

from SCUBA divers. Early research using sonar was able to show movement of fish 

schools in response to diver surveys (Chapman et al. 1974; Chapman & Atkinson 

1986; Stanley & Wilson 1995) and this may be used as another method to compare 

different responses to OC and CCR diving techniques. As previously mentioned, the 

use of acoustic tagging may be used to show natural fish movement patterns, but 

could also be used to remotely detect the response of fish towards divers and fishers. 

Such a study could be performed within a periodically harvested fisheries closure 

where a previous study by Jupiter et al. (2012) suggested a ‘bail out’ effect whereby 

fish left the closed area due to a sudden increase in fishing pressure. This effect was 

interpreted from a temporal UVC study that documented a decrease in fish 

abundance in a newly fished area, but fish abundance increased in the previously 

fished reference areas. But to test this effect more robustly while also studying fish 

behaviour towards divers, it may be possible to acoustically tag a representative 

sample of fishery targeted fish and monitor their natural movements over time using 

an array of acoustic receivers (similar to Marshell et al. 2011; Taylor & Mills 2013). 

Then one would conduct a series of diving surveys to see if fish would move away 
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from their ‘home range’ during survey times and when the area is eventually opened 

up to fishing. Through such a study it should be possible to see if the targeted fish 

would retreat from the area either horizontally along the reef or vertically to deeper 

waters. 

 

Implications for sampling techniques 

Utilising new technology and adjusting traditional survey methods is a necessary 

approach to more effective monitoring of a changing ocean. Stereo-video systems 

have proven to be a highly accurate method to measure fish length and define 

transect dimensions (Harvey et al. 2002a, 2004). Video is increasingly used as an 

alternative method for sampling reef fish by removing the need for well trained fish 

observers (Pelletier et al. 2011; Holmes et al. 2013). Numerous advantages and 

disadvantages of video techniques have been reviewed by Mallet and Pelletier 

(2014), and the benefit of improved time efficiency in the field is one advantage 

particularly relevant for surveys in deeper waters. Another benefit of increased 

speed of surveys is that faster transects provide a more instantaneous measure of 

fish abundance, thereby reducing the potential for overestimating highly mobile 

species (Lincoln Smith 1988; Watson et al. 1995; Ward-Paige et al. 2010). Post-

processing times for video analysis are a disadvantage but may be justified due to 

increased efficiency in the field and the ability to obtain accurate length and distance 

measurements and a permanent record of transects. Comparisons of UVC and stereo-

DOV were reported by Holmes et al. (2013), but issues raised such as the inability of 

video analysts to accurately identify fish to species level were not a problem in this 

study as the observer had extensive field experience with the local fish fauna. 

 

Video techniques are increasingly used for fish surveys and technological 

improvements in video cameras (physical size, image quality and price) will see this 

continue into the future (Shortis et al. 2009; Murphy & Jenkins 2010; Mallet & 

Pelletier 2014). Areas for future research include the automation of image 

processing. This is currently a bottleneck in the use of underwater video; for 

example, the 339 stereo-BRUV deployments and 376 stereo-DOV transects analysed 

in this thesis required at least 1300 hours of video analysis time (from an estimated 

2.5 hr for each stereo-BRUVs deployment and 1.25 hr for each stereo-DOVs transect). 
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These times could be further reduced by selecting subsets of species, which would 

still allow the imagery to be re-analysed at a later time if the extra data were 

required (Goetze et al. 2015). Fortunately improvements in video automation are in 

progress, especially the automation of length measurements (Shortis et al. 2013). 

 

The ability for stereo-video to provide more accurate measures of fish size over that 

of scientifically trained divers (Harvey et al. 2002a) make this technique a primary 

choice when fish size is of interest for sampling designs. Accurate lengths can prove 

vital for performing fishery stock assessments, especially for coral reef fisheries 

which are typically data-poor and require novel ways of assessing spawning 

potential with minimal data (Ault et al. 2008; Hordyk et al. 2014; Prince et al. 2014). 

Stereo-video systems can be used to collect data on size structures across gradients 

of fishing pressure, and this may be a useful to method to collect data that could 

complement stock assessment methods which had previously relied only on fishing 

catch data (Hordyk et al. 2014). Fishery-independent data is of particular value 

where catch data is not available (such as protected areas or if species closures have 

been implemented) or when size structure of catches is influenced by gear selectivity 

(such as net mesh size) which would bias the stock assessment calculations (Hordyk 

et al. 2014). Stereo-video can also be used to measure fish on spawning aggregations 

which can provide data on size of maturity and maximum lengths, two key 

parameters for data-poor stock assessments (Prince et al. 2014). Rather than relying 

on the implementation of MPAs to mitigate pressure on coral reef fisheries (which is 

the main form of fisheries management in Guam), there is an increased need for 

catch-based policies such as size limits to ensure more sustainable fisheries in the 

region (Houk et al. 2012). Hence the techniques used in this thesis have widespread 

application and may be used for other purposes when assessing the impacts of 

fishing of coral reef fishes. 
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