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Abstract

Abstract
Bonefish (Albula spp.) support valuable recreational and artisanal fisheries worldwide. 

Declining stocks have been reported at multiple localities, potentially jeopardising numerous 

multimillion-dollar industries. In particular, tourism generated through bonefish fly fishing 

contributes considerably to the economies of many isolated tropical islands and atolls. 

However, despite their economic value, little is known about bonefish in the Indian Ocean. 

This study aimed to contribute to the understanding of bonefish ecology in the Indian Ocean 

by (1) reviewing the bonefish literature to identify knowledge gaps; (2) evaluating the post­

release survival of acoustically tagged bonefish and; (3) quantifying the spatial and temporal 

movements of bonefish at a near-pristine and predator rich atoll in the Seychelles. A review 

of published literature on bonefish indicated that despite considerable biological and 

ecological research in the Pacific and Atlantic oceans, virtually no research has been 

conducted in the Indian Ocean. To help address this research gap, an acoustic telemetry study 

was initiated at the remote St. Joseph Atoll, within an existing array of 88 automated data­

logging acoustic receivers. Thirty Albula glossodonta were surgically implanted with Vemco 

V13 acoustic transmitters in May 2015 and tracked for a period of one year. Only 10% of the 

tagged bonefish were detected for more than two weeks. A comparison of the final 100 hours 

of movement data from fish that were detected for less than two weeks to fish detected for 

longer periods revealed distinct differences. These included differences in area use patterns 

and significant differences in the average daily distance moved, speed of movement and 

residency index. This suggested that mortality in the form of post-release predation was high 

(90%) with tagged fish detected for less than two weeks being preyed upon by sharks. The 

three surviving bonefish were tracked for 210 to 367 days. These individuals remained in the
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atoll and showed high use of the marginal habitats between the shallow sand flats and the 

deeper lagoon. Water temperature, diel cycle and tide were significant predictors of bonefish 

presence in the lagoon. The high post-release predation of bonefish has implications for the 

management of this and other Albula species. Despite these fisheries being catch-and-release, 

bonefish fishing may be unsustainable due to the high post-release mortality, particularly in 

areas that are rich in predators. Therefore, protected areas or limitations on fishing effort need 

to be considered.

Keywords: Acoustic telemetry; catch-and-release; Indian Ocean; marine; predation bias
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General introduction

Photo Credit: Rainer von Brandis, Save Our Seas Foundation, D ’Arros Research Centre

“In the end, we will conserve only what we love, we will love only what we understand, and 

will understand only what we are taught ” ~ Baba Dioum
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Chapter 1 -  General introduction

Bonefish (Albula spp.) occur around the world in tropical and subtropical habitats (Colborn et 

al. 2001). Due to the morphological similarities found within the Albula genus, it was 

believed that only two species of bonefish occurred throughout the world (Shaklee and 

Tamaru 1981). Consequently, the majority of the research to date has been based on a single 

species (Albula vulpes) and limited to the Atlantic Ocean (Murchie et al. 2013; Wallace 

2015). However, recent studies have identified 12 different species within the Albula genus, 

many of which are poorly understood (Hidaka et al. 2008; Wallace and Tringali 2016). 

Therefore, further research into the Albula genus is recommended.

Bonefish are an environmentally and economically valuable species that require 

conservation. Environmentally, bonefish act as an indicator species (Larkin 2011). Indicator 

species are used to monitor the state of an ecosystem (Kremen 1992; Ogden et al. 2014). The 

presence of a viable bonefish population indicates a balance in the food chain between 

benthic organisms and predator species (Murchie et al. 2010; Adams et al. 2014). 

Economically, bonefish support valuable recreational fisheries (Danylchuk et al. 2008a, 

2008b). Their agility, strength and speed has given bonefish the reputation as a highly prized 

sport fish (Murchie et al. 2009). Anglers targeting bonefish generally practice catch-and- 

release (Danylchuk et al. 2011a), a practice that is regarded as a profitable and sustainable 

form of ecotourism (Humston et al. 2005). Ecotourism aims to create a sustainable tourism 

industry, which focuses on wildlife and conservation initiatives (Cisneros-Montemayor and 

Sumaila 2010). The success and popularity of ecotourism would benefit from a healthy 

ecosystem and an abundance of the target species (Hickley and Tompkins 1998). The tourism 

generated through catch-and-release angling for bonefish contributes significantly to the 

economy of tropical areas such as those in the Pacific (e.g. Christmas Island, Kirimbiti and 

Hawaii), Atlantic (Bahamas, Cuba, Mexico and the Florida Keys) and the Indian Ocean 

(Seychelles) (Cooke et al. 2008; Ram-Bidesi 2011; Kamikawa et al. 2015). However, this 

industry is threatened by evident declines in bonefish stocks in several areas (Larkin 2011; 

Ram-Bidesi 2011).

The decline in bonefish stocks may be due to habitat destruction, pollution, coastal 

urbanisation and overexploitation by the fishing industry (Larkin 2011; Adams et al. 2014; 

Murchie et al. 2015). Bonefish rely on coastal sand flats, clear water and a healthy 

environment all of which is threatened due to environmental negligence and coastal
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Chapter 1 -  General introduction

development (Szekeres et al. 2014). However, even in protected areas such as Los Roques 

Archipelago National Park, a decline in bonefish has been noted (Debrot and Posada 2005). 

This may be due to the negative effects associated with catch-and-release fishing (Debrot and 

Posada 2005). Research has indicated that not all bonefish survive post-capture release and 

that survival rate varies depending on the location and handling practices (Danylchuk et al. 

2007a). When stressed, bonefish release chemicals (namely ammonia, cortisol, lactate and 

urea) into the water which may act as an olfactory cue for sharks (Dallas et al. 2010). 

Furthermore, when targeting bonefish, poor handling techniques such as excessive fight 

times, too much air exposure and rough handling can lead to the fish losing equilibrium and 

becoming prone to predation (Danylchuk et al. 2007a). The combined result of an influx of 

predators and a decrease in locomotive ability, can lead to an increased probability of 

mortality upon release (Raby et al. 2014). A better understanding and improved management 

of these catch-and-release fisheries are vital to conserve bonefish stocks and ensure 

sustainable ecosystems.

Effective fisheries management policies relies on information such as habitat use, home range 

and vulnerable life stages (e.g. spawning migrations) (Allen and Singh 2016). By assessing 

aspects such as rhythmic cycles in a species’ movement, movement behaviour and habitat 

use, we gain an improved understanding of their spatial ecology (Hindell et al. 2008; 
Bacheler et al. 2009; Biesinger et al. 2013). Movement studies, which are one of the key 

tools used by fisheries managers, further aid in identifying which management methods may 

be most effective in the conservation of a species (Dresser and Knieb 2007; Cowley et al. 

2008; Revuelta et al. 2015). Closed seasons and conservation areas are only effective 

conservation tools if they are established in appropriate areas (Ruiz-Frau et al. 2015). For 

example, if a species is resident within a marine protected area (MPA), the protection offered 

to the species can be extremely beneficial and aid in the recovery of the stock in that area 

(Kerwath et al. 2009). For highly mobile species, MPAs may be advantageous as a refuge 

site, however they are seldom able to cover the entire range of a species (Pendoley et al.

2014) . Therefore, to effectively conserve bonefish, an increased understanding of their 

movements, residency, home range and habitat use is required (Adams et al. 2014; Wallace

2015) .
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Movement studies have enabled further understanding of the spatial use by aquatic animals 

(Hussey et al. 2015). This knowledge ranges from snapshots of movement to in-depth spatial 

analyses of habitat use and the effects of cyclical variables on movement, depending on the 

technological capabilities of the specific research approach (Voegeli et al. 2001). Using 

advanced technologies such as acoustic telemetry and satellite tagging, fisheries managers 

can begin to discern a species’ home range, residency and movement patterns within a 

particular area (Zeller and Russ 2000; Stein et al. 2012). Acoustic telemetry has increased in 

popularity in recent years as it provides accurate long-term positional data and is relatively 

easy to use in offshore environments (Biesinger et al. 2013). Acoustic telemetry enables 

effective management based on the understanding of a species’ spatial (specific locations) 

and temporal (seasons) patterns (Ackerman et al. 2000). Movement studies can further 

explain behavioural changes, which may occur over time due to events such as spawning 

aggregations and other mechanisms affecting individual and population-level processes (Finn 

et al. 2014). The information generated from movement studies, combined with the 

knowledge of the landscape ecology, aids in the identification of critical habitats (Hartill et 

al. 2003).

The overall aim of this project was to contribute to the understanding of bonefish Albula 

glossodonta in the Indian Ocean. The specific objectives were to (1) assess the current 

knowledge of bonefish and identify research gaps, (2) evaluate the post-release survival of 

acoustically tagged bonefish, and (3) quantify the spatial and temporal movements of 

bonefish within and around the St. Joseph Atoll, Seychelles.
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Photo Credit: Rainer von Brandis, Save Our Seas Foundation, D ’Arros Research Centre

“It is by acts and not ideas that people live ” ~ Harry Emerson Fosdick
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2.1 Study site

The Republic of Seychelles falls between 4° and 10° south of the equator and comprises about 

150 islands distributed throughout its 1 400 000 km2 exclusive economic zone (Friedlander et 

al. 2014). The Seychelles is divided into three main regions namely the inner Islands, 

Southern Islands and the Amirantes Group. The St. Joseph Atoll and neighbouring D’Arros 

Island (5.43° S, 53.35° E) are part of the Amirantes group of islands, situated approximately 

240 km south-west of the capital Island of Mahe, Seychelles (Figure 2.1). Surrounding the 

Amirantes Bank is a basin and a trough with water depths of about 3 500 m and 5 000 m 

respectively (Mart 1988). The Amirantes Bank is a submerged plateau roughly 3 220 km2 in 

size with a series of more than 20 islands consisting of both coral atolls and sand cays 

(Mortimer et al. 2011).

Aldabra
Atoll SOUTHERN ISLANDS

THE REPUBLIC OF SEYCHELLES

Cousin ♦ ••PraslinARABIA NDIA

Mahe
SRI LANKAAFRICA

D A r r o ^  Joseph , '   BANK
• I ^Desroches

SEYCHELLES /•  : PoivreAMIRANTES. ,y BANK -..CHAGOS PlatteBANK AMIRANTESALDABRA
'  .FARQUHAR GROUP

AlphonseINDIAN OCEAN jBijoutier
MAURITIUS St. Francoiso s

1.000 2,000 Coetivy
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Providence
C3P
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Figure 2.1: Map of the Seychelles indicating the location of the main island groups. The 
arrow indicates the position of D’Arros Island and the St. Joseph Atoll (after Mortimer et al. 
2011).

The unpopulated St. Joseph Atoll is separated from the populated (< 50 inhabitants) D’Arros 

Island by a 1.1-km wide channel, which reaches a maximum depth of 72 m (Figure 2.2). The 

St. Joseph Atoll has a total area of about 21.8 km . The atoll is made up of a circle of 16
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small islands (1.6 km2; 7%), surrounded by 15.3 km2 of reef flats (70%), encircling a central 

lagoon of about 4.9 km2 (23%) (Filmalter et al. 2013). Ribbon reef and seagrass beds are 

intermittently dispersed throughout the atoll, particularly along the western and northern 

edges (Figure 2.2). The atoll is surrounded by steep sloping coral reef, with an incline of 

45° to 70°, which, in parts (particularly on the north-eastern side of the atoll), descends to 

greater than 2 000 m within 4 km of the shore (Selin et al. 1992).

Figure 2.2: Map of D’Arros Island and the St. Joseph Atoll indicating the dominant islands, 
habitat coverage and layout of the area (base map courtesy of Spencer et al. 2008).

2.1.1 Seasons

The Seychelles, like most other tropical regions, is dominated by two seasons. From 

December to May (summer), there is a north-west monsoon characterised by light winds (0 to 

15 kn) and the majority of the annual precipitation (annual mean = 1 490 mm). From June to 

November (winter), a strong (15 to 30 kn) south-east wind dominates with relatively dry 

weather. The average minimum air temperatures vary from 23°C (winter) to 31°C (summer) 

and the sea water temperatures vary from 26°C (winter) to 30°C (summer)
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(von Brandis 2012). A weather station (Davis Vantage Pro2) situated on D’Arros Island 

enables accurate monitoring of the environmental variables such as air temperature, wind 

speed and rainfall.

2.1.2 Temperature

Temperature is an important environmental variable which can fluctuate depending on the air 

temperature, water depth, tide and currents (Figure 2.3). Water temperature loggers (HOBO 

U22-001) were deployed at various locations in and around the St. Joseph Atoll, permitting 

accurate monitoring of water temperature at 10-minute intervals. Water temperature inside 

the atoll (22.7°C to 38.8°C) is generally warmer than the surrounding ocean (19.8°C to 31°C) 

and can fluctuate by as much as 8°C in 30 minutes (von Brandis 2012). The tidal fluctuations 

contribute to the extreme variation in temperature as the incoming tide brings an influx of 

cooler water from the open ocean. Within the atoll, temperature varies between the shallow 

water sand flats and the deeper lagoon (by as much as 8°C). This temperature difference 

within the atoll is due to a combination of factors such as water depth, the tropical solar 

radiation and the direction of the tide (Filmalter 2011; von Brandis 2012).

May 2015

Figure 2.3: Air temperatures; water temperatures in the lagoon; and water temperatures on 
the sand flats (receiver 17) at the St. Joseph Atoll for the month of May 2015.
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2.1.3 Tides

Due to the rotation of the Earth and the moon, and the resulting centrifugal force, there are 

two high and low tides each lunar day (24.8 h); with two 14-day semi-lunar spring/neap tides 

every lunar month (29.5 d) (Morgan 2001). Tides in the Seychelles are asymmetrical, 

meaning that the first and second high and low tides of each day do not reach the same level 

(Figure 2.4). In the St. Joseph Atoll, the lagoon has a maximum depth of about 6.5 m, and the 

maximum tidal range is approximately 2 m (Stoddart et al. 1979). As there is no dominant 

channel into the atoll, water spills over the encircling reef flat as the tides rise and fall 

(Filmalter 2011). To monitor the tidal fluctuations in the St. Joseph Atoll accurately, a tidal 

logger (HOBO U20-001-01-TI) was positioned in the lagoon at a depth of 3 m.

Most of the ecological processes in the atoll are in some way governed by the tides. At low 

tide, a large portion of the sand flats is exposed, as well as some reef outcrops. This affects 

both the amount of tidal flats habitat available for animals during low tide and the vegetation 

growth that can be sustained on the exposed reef (von Brandis 2012). Strong tidal flow (0.43 

m.s-1 during a rising spring tide) in silty areas results in turbid water, which reduces visibility 

(Filmalter 2011). Animals that remain on the sand flats during low tides must therefore be 

able to withstand high levels of turbidity, turbulent conditions and fluctuating temperatures 

(von Brandis 2012).

130 
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1 126 
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JS

120 
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116
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May 2015

Figure 2.4: Tidal regime over the course of one month, showing the mixed semi-diurnal tidal 
cycles (different tidal height of the first and second high tide during a lunar day). The two 
spring tides (greater tidal range) and two neap tides (lower tidal range) are clearly evident.
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2.2 Acoustic telemetry

Acoustic telemetry is a tool for monitoring animal movements. It has the ability to detect 

long-term and fine-scale movements of aquatic animals and is suitable for use in a range of 

environments (Biesinger et al. 2013). Acoustic telemetry enables researchers to discern a 

species’ home range, residency and movement patterns within a particular area (Zeller and 

Russ 2000; Stein et al. 2012). Acoustic telemetry uses sound (acoustic) waves, which are 

emitted by the transmitter attached to or implanted inside the study animal (Campbell et al. 

2012). If a receiver is within the vicinity of the transmitted signal, it is able to detect (receive 

and interpret) the sound wave signal, and log the date, time and unique tag identification (ID) 

number (Espinoza et al. 2011). The range and accuracy of the telemetry system depend on 

outside (ambient) noise (e.g. boat noise and noise generated by biological organisms and 

wind generated wave action noise) and environmental factors (e.g. temperature, salinity and 

turbidity) (Humston et al. 2005; Kerwath 2005; Webber 2009). Range testing trials at the St. 

Joseph Atoll indicated a detection range of between 100 m and 300 m in the sand flats and 

the lagoon environments (Elston 2015).

2.2.1 Acoustic receivers

The St. Joseph Atoll and surrounding area has been equipped with an array of 88 acoustic 

receivers (model VR2W, Vemco Ltd., Halifax, Canada) (Figure 2.5 A, C). The receivers in 

the atoll were deployed both on the shallow water reef flats and within the lagoon (Figure 2.5 

C). The depth of deployment ranged from 0.2 m to 6 m, depending on the location and tidal 

phase. Receivers in shallow areas (< 3 m at low tide) were fixed directly to a concrete block 

on the sea floor while those in deeper waters were suspended in the water column between a 

concrete block and a buoy. Each receiver was an independent, omnidirectional single channel 

tracking unit, which monitors its surroundings continually for transmitters (Simpfendorfer et 

al. 2002). Certain areas, particularly on the sand flats, were unable to host a receiver due to 

the lack of water during low tides, thus limiting acoustic coverage on the sand flats (Humston 

et al. 2005).
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o n iu s
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i K ilom eters

St. Joseph  A toll

Figure 2.5: Study site of the acoustically tagged bonefish in the St. Joseph Atoll. (A) View of 
the Amirantes Bank showing the location of the 88 acoustic receivers, with a concentration of 
receivers in and around the St. Joseph Atoll. (B) Shaded red circles display the five different 
tagging areas, with the red stars showing the location of the 30 acoustically tagged bonefish 
(n = 6 per location). (C) Location of the acoustic receivers stationed in and around the St. 
Joseph Atoll. Base map (A) taken from ESRI online resources, 
www.arcgis.com/home/webmap/viewer.html?useExisting=1, accessed 10/01/2016. Base 
maps (B and C) adapted from Spencer et al. (2008).
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2.2.2 Field methods

Thirty bonefish were captured using conventional angling methods (rod and reel) and 

surgically equipped with V13 transmitters (Vemco Ltd., Halifax, Canada). These transmitters 

transmitted a unique signal every 80 to 160 seconds, at 69 kHz with a power output of 

153 dB, had an estimated battery life of 1 118 days, weighed 6 g in water and were 13 mm in 

diameter and 36 mm in length. Care was taken to ensure that the samples were collected from 

a range of locations around the atoll. Six specimens were tagged at each of the five selected 

locations around the atoll (Figure 2.5 B). A soft mesh, knotless dip net was used to land the 

fish. The hook was then removed, and the fish was transferred to an isolated keep-pen filled 

with fresh sea water (Figure 2.6). In the keep-pen, a wet cloth was placed over the fish’s head 

and eyes. The fork length (FL) was measured and a photograph of the inferior side of the jaw 

was taken for morphometric comparisons. A fin clip was taken from the pectoral fin and 

placed in a vial containing 99% ethanol, for genetic analysis.

During the surgical procedure to insert the acoustic tag, the fish was inverted, allowing access 

to the abdomen. Care was taken to ensure that air exposure was kept to a minimum during the 

entire procedure. An incision of one to two centimetres was made halfway between the 

pectoral and anal fins, and slightly to one side of the ventral midline. The acoustic transmitter 

was sterilised in a 15% ammonia solution before being inserted into the peritoneal cavity. 

The incision was closed with two to three individual sutures (Clinisilk black braided Silk 

sutures 3/0). After this, an anti-bacterial gel was placed over the area to minimise infection. 

For the release procedure, the surrounding waters were assessed for the presence of predators 

and once deemed ‘safe’ the fish was released from the keep-pen. If the area was deemed 

‘unsafe’, meaning there was an abundance of predators, the fish was moved while contained 

in the keep-pen to an area nearby. Once the fish was released, visual observations were made 

for about three minutes to assess if a shark attack occurred. The fight time, duration of the 

surgical procedure and release time were recorded. To reduce the risk of contamination 

during the surgical procedure, all surgical tools were cleaned in a 15% ammonia solution 

prior to each surgical procedure.

12
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Figure 2.6: Bonefish placed in an isolated keep-pen filled with fresh sea water prior to and 
during the implantation of an acoustic transmitter. Photo: Copyright Rainer von Brandis, 
Save Our Seas Foundation, D’Arros Research Centre.

2.2.3 Filtering of detection data

In acoustic telemetry studies, additional stress is placed on the fish due to the capture 

myopathy (Cooke and Schramm 2007; Cooke et al. 2013). Residual stress from handling and 

surgery may influence the behaviour or survival of an animal after release into the wild 

(Mulcahy 2003). During the tagging process, cortisol levels, blood glucose, packed cell 

volume (PCV), haemoglobin, lactate and ions (Sodium and Potassium) increase as a response 

to the stress of capture and surgery (Lower et al. 2005; Cooke et al. 2008; Murchie et al. 

2011a). Thus the use of movement data from the first 12 hours to 15 days has been cautioned 

(Robichaud and Rose 2002; Lower et al. 2005; Masters et al. 2005). In bonefish movement 

studies, post-release mortality usually occurs between one hour and one week after release, 

suggesting that data from this period must be treated with caution (Humston et al. 2005, 

Danylchuk et al. 2007b, Murchie et al. 2013). In bonefish, the recovery period after an
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angling event is unknown; therefore, the first 48 hours of data after release were excluded 

before analysing the results of this study.

2.2.3.1 False detections

At the time of this study, passive acoustic telemetry studies were underway in and around the 

atoll on several species, including porcupine Urogymnus asperrimus, mangrove Himantura 

granulate and feather tail Pastinachus sephen stingrays, lemon sharks Negaprion acutidens, 

black tip reef sharks Carcharhinus melanopterus, hawksbill turtles Eretmochelys imbricata 

and green turtles Chelonia mydas (von Brandis 2015). False detections may arise due to the 

collision of detections from two or more transmitters transmitting signals simultaneously 

(Pincock 2012) or due to external biotic (e.g. snapping prawns) or abiotic (e.g. boats) acoustic 

factors affecting the frequency of the transmission signal (Heupel et al. 2006, Pincock 2012). 

To identify false detections in this study, results were manually screened for single detections 

(Clements et al. 2005). If the single detection was accompanied by a second detection on the 

same receiver or a different receiver directly adjacent to it within 30 minutes, the detection 

was retained; if not, the single detection was considered a possible collision and thus 

excluded.

2.2.4 Analyses

Passive acoustic tracking of the fish took place for a period of 12 months. Data were 

downloaded from the acoustic receivers in November 2015 (six-month receiver download) 

and again in May 2016 (one-year receiver download). The data obtained from the six-month 

download were analysed for abnormal behaviour which may represent predation bias. This 

analysis is presented in Chapter 4. The data obtained from the 12-month download were 

analysed to identify habitat use and home range size, and to assess the effects of cyclical 

variables (e.g. lunar cycles and diel patterns) on bonefish movement patterns. These analyses 

are presented in Chapter 5.

14



Chapter 3 -  Review of scientific literature on bonefish (Albulidae)

Chapter 3

Review of scientific literature on 

bonefish (Albulidae)

Photo Credit: Paul Cowley, South African Institute for Aquatic Biodiversity

“The more that you read, the more things you will know. The more that you learn, the more

places you'll go. ” ~ Dr Seuss
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3.1 Introduction

The bonefish (Albulidae: Albula) is one of the most primitive forms of the living teleosts, 

with fossil deposits found worldwide (Fitch 1950). Present day fish of the Albula genus can 

be found in both tropical and sub-tropical seas (Fitch 1950; Shaklee and Tamaru 1981; 

Randall and Bauchot 1999). Due to their powerful fighting ability and their elusive nature, 

bonefish have become a popular target in recreational fisheries and form part of a valuable 

tourism industry (Danylchuk et al. 2007b; Wallace 2015). For example, bonefish contribute 

more than US$ 141 million annually to the Bahamian economy (Fedler 2010; Murchie et al. 

2015). Many developing countries, in particular small island countries such as the Seychelles, 

rely on the revenue generated through tourism, of which fishing tourism is an important 

contributing sector (Wallace 2015). Economic, social and technological changes have all 

impacted on the focus of bonefish studies and a shift in research trends over the last 70 years.

Responsible management of a particular fishery relies on research for informed decision 

making (Humston et al. 2005; Weinberger and Posada 2005). The purpose of this review was 

to identify areas where bonefish research was lacking, thus enabling future research to 

contribute to the pool of bonefish knowledge in a meaningful way. Specific objectives were 

to (1) assess regional trends in bonefish research and how they have changed over the past 

seven decades, and (2) identify knowledge gaps to prioritise future research needs.

3.2 Literature review methods

3.2.1 Online literature search

An extensive literature search was conducted from August to September 2015. Common 

(bonefish) and scientific (Albula) names were used as keywords for several search engines; 

namely (1) Google Scholar (www.scholar.google.co.za), the first 30 pages, (2) Web of 

Science (www.webofknowledge.com) and (3) Catalogue of Fishes 

(http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp).

The search conducted using the Google Scholar search engine included all valid names and 

synonyms within the genus Albula (argentea, esuncula, gilbert, glossodonta, goreensis,
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koreana, nemoptera, oligolepis, pacifica, virgata, vulpes). However to reduce the number of 

unrelated journal articles in the search results, the Genus names Coregonus (Alps) and 

Spodoptera (Germany), which carry the species name albula were omitted from the search 

results using the “-” function available in Google Scholar, as these refer to species in 

unrelated families and phyla, respectively.

3.2.2 Criteria for selecting eligible journal articles

For the purpose of this review, only English, peer-reviewed journal articles since 1946 

(spanning the last seven decades) with the keywords Albula or bonefish in the title1 were 

considered. Conference abstracts, posters, academic theses, books, biodiversity or 

biogeography lists and other grey literature were not included.

3.2.3 Themes and focus areas used for the categorisation of publications

Each article was classified according to five main themes, and then further into focus areas 

(outlined below, adapted from Palmer et al. (2008)). Owing to the considerable potential for 

overlap of research focus areas, in order to avoid duplication, each article was assigned to a 

single theme and focus area based on either the primary study objective or the main findings.

I. Taxonomy and systematics

Bonefish species descriptions using molecular or non-molecular techniques.

a. Genetics: molecular techniques to investigate aspects such as phylogeny, phylogeography 

and population genetics

b. New records and descriptions: for example new species descriptions, taxonomic 

revisions, new distribution records or clarifications

c. Taxonomy and systematics: non-molecular classification of fish including relationships 

between species or stocks within a single species.

1 Certain studies that had the keyword in the abstract were also included, provided the article predominantly studied bonefish 

and fitted into one of the focus areas.
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II. Biology

The biology of bonefish, with non-management related results.

a. Physiology: such as measuring and assessing metabolic rates, temperature preference, food 

conversion ratios, salinity tolerance and body structure (e.g. teeth, eyes, brain)

b. Life history: descriptions of different life history strategies, e.g. descriptions of fish growth 

and ontogenetic changes in metabolic processes

c. Age and growth: age evaluation; for example, scales and/or otoliths

d. Reproduction: reproductive processes of bonefish such as gonosomatic index (GSI), age at 

maturation and reproductive seasonality

e. Diet andfeeding: assessments and descriptions of diet and feeding

f. Tagging and movement: different tagging methods or descriptions of movement patterns

g. Eggs and larvae: biology of eggs and larvae

III. Ecology

Ecology of bonefish with non-management related results, where research emphasis was

placed on the ecosystem rather than the biology of the species.

a. Habitat: study of the habitat and habitat use

b. Oceanography: the effects of ocean events and currents on bonefish (e.g. El Nino and La 

Nina)

c. Spatial and temporal distribution: dispersal, seasonal patterns, spatial use, biomass and 

density, in relation to habitat and ecology

d. Trophic relationship: the trophic relationship within the environment, such as food webs, 

nutrient cycle and stable isotope analysis

IV. Management & fisheries

Publications focusing predominantly on the management of bonefish.

a. Stock assessments: stock assessment techniques such as data modelling and catch statistics

b. Research programs or objectives: the focus was on objectives of a study or research 

program rather than results

c. Status report: reports on the status of a fishery or fish stock
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d. Fisheries, resource use and economics: focusing on economics, including social 

economics and resource use

e. Policy and regulations: the development of regulations, legislation, quotas, fishing rights 

and conservation strategies (e.g. marine protected areas). Or, focus on the rationale and 

application of management strategies, including aspects such as best handling techniques 

and recreational fishing

f. Biology, ecology and age and growth: management decisions or strategies based on 

biological, ecological and age and growth data

V. Other

Publications that did not fall into any of the above categories.

a. Parasites and bacteria: focusing on parasites or bacteria of bonefish rather than the taxon 

itself

b. Mariculture and aquaculture: for example, the farming of bonefish

3.2.4 Decadal trend in research publications

To assess how bonefish research has changed over time, publications were sorted 

chronologically within each research theme. Themes were then grouped into seven decadal 

increments from 1946 to 2015. Owing to the complex nature of the biology theme and the 

high volume of publications over time, publications within the biology theme were further 

categorised according to the focus area, into decadal bins.

3.2.5 Geographic location

To present a geographical view of where bonefish research has taken place, the general 

location of the research was mapped according to the ocean region in which the research was 

conducted.

3.3 Findings

The search revealed 99 peer-reviewed articles on the Albula genus, published from 1946 to 

2015 (see Appendix I). In general, the frequency of publications on bonefish has increased
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over the last 70 years, with the majority (68%) published in the last 20 years (1996 to 2015). 

The discussion of this review follows the order of (1) decadal trends in bonefish research,

(2) the locations of research according to the ocean in which the research was conducted, and

(3) further discussion of dominant themes and elaboration on individual focus areas where 

relevant.

3.3.1 Decadal trends in bonefish research

Of the papers reviewed, 54% of the articles focused on the biology theme, 21% on taxonomy 

and systematics, 20% on management and fisheries, 3% on ecology and 2% other (Figure 

3.1). Biological research dominated the research field for the first 60 years (1945 to 2006) of 

the review period, with the taxonomy and systematics, and management and fisheries themes 

surpassing it in the last 10 years. Taxonomic research was the second most common research 

theme overall, with 43% of articles published from 1956 to 2005, and 57% in the last 10 
years. Management and fisheries represented a new field of research for bonefish, with 

articles first published in 1996, but has become the most dominant topic of research in the 

last 10 years, surpassing both biology and taxonomy and systematics. Finally, ecology is a 

relatively new theme within bonefish research, with the first ecological paper published in 

1995, but no growth in this research field has occurred over time.
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Figure 3.1: Proportion of bonefish publications within each research theme over seven 
decadal periods between 1946 and 2015.
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3.3.2 Geographical distribution of bonefish research

Based on the number of publications, the majority of bonefish research has taken place in the 

Atlantic (56%) and Pacific (41%) oceans, with no research conducted exclusively in the 

Indian Ocean, but some conducted in the Indo-Pacific (3%) (Figure 3.2). Within the Atlantic 

Ocean, all studies were confined to the Western Atlantic, particularly the North-Western 

Atlantic, namely the Caribbean and the Gulf of Mexico. Within the Pacific Ocean, 73% of the 

studies were conducted along the western Mexican coastline, 14% around the Hawaiian 

Islands, 8% around the region of Korea and Taiwan and 5% at the Republic of Kiribati.

The contrast between the level of knowledge in the Indian Ocean in comparison with the 

Atlantic and Pacific oceans was stark. The literature review revealed just three studies which 

presented data on bonefish within the Indo-Pacific, all of which focused on taxonomy and 

systematics (Randall and Bauchot 1999; Hidaka et al. 2008; Wallace 2015). Although more 

research in the Indian Ocean is required, due to the isolation of many of the islands, the 

expense involved in research in this area is high. This is likely the reason for the current lack 

of research in this area, and particularly the lack of baseline research on the biology and 

ecology of bonefish. Simultaneously, however, the isolation and associated ecological 

condition of these islands provides a unique opportunity to develop baseline information on 

bonefish in a relatively pristine environment. This could further the understanding of 

bonefish biology and ecology and enable comparisons with areas that have been affected by 

development.

Without information on aspects of biology and ecology, effective management of bonefish is 

difficult. This knowledge is vital as many areas within the Indian Ocean are popular tourist 

destinations for recreational anglers targeting bonefish (e.g. Seychelles and Mauritius). 

Therefore, stable bonefish stocks are essential for the continued success of this tourism 

industry, thus highlighting the urgency for further assessments.
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Figure 3.2: Distribution of bonefish research across the world’s oceans, with pie charts 
indicating the research themes conducted in each area. The triangle represents three 
taxonomy studies which took samples from the Indian and Pacific oceans 
(base map taken from ESRI online resources,
www.arcgis.com/home/webmap/viewer.html?useExisting=1, accessed 10/01/2016).

3.3.3 Research themes and focus areas

3.3.3.1 Aspects andfocus areas within the biology theme

Biology studies of bonefish were the most dominant form of research until 2005, with few 

other themes being investigated historically (1946 to 1995). From 1946 to 1975, bonefish 

research was limited to eggs and larvae, physiology and life history (Figure 3.3). The high 

proportion of eggs and larval (32%) and life history (13%) research was predominantly due 

to the research efforts of Dr Edward Pfeiler (Monterey Institute of Technology and Higher 

Education) and his team. They were responsible for a considerable increase in bonefish 
research from 1984 to 2011, particularly within the focus area eggs and larvae, in the Gulf of 

California. Research on eggs and larvae of bonefish was popular between 1980 and 2000, 

during which time Pfeiler and his team authored more than three quarters (76%) of the 

research outputs on eggs and larvae. This can be observed in the noticeable increase in
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biological research based in the Pacific Ocean, with particular focus on the Gulf of California 

(Figure 3.2). While there has been considerable research on eggs and larvae in the Pacific, 

further research needs to be conducted on the early development of bonefish species in other 

areas.

Within the physiology theme (26% of all biology publications on bonefish) a broad range of 

topics was examined. Examples of these include salinity tolerance (Pfeiler 1981; Thompson 

and Deegan 1982), thermal tolerance (Murchie et al. 2011a), body composition (Murchie et 

al. 2010), visual acuity (Taylor and Grace 2005) and energy use (Murchie et al. 2011c; 

Brownscombe et al. 2014). The relatively primitive taxonomic characteristics of Albula make 

certain aspects of its physiology important for comparative purposes (Fridberg et al. 1966). 

Aspects such as the neurosecretory cells, which show both primitive and advanced features 

(Nishioka and Bern 1964; Fridberg et al. 1966), the caudal skeleton (Nybelin 1973) and jaw 

morphology (Nybelin 1976) have been explored for comparative purposes.

The increase in studies from 1996 onwards may also be attributed to the founding of The 

Bonefish and Tarpon Trust (BTT) (www.btt.org) in 1988, with the research focus becoming 

more dynamic across all themes. The BTT is a non-profit organisation that began as a 

response to the decline in bonefish and tarpon and the lack of biology research on these taxa 

(Adams and Cooke 2015). This institution has been vital in the development and funding of 

research and scientific knowledge relating to bonefish, tarpon (Megalops atlanticus) and 

permit (Trachinotus falcatus), particularly within and around the Caribbean.

Tagging and movement studies are generally viewed as a more ethical approach to fisheries 

research as study animals are not sacrificed. A movement to more sustainable research 

methods has been noted from the increase in tagging and movement studies in both the 

biology theme (Humston et al. 2005; Danylchuk et al. 2011b) and as a research method when 

developing best handling practices in the management theme (Danylchuk et al. 2007a; 

Kamikawa et al. 2015) (Figure 3.3). The increased use and technological advancements in tag 

types, such as dart tags (Colton and Alevizon 1983a; Kamikawa et al. 2015), tri-axial 

accelerometer biologgers (Brownscombe et al. 2014) and acoustic telemetry (Cooke and 

Philipp 2004; Murchie et al. 2011a, 2015), have enabled researchers to further investigate 

aspects such as thermal biology (Murchie et al. 2011a), bioenergetics (Murchie et al. 2011c), 

spawning locations (Danylchuk et al. 2011b) and the long term movement of bonefish
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(Colton and Alevizon 1983a). These studies have furthered our understanding of bonefish 

movement, in relation to environmental cycles such as tidal cycles, lunar cycles and seasonal 

changes, spawning seasons and areas, as well as aspects pertaining to home range, site 

fidelity and habitat use (Colton and Alevizon 1983a; Humston et al. 2005; Murchie et al. 

2015). All of this information enables more informed conservation and fisheries management 

decisions.
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Figure 3.3: Proportion of bonefish publications over time according to each focus area within 
the theme biology.

3.3.3.2 An overview o f taxonomy and systematics studies

In order to adequately conserve a fishery, knowledge on the species distribution is vital. 

Despite the global distribution of bonefish, taxonomic research of the Albula genus has only 

recently discerned more than two species (Shaklee and Tamaru 1981). Yet genetic evidence 

indicates that certain speciation events occurred as much as 20 to 30 million years ago 

(Shaklee and Tamaru 1981). Although nucleotide divergence among bonefish species took 

place at a ‘normal’ rate, morphological divergence has occurred extremely slowly, possibly 

due to their habitat use patterns (Colborn et al. 2001). This has resulted in limited 

morphological differences among bonefish species (Shaklee and Tamaru 1981; Hidaka et al. 

2008). The lack of morphological differences has presented challenges when describing 

species using basal morphological and physiological techniques such as morphology and 

meristics (Rivas and Warlen 1967; Whitehead 1986). This was the likely reason for the
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species complex remaining undetected until recently. The progress on taxonomic and 

systematics research among bonefish species can be attributed mainly to advances in genetic 

technology. The field of taxonomy has grown substantially, allowing access to new methods 

of analysing species variation (such as DNA taxonomy, DNA barcoding and molecular 

operational taxonomic units) (Vogler and Monaghan 2007).

Worldwide, 12 different bonefish species have been identified, although, only 11 have been 

named (Hidaka et al. 2008; Wallace and Tringali 2010; Wallace 2015). The discovery of 

multiple bonefish species was surprising as bonefish display a leptocephalus larval stage (an 

extended pelagic larval period) which would reduce the likelihood for allopatric speciation 

(Thompson and Deegan 1982; Hidaka et al. 2008). Recent taxonomic work, such as the work 

conducted by Colborn et al. (2001), Hidaka et al. (2008), Wallace and Tringali (2010), Kwun 

and Kim (2011), Pfeiler et al. (2011) and Wallace (2015) has proven helpful in discerning the 

confusion of the Albula species and their distributions. Adams et al. (2014) and Wallace 

(2015) provide comprehensive summaries on the current state of knowledge about the global 

distribution of the Albula genus.

This review revealed that taxonomy and systematics studies accounted for 21% of published 

bonefish research, of which most was conducted in the last 20 years. Due to the lack of 

knowledge about the species complex, most of the biology, ecological and management and 

fisheries research did not consider species-specific research as part of the studies. Many 

bonefish studies either assumed that the study species was A. vulpes or did not refer to the 

species name in the article (e.g. Pena et al. 1998; Pfeiler and Vrijenhoek 2005; Danylchuk et 

al. 2008a; Vasquez-Yeomans et al. 2009). However, such assumptions can generate 

confusion and create the impression that information on bonefish species is interchangeable 

among species and areas. Indeed, even within a small area, different bonefish species can 

display variation in diet, reproductive strategies, growth and habitat preferences, as was 

observed between two species that occur in Hawaiian waters, A. glossodonta and A. virgata 

(Donovan et al. 2015).

An example of a possible species complex is apparent when considering literature on 

spawning seasons. For example, in the Bahamas, spawning reportedly takes place from 

autumn to early winter (October to January), and can also occur through to spring (May) 

(Mojica et al. 1995; Murchie et al. 2013). Western Caribbean and Florida report year-round
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spawning (Burger 1974; Vasquez-Yeomans et al. 2009). Late spring to summer spawning 

months were reported for the Gulf of California (Pfeiler et al. 1988), and in Hawaii, a peak in 

spawning was recorded in winter (November to April) for both species present in the area, 

namely A. glossodonta and A. virgata (Donovan et al. 2015). When comparing different 

localities, variations in spawning seasons become apparent. This could be due to the location- 

specific environmental cues for spawning, such as sea temperature, current and photoperiod 

(Pankhurst and Porter 2003); or it could be due to the species complex and differences in life 

history strategies found among species (Donovan et al. 2015).

Due to the progress made within taxonomy and systematics research, inclusion of or reference 

to species-specific information is becoming standard, with more recent studies generally 

identifying their study species, or referring to genetic analyses from the same area 

(Danylchuk et al. 2007a; Murchie et al. 2009). However, further studies are essential as little 

information is available for most bonefish species, particularly with regards to their range and 

distribution. Such information is critical when developing management strategies for 

different species.

3.3.3.3 Management

Management andfisheries publications (20% of all publications on bonefish) have dominated 

bonefish research in the last decade, with no previous studies prior to 1996. In the last 20 

years, a new trend in bonefish research, investigating potential reasons for an observed 

decline in bonefish, has begun. A number of reasons have been noted to account for the 

declines in bonefish stocks including: (1) fishing and targeting of the spawning migration in 

places such as the Hawaiian Islands and the Republic of Kiribati (Beets 2000; Friedlander et 

al. 2008), (2) a breakdown of social structures of people in places like the Republic of 

Kiribati (Johannes and Yeeting 2000), (3) by-catch of bonefish in commercial fishery 

operations in the Caribbean and other areas (Crabtree et al. 1996; Adams et al. 2014) and 

(4) uncontrolled touristic recreational fisheries occurring throughout most of their 

distribution, including protected areas such as the Florida Keys, United States of America and 

Los Roques Archipelago National Park, located off the coast of Venezuela (Debrot and 

Posada 2005; Frezza and Clem 2015). The supposed ‘impact free’ catch-and-release of 

bonefish as an explanation for the decline in stocks has received the most research attention. 

The observation that this decline has been noted in areas that only permit catch-and-release
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fishing, suggests that catch-and-release of bonefish is probably not a benign form of tourism, 

and has greater impacts than previously thought.

Given the concern of high post-release mortality following catch-and-release fishing of 

bonefish, much of the literature in the last decade has focused on improved handling 

techniques (Danylchuk et al. 2007a, 2007b; Hannan et al. 2015). Tagging and movement 

analyses are often used in studies focusing on management and fisheries. These studies 

typically assess the survival rate of released fish in relation to particular handling techniques, 

proximity to shelter and relative abundance of predators (Cooke and Philipp 2004; Danylchuk 

et al. 2007b; Brownscombe et al. 2013).

Unfortunately, formal stock assessments of bonefish are minimal due to the fishery being 

largely recreational (Beets 2000; Humston et al. 2005; Adams et al. 2014). However, angler- 

based science has been used to collect genetic samples and length data, assist in tagging 

studies and provide information on historical changes in the fishery (Larkin et al. 2010; 

Frezza and Clem 2015; Kamikawa et al. 2015). For example, results from a mail survey of 

322 bonefish charter captains suggest that bonefish stocks in the Caribbean declined between 

2000 and 2010. In a similar survey, commercial landings were shown to have declined by 

99% over the last century in Hawaii (Larkin et al. 2010; Kamikawa et al. 2015). Angler 

based science can be a cost-effective method to assess the status of bonefish fisheries. The 

fishery may even benefit from an increased drive towards citizen science where anglers have 

the opportunity to report their catch rates and observations.

3.3.3.4 Ecology

Ecological studies are relatively new to bonefish research, with the earliest ecological paper 

published in 1995 (Mojica et al. 1995). Ecological investigations comprise only 3% of the 

total research output. Reasons for the apparent paucity of ecological research may be the 

broad scope of ecology transgressing into secondary themes within this review. Many of the 

topics within this review were closely interlinked with one another, often complicating the 

classification of papers into broad themes. The ecological theme was a good example, as a 

great deal of overlap was noted in some studies (for example: Murchie et al. 2013, 2015). 

This may have led to ecology studies being under-represented in this review. Furthermore, 

given the strict criteria for accepting articles into this review, ecological studies pertaining to
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areas where bonefish occur (rather than bonefish specifically) were likely filtered out. 

Examples of filtered out articles include Lea and Rosenblatt (2000) and Sielfeld et al. (2010) 

who discussed the impact of the 1998 El Nino event on ichthyofaunal communities 

(including bonefish) in California and Northern Chile respectively. The paucity of studies 

within the focus areas: habitat, oceanography, and trophic relationship indicate vast gaps in 

knowledge. This information contributes to data on energy flow, species diversity and 

population density (Layman et al. 2005). Although other articles have touched on these 

aspects, dedicated studies would prove beneficial.

Owing to the shallow water and near shore habitat preferences of bonefish, it is likely that 

they form part of a complex food web and are vulnerable to habitat degradation (Gupta 2002; 

Layman et al. 2005). Based on this, the conservation of bonefish habitats including shallow 

water flats, estuaries and mangroves and other nearshore environments has been suggested 

(Debrot and Posada 2005; Adams et al. 2014; Adams and Cooke 2015). Further studies to 

understand their trophic position in the food web such as body size analysis and stable 

isotope analysis, are also required. Due to rapidly changing marine habitats (coral bleaching, 

mangrove deforestation, death of seagrass beds, etc.) information pertaining to the 

importance of different habitat types for bonefish is essential for future research (Gratwicke 

and Speight 2005).

3.3.3.5 Other

Two bonefish articles (2%) could not be classified into the four main themes and were 

therefore listed as ‘o th e r one focused on bonefish aquaculture (Murchie et al. 2009) and the 

second on bonefish parasites (Overstreet 1970). Knowledge on the aquaculture of bonefish 

has already proved useful for conducting laboratory-based studies on physiological 

parameters such as critical temperature and metabolic rate (Murchie et al. 2011a, 2011c). 

Furthermore, this knowledge may prove useful in future research studies, which may require 

the culture of bonefish.
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3.4 Conclusion

Bonefish support an important recreational fishery, yet a dearth of knowledge has been noted. 

This review detailed the current state of knowledge on bonefish, highlighting areas where 

research is lacking. The findings reveal a relatively biased literature on bonefish, heavily 

weighted toward the biology theme and more recently, taxonomy and systematics and 

management. The review indicated an increasing trend in bonefish research, yet it is still very 

geographically restricted and generally relates to only one species, namely A. vulpes. The 

lack of research in the Indian Ocean is problematic given the economic importance of the 

recreational bonefish fisheries in this region. Furthermore, managers in other parts of the 

world that may have misidentified the Albula species which occur in their area, may be 

utilising inappropriate information and may thus potentially prevent the effective protection 

of their particular bonefish species.

Owing to rapid global development, it is important to understand the mechanisms behind 

previous or current bonefish declines so that these may be mitigated. Bonefish are vulnerable 

to urbanisation, environmental change and post-release predation; all of which are likely to 

increase in the near future. Island communities in the Indian Ocean and other remote areas of 

the world are an example of where bonefish need to be conserved before development and 

fisheries grow to unsustainable levels. However, without fundamental information, such as 

species-specific biology, ecological, management and taxonomic research on bonefish, such 

conservation is difficult. Therefore, research focusing on those bonefish species and areas 

that have received little research attention to date is paramount. Aspects such as home range, 

niche separation and life history traits (e.g. spawning migrations) should be further 

investigated, thus enabling effective protection and management decisions based on the 

specific bonefish species of a particular area.
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Chapter 4

Evaluation of post-release survival of 
tagged bonefish (Albula glossodonta)

Photo Credit: Paul Cowley, South African Institute o f Aquatic Biodiversity

“The capacity to be puzzled is the premise o f all creation, be it in art or science ” ~ Erich

Fromm
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4.1 Introduction

Bonefish occur worldwide in tropical and subtropical areas and support valuable recreational 

fisheries (Pfeiler et al. 2006; Levesque 2011). These fisheries are usually characterised by 

catch-and-release fishing and are therefore considered to be a sustainable form of ecotourism 

(Holt and Holt 2005). Such tourism is essential as it contributes to the economic standing of 

many small tropical islands and atolls (Hickley 1998; Cisneros-Montemayor and Sumaila 

2010). However, several studies have found that catch-and-release fishing for certain species 

is not as sustainable as previously believed (Cooke and Cowx 2004; Bartholomew and 
Bohnsack 2005; Danylchuk et al. 2007b).

Questions regarding the sustainability of bonefish fisheries have arisen, due to reported 

declines in fish stocks by charter captains in Florida and an investigation conducted at 

Tarawa Lagoon, Republic of Kiribati (Beets 2000; Larkin et al. 2010). Possible reasons for 

the decline of bonefish stocks include pollution, habitat destruction and uncontrolled tourism 

(specifically recreational angling) (Debrot and Posada 2005; Adams et al. 2014; Murchie et 

al. 2015). Bonefish are dependent on coastal sand flats and are therefore vulnerable to 

pollution and urban development along the coastline (Szekeres et al. 2014). However, their 

vulnerability to catch-and-release fishing requires further exploration. Catch-and-release does 

not always ensure the survival of a fish post release (Brownscombe et al. 2017). Post-release 

survival of bonefish depends on factors such as the capture environment (e.g. temperature), 

capture method (e.g. fishing gear and fight time) and handling practices (such as air exposure 

time) (Bartholomew and Bohnsack 2005; Cooke et al. 2013). Bonefish are particularly 

susceptible to post-release predation, especially in areas with a high density of sharks 

(Humston et al. 2005; Danylchuk et al. 2007b). Poor handling practices have been found to 

increase the likelihood of post-release predation; however, even with best handling practices, 

mortality estimates in bonefish studies range from 15% to 100% (Colton and Alevizon 1983; 

Humston et al. 2005; Friedlander et al. 2008).

The St. Joseph Atoll is characterised by a high density of sharks, mostly juvenile sicklefin 

lemon sharks Negaprion acutidens and blacktip reef sharks Carcharhinus melanopterus 

(von Brandis 2012; Filmalter et al. 2013). Due to the remoteness of the atoll, low density of 

human inhabitants and lack of commercial shark fisheries in and around the St. Joseph Atoll,
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a high density of sharks may be expected (DeMartini et al. 2008; Graham et al. 2010; Salinas 

de Leon et al. 2016). This study aimed to assess the movement of bonefish at this remote 

atoll. However, given the large body of knowledge documenting bonefish vulnerability to 

shark predation (Brownscombe et al. 2013; Murchie et al. 2013), and the richness of 

predators in the St. Joseph Atoll, a predation event on tagged bonefish was likely during this 

study. This study was, therefore, susceptible to predation bias.

Predation bias occurs when a tagged animal is preyed upon and the acoustic tag is ingested by 

the predator, resulting in the transmitter representing the predator’s movements as opposed to 

the original study animal (Gibson et al. 2015). Examples of predation bias in the literature 

include a noticeable change in temperature and depth range of a satellite-tagged silver eel 

(Anguilla rostrata) consistent with the known behaviour of porbeagle sharks (Lamna nasus) 

(Beguer-Pon et al. 2012); and a tagged Atlantic salmon (Salmo salar) displaying movements 

correlating to the known behaviour of a striped bass (Morone saxatilis) (Gibson et al. 2015). 

In this study, if a predation event occurred, then a behavioural change should have been 

noticeable and quantifiable when compared with the movement patterns of bonefish.

Before the movement analysis of bonefish could begin, data were examined for predation 

bias. If predation bias occurred, then abnormal behaviour should be evident during the period 

of gastric tracking (while the transmitter is retained in the gastric tract of the predator). 

Literature suggests that gastric retention of acoustic transmitters ingested by sharks ranges 

from 24 h (bull shark Carcharhinus leucas) to 34 days (tiger shark Galeocerdo cuvier) 

(Brunnschweiler 2009; Murchie et al. 2012), with an average retention time of three to six 

days (Mc Kibben and Nelson 1986; Economakis and Lobel 1998). By assessing tag retention 

time and comparing the movement behaviour from the last 100 h of tracking for those fish 

that appear to have suffered predation bias to the behaviour of fishes considered to be 

surviving bonefish (i.e. long-term retention of transmitters), we could quantify the level of 

possible predation bias.

The aim of this chapter was to evaluate the post-release survival of acoustically tagged 

bonefish and to determine the prevalence of predation events on tagged individuals. This was 

achieved through a comparison of multiple movement metrics, including residency index, the
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daily distance moved among receivers, average movement speed and diel area use, in order to 

categorise behaviour patterns and thus identify whether predation events had occurred.

4.2 Methods

4.2.1 Rapid assessment of the raw acoustic detections

Tagging of thirty bonefish with acoustic transmitters took place from the 4th to the 9th May 

2015 in the St. Joseph Atoll (see Chapter 2). Acoustic receiver data were downloaded from 

the 21st to the 25th November 2015 (six-month download). Initial screening and analysis of 

detection data revealed that the number of tracking days varied considerably among 

individuals, ranging from zero to 204 (Table 4.1). This variation required further analyses. Of 

the 30 fish tagged, 14 fish (47%) were excluded from the analyses. Of these, ten fish (33%) 

were excluded as they were never detected (13%), or were detected exclusively (17%) or 

almost exclusively (3%)2 on one receiver. Four fish (14%) were excluded as they were 

detected less than 75 times (the minimum detection number set for this experiment) over their 

tracking period. Therefore, the evaluation of predation bias was conducted on 16 individuals 

(Table 4.1).

2 Fish 21 was considered as part o f this group “detected almost exclusively on one receiver” as 98% of the 
detections were detected on one receiver.
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Table 4.1: Raw (non-filtered) metadata of bonefish (n = 30), tagged at St. Joseph Atoll 
between the 4th and the 9th May 2015. Tagged fish that were never detected are marked with 
ND (not detected). Star symbols refer to fish removed from further analysis: * = fish not 
detected or detected exclusively or almost exclusively on one receiver, ** = fish with fewer 
than 75 detections. Tagging location refers to Figure 2.5 B.

F ish
ID

Date and tim e 
tagged

F o rk  leng th  
(mm)

Tagging
location

Tota l receivers 
v is ited

Receiver
detections

Tota l m on ito ring
days

Days
Detected

1 * 5/5/2015 9:27 550 c ND ND ND ND

2 * 5/5/2015 15:48 470 d ND ND ND ND

3 * 6/5/2015 9:20 500 e 1 21 2 2

4 4/5/2015 17:26 465 c 10 102 5 5

5 4/5/2015 18:10 494 c 9 417 12 12

6 5/5/2015 8:47 525 c 21 375 12 10
7 * 5/5/2015 9:51 472 c 1 1 1 1

8 * 5/5/2015 14:56 499 d ND ND ND ND

9 5/5/2015 15:19 499 d 6 396 5 5

10 ** 6/5/2015 9:15 519 e 6 64 2 2
11 ** 6/5/2015 9:49 487 e 2 7 1 1
12 * 6/5/2015 10:07 452 e ND ND ND ND

13 8/5/2015 9:04 518 a 14 4860 124 124

14 6/5/2015 14:31 515 b 17 2969 204 115

15 6/5/2015 14:45 450 b 9 109 4 4
16 ** 6/5/2015 15:05 470 b 7 58 3 3

17 8/5/2015 9:20 553 a 11 388 7 7
18 * 8/5/2015 9:38 525 a 1 35 2 2

19 6/5/2015 10:22 506 e 11 697 202 77

20 6/5/2015 10:57 551 e 11 83 4 4
21 * 6/5/2015 13:05 528 b 8 6387 105 100
22 ** 6/5/2015 13:22 502 b 4 34 5 4

23 8/5/2015 5:58 495 a 12 185 39 4
24 * 8/5/2015 10:19 518 a 1 2402 25 24
25 * 5/5/2015 12:10 477 a 1 64848 198 198

26 8/5/2015 16:28 532 d 6 268 42 9

27 9/5/2015 15:45 528 b 15 2358 196 106

28 8/5/2015 15:57 478 d 4 568 26 20

29 8/5/2015 16:11 462 d 10 109 4 4

30 5/5/2015 9:10 467 c 6 127 3 3
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The results from the 16 individuals were then filtered (see Chapter 2), and each individual 

was allocated to one of two categories. Categories were assigned based on the tracking 
duration of individual fish (once filtered), Category 1 (13 fish; fish 4, 5, 6, 9, 13, 15, 17, 20, 

23, 26, 28, 29 and 30) included fish with less than two weeks of tracking data and Category 2 

(three fish; fish 14, 19 and 27) included fish with more than two weeks of tracking data. To 

test for a difference in movement behaviour, the final 100 h (or part thereof) from Category 1 

fish were used. Fish in Category 2 were tracked for the entire six months and were therefore 

assumed to represent bonefish movement behaviour. To avoid bias, detections only after the 

first 48 hours and up to the final 100 h from Category 2 fish were used.

4.2.2 Spatial distribution

Bonefish area use was plotted in ArcView 10.2 (Environmental Systems Research Institute 

Inc., Redlands, California). Movement trajectories were approximated using lines to connect 

the receivers visited. Circles were used to identify the receivers on which each fish was 

detected, and these were scaled to the frequency of detections. Depending on the region of 

the atoll in which the majority of the detections took place (namely the lagoon or the sand 

flats), the movement trajectories were classified into three groups (a) predominantly detected 

on the sand flats, (b) predominantly detected in the lagoon and (c) detections approximately 

evenly distributed between the lagoon and the sand flats.

4.2.3 Metrics for the assessment of behavioural differences (predation events)

4.2.3.1 Average daily distance travelled per day detected

The total distance between consecutive receivers on which each fish was detected was 

calculated for each day (0:00 to 23:59). These daily distances (km) were then averaged across 

the total number of days that each fish was detected within the array. This value provided an 

index of average daily distance travelled (km.day-1).
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4.2.3.2 Movement speed

Where multiple receivers were visited within a 30-minute time frame, the velocity (m.s-1) of 

movement was estimated by dividing the distance (m) between the two receiver locations by 

the time (s) between detections on the two receivers.

4.2.3.3 Residency to the atoll

Calculations were conducted to determine the residency index (RI) for each tagged fish. 

Residency index was determined by dividing the total number of days that each transmitter 

was detected at any receiver within the array by the total number of monitored days 

(Abecasis and Erzini 2008). Residency index was expressed as a proportion from 0 (lowest, 

completely absent) to 1 (highest, detected every day).

4.2.3.4 Multivariate analyses

The clustering of the movement data (RI, average daily distance and average speed) was 

analysed in Primer-E (Ltd; 7.0.10) using non-metric multidimensional scaling (nMDS) 

(Shepard 1962; Kruskal 1964). Non-metric MDS plots configure data into a 2-dimensional 

ordination plot in a way that best represents the relationship amongst samples (Clarke and 

Warwick 2001). Similarities between metrics were identified through MDS ordination and 

cluster analysis (Bray-Curtis similarity coefficient). The stress value indicated the goodness- 

of-fit of the model to the observed data. Stress values less than 0.1 were considered good, 0.1 

to 0.2 as potentially useful, and greater than 0.2 as arbitrary (after Clarke and Warwick 2001).

4.2.3.5 Statistical analyses

A series of statistical tests was conducted to compare the three metrics between Category 1 

and Category 2 fish. Tests for normality and homogeneity of variance (normal distribution of 

residuals) (Shapiro and Wilk 1965; p < 0.05), standard error skewness (-1.96 < x < 1.96) 

(Doane and Seward 2011) and a visual inspection of probability plots and histograms) 

showed that the data were not normally distributed. Therefore, a non-parametric test, namely 

a Mann-Whitney U test, was used to test for a statistical difference between Category 1 and 

Category 2 (Wilcoxon 1945; Mann and Whitney 1947). Analyses were conducted in 

Statistical (DellTM StatisticaTM, StatSoft. Inc., USA). Alpha was set at 0.05.
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4.3 Results

A total of 30 bonefish were surgically implanted with acoustic transmitters at five different 

locations within the St. Joseph Atoll. Of the 30 fish tagged, 16 (53%) were considered 

eligible for further analyses (due to having more than 75 detections on multiple receivers).

4.3.1 Spatial use of the St. Joseph Atoll

A visual assessment of space use was based on plotted maps of the St. Joseph Atoll, showing 

the proportion (%) of detections for individual transmitters at each receiver (Figure 4.1). Plots 

were separated into three groups, (A) majority of the detections found on the sand flats 

(average ± standard deviation; SD, 89% ± 5% of detections on the sand flats and 11% ± 5% 

of detections in the lagoon), (B) majority of the detections found in the lagoon 

(average = 94% ± 7% of detections in the lagoon and, 6% ± 7% of detections on the sand 

flats) and (C) approximate even spread of detections on the sand flats and in the lagoon 

(average = 51% ± 8% of detections on the sand flats and 48% ± 9% of detections in the 

lagoon) (Figure 4.1). Fish that fell into Category 1 (detections for less than two weeks) were 

found within all three groups. Fish that fell into Category 2 (detected for more than two 

weeks; fish 14, 19 and 27) were all placed into group C, as the distribution of detections was 

approximately even (average = 45% ± 3% of detections on the sand flats and 55% ± 3% of 

detections in the lagoon). Almost all fish, except fish 5, 14, 19 and 27, were detected on one 

or more of the most centrally located receivers in the lagoon.
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(A) Predominantly detected on the sand flats

(B) Predominantly detected in the lagoon

Fish 20
• < -0 50 SM Oev
• -0 50 - 0 50SM Dev
•  O SO-1 SSkl Oev

£  2 0 Sid Dev
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(C) Detections approximately evenly distributed between the lagoon and sand flats

Figure 4.1: Movement trajectories representing the spatial distributions of transmitter 
detections, with circles scaled to the frequency of detections for each fish at each receiver. 
Groups display the spatial distributions of the frequency of detections: (A) a greater 
proportion of detections on the sand flats, (B) a greater proportion of detections in the lagoon 
and (C) proportion of detections approximately evenly distributed between the lagoon and the 
sand flats. Base maps adapted from Spencer et al. (2008).
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4.3.2 Metrics for the assessment of behavioural differences

Three fish in Category 2 (14, 19 and 27) had consistently lower values for their average daily 

distance (km.day-1), their average speed (m.s-1) and their residency index. Values for the 

remaining fish in Category 2 were highly variable (Figure 4.2).
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Figure 4.2: Rapid assessment metrics for analysing fish behaviour (A) average daily distance 
between receivers visited (km.day-1) (± standard deviation; SD), (B) the average speed (m.s-1) 
between detections at two different receivers (± SD) and (C) residency index (RI).
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4.3.2.1 Non-metric multidimensional scaling

Multidimensional scaling (nMDS) of a Bray-Curtis similarity matrix revealed a clear 

clustering of fish IDs, based on average distance, average speed and RI (Figure 4.3). The 

cluster analysis separated individuals into five groups with the greatest separation found 

between Category 1 and Category 2 fish.

2D Stress: 0.02 Similarity
-------------  60
------------- 80

Category 
A  Category 1 
•  Category 2

Figure 4.3: Ordination by non-metric multidimensional scaling with a Bray-Curtis similarity 
matrix based on the effect of average daily distance between receivers per day detected 
(km.day-1), average speed (m.s-1) and residency index (RI) on the ordinal distribution of 16 
tagged fish.

4.3.2.2 Movement characteristics

Comparison of Category 1 and Category 2 movement metrics revealed significant differences 

in movement distance (km.day-1), speed (m.s-1) and RI between the two groups 

(Mann-Whitney U test, Z = 2.56, p = 0.011; Z = 2.42, p = 0.015 and Z = -2.56, p = 0.011 

respectively). Category 2 fish (average = 1.15 km.day-1, ± 0.095) moved less than Category 1 

fish (average = 7.39 km.day-1, ± 3.51) and at a lower average speed (Category 1: 2.25 m.s-1, 

± 0.86; Category 2: 1.02 m.s-1 ± 0.46). Category 1 fish had significantly higher RI, being 

present on a daily basis (average = 1 ± 0), than Category 2 fish (average = 0.39 ± 0.11).
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Figure 4.4: Comparisons of movement metrics (average ± standard deviation; SD) (A) 
average daily distance (km.day-1), (B) average speed (m.s-1) and (C) residency index, between 
Category 1 and 2 fish.
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4.4 Discussion

The transmitters implanted into the bonefish were manufactured to last approximately three 

years. Therefore, the short duration of tracking (less than two weeks) for the majority of 

tagged fish raised concerns regarding the probability of predation. From numerous bonefish 

studies, a high post-release predation rate has been documented (Colton and Alevizon 1983 a; 

Humston et al. 2005; Danylchuk et al. 2007a, 2007b; Friedlander et al. 2008; Murchie et al. 

2013). However, it was difficult to identify the reason for the short tracking durations as 

predation cannot be proved unless the predation event was directly observed (Brownscombe 

et al. 2013). In previous studies, the identification of abnormal behaviour was assumed 

indicative of a predation event (Morrissey and Gruber 1993; Melnychuk et al. 2013; Gibson 

et al. 2015). As the St. Joseph Atoll is a predator rich area, data needed to be examined for 

predation bias before assuming that the observed movements were representative of bonefish. 

If movement data were analysed without the prior scrutiny of predation events, then the 

results generated may have provided inaccurate information.

Spatial use and general movement behaviour of marine vertebrates play an important role as 

movements to certain areas often serve a particular purpose and relate to alternative states of 

behaviour (Jonsen et al. 2007). For instance, the bonefish’s use of the sand flats has been 

associated with feeding and shelter, and their use of the lagoon as a temperature refuge 

(Humston et al. 2005). Furthermore, the movements of large shoals of bonefish between 

habitats have been linked to nutrient transport among different environments (Murchie et al. 

2013). Movement trajectories representing tagged bonefish enabled comparison of observed 

movements with those published for bonefish and other species. High spatial use of the atoll 

was noted from the movement trajectories, particularly for fish 6, 15, 17, 20, 23 and 29. 

These fish are all from the short-term movement analysis group (Category 1) and displayed 

high utilisation of different areas of the atoll, particularly the lagoon environment. This 

information is contrary to long-term movement patterns (fish 14, 19 and 27) and bonefish 

literature, which identify the predominant use of the sand flats and margins of the lagoon 

(Humston et al. 2005). Therefore the high use of the lagoon environment indicates abnormal 

movement behaviour for bonefish. The abnormal movement seen in some Category 1 

individuals correlates closely with blacktip and lemon shark movement from the
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St. Joseph Atoll (Filmalter et al. 2013; Lea et al. 2016) (Figure 4.6). The results from the 

movement trajectories are the first form of evidence suggesting that predation occurred on 

tagged bonefish and that some acoustic telemetry data likely represent blacktip reef shark or 

lemon shark movement (the dominant predator in the St. Joseph Atoll) instead of bonefish 

movement.

Figure 4.6: Fine-scale movement trajectories of blacktip reef sharks (BT) and lemon shark 
(LMa) movement in the St. Joseph Atoll (map from Lea et al. (2016)).

In addition to the alternative area use, differences in average daily distance moved and the 

average speed of movement were also observed, between Category 1 and Category 2 fish. In 

general, a lower average daily distance and a lower average speed of movement were noted 

for the three long-term surviving fish (fish 14, 19 and 27). The speed and distance that an 

animal moves can reveal information pertaining to their feeding behaviour, for instance, 

animals (such as sharks) that feed on mobile species (e.g. bonefish) would need to cover 

greater distances and move at greater speeds, while fish (such as bonefish) feeding on small 

benthic organisms (e.g. crustaceans and molluscs) would move slowly across areas where 

these prey items may occur. In general, sharks feed on larger, more energy-rich meals and 

therefore need to sustain increased energy demands such as greater speed of movement and 

increased daily distance travelled in order to find food (Wetherbee et al. 1990; Pethybridge et 

al. 2014). Bonefish feed more regularly on smaller and less energy-rich food sources (Colton 

and Alevizon 1983b). Therefore, while bonefish can achieve high bursting speeds (possibly 

for predator avoidance (Nowell et al. 2015)), their average movements need to be slower in
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order to find food (e.g. crustaceans and molluscs) within the sand. The different area use of 

the atoll in combination with differences in behavioural tendencies (speed and distance) while 

traversing the atoll, suggests that different species, with different needs and ecological roles, 

were being tracked during this acoustic telemetry study, thus providing evidence of predation 

bias.

Residency Index showed two distinct patterns: daily detections (average = 1  ± 0 )  for 

individuals tracked for short periods (Category 1) and detections within the array on fewer 

than half the tracking days (average = 0.39 ± 0.11) for individuals tracked for more than two 

weeks (Category 2). The results from the movement trajectories, average daily distance and 

average speed reinforce the results of the RI calculations. Greater movement (daily distance 

and higher average speed) within the atoll, with particular use of the lagoon (which has a 

greater receiver coverage), increases the possibility of being detected and therefore explains 

the daily detections noted by Category 1 individuals. In contrast, the long-term surviving fish 

(Category 2) showed lower average daily distance and speed and less use of the lagoon 

environment and were, therefore, less active within the array, explaining the lower frequency 

of detections. The literature on juvenile sharks reports high residency and almost daily 

detections (Filmalter et al. 2013; Lea et al. 2016), while the literature on bonefish reports 

variable RI values, ranging from high to low (Murchie et al. 2013). This provides further 

support that the behaviour observed during this study for Category 1 fish is incongruent with 

known bonefish behaviour.

When calculating the distance moved per day detected and the average speed, results are 

subject to bias. The speed of movement for sharks is on average less than 1 m.s-1 (Gruber et 

al. 1988; Papastamatiou 2008; Chin et al. 2013), with a bursting speed of 5.57 m.s-1 reported 

for lemon sharks (Sundstrom et al. 2001), while bonefish velocity has been shown to range 

from 0.18 to 6.4 m.s-1 (Larkin 2011; Brownscombe et al. 2014). Speed estimates in this 

current study may be an underestimation or an overestimation as they assume that (1) the fish 

movement was in a straight line and (2) the fish moved from the base of one receiver to the 

base of the next, therefore not accounting for alternative movement pathways or detection 

range (Gruber et al. 1988; Hedger et al. 2010). In the St. Joseph Atoll, detection range varies 

between 100 m and more than 300 m depending on the location (sand flats or lagoon), tide, 

weather and time of day (Elston 2016). However, the stark contrasts between the tracks
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considered to represent bonefish and those considered to represent sharks, in terms of speed 

and distance, suggest that these estimates were sufficiently accurate in the context of this 

study. The average daily distance and average speed therefore give only relative estimates, 

suitable for comparison within this study; however the results do not represent the actual 

speed or distance moved by a fish.

Using the metrics average distance, average speed and RI, non-metric multidimensional 

scaling confirmed the separate grouping of individuals into two categories based on short 

term and long term tracking periods (Categories 1 and 2 respectively). Non-metric MDS plots 

and the parametric principal component analysis (PCA) can be used in a variety of 

circumstances and have been commonly used by taxonomists to test for speciation, with the 

clustering of different criteria serving as supporting evidence of different species (Hedgecock 

et al. 1988; Olavo et al. 2011). Similarly, the nMDS used in this analysis provided supporting 

evidence for two categories, namely bonefish (Category 2) and other (Category 1). The 

separation of the individuals within the nMDS is further evidence of abnormal behaviour and 

therefore predation bias within this study.

Within the nMDS, the cluster of Category 1 displays high variability. This variability was 

possibly due to the different predators (black tip reef sharks and lemon sharks) present within 

the atoll or due to the uncertain retention time of the transmitters ingested by the predators. 

Some of the Category 1 individuals may thus be displaying partial bonefish and shark 

movement behaviour. However, the standard deviation accounts for this variation, for 

example, Category 1 had a high standard deviation indicating that the movement seen shows 

high variability among and within individuals. Within Category 1, before extracting the final 

100 h of movement data, some fish were tracked for as long as 12 days. It is possible, 

although unlikely that this was shark movement the entire time. A more probable explanation 

was that the bonefish survived for a few days before predation occurred. The possible 

survival time of more than two days was contrary to the literature, which often states that 

bonefish are preyed upon within the first 48 hours post-release, with the majority of events 

occurring within the first few minutes post-release (Danylchuk et al. 2007a). Therefore, 

considering the longer tracking periods relative to the short retention time of transmitters 

ingested by sharks, it is unlikely that all the fish were preyed upon within the first 48 hours. 

Therefore, the predation event would have taken place after blood cortisol levels had returned
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to normal (Dallas et al. 2010; Shultz et al. 2011; Szekeres et al. 2014). The increased survival 

time of bonefish post-release suggests that alternative factors to post-release stress need to be 

considered. Factors that could have increased bonefish vulnerability to predation include 

prolonged recovery from surgery and decreased camouflage due to the wound gel powder 

used in this study (which can remain on the fish for a period and sets as a blue colour).

From the results of the nMDS, the initial categorisation was confirmed and individuals were 

grouped and the two groups were compared using the median of the average daily distance, 

average speed and RI. Significant differences were noted, with Category 1 fish (which likely 

display shark behaviour) exhibiting significantly greater daily distance, speed and RI, 

confirming the presence of abnormal behaviour within this category and therefore predation 

bias in this study. The abnormal behaviour observed was due to the gastric ingestion of the 

transmitter by predators (most likely either blacktip reef sharks or lemon sharks) and 

therefore the tracking of the predator’s movements as opposed to bonefish movement. From 

the evidence presented above, predation in this study may also account for the 14 fish that 

could not be analysed due to insufficient detections on multiple receivers, and therefore 

predation may have accounted for up to 90% of post-release mortality of bonefish in this 

study.

4.4.1 Future acoustic telemetry data analysis recommendations

In this study, evidence of predation was strong and demonstrated the need for scrutiny of 

telemetry data for predation bias before analyses. However, alternative scenarios such as 

faulty transmitters (Dresser and Knieb 2007), migration from the study site (Childs 2005; 

Danylchuk et al. 2011b), angling (Cowley et al. 2008) and mortality due to the tagging 

process (Jepsen et al. 2008) may also result in loss of tagged animals (most of which were 

ruled out in this study). A simple flow chart is proposed, which will enable future telemetry 

studies to rapidly assess their data for predation bias before analysis (Figure 4.7).
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Figure 4.7: Flow diagram for a rapid assessment of survival estimates and possible 
alternatives such as a faulty transmitter, migration from the study area, angling, natural 
mortality and possible predation bias (PPB) in telemetry data.

4.5 Conclusion

In an attempt to reduce mortality of tagged bonefish post release, the development of best 

handling practices has been documented within the literature. The most widely accepted 

methods for improving survival rate were to reduce air exposure and handling time and keep
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bonefish in an isolated area where they are free from predators and can recover to a state of 

equilibrium before release (Cooke and Philipp 2004; Humston et al. 2005). However, despite 

following best handling guidelines, the discontinuation of tracking data (within a two week 

period) in areas with medium to high predator abundance has been observed in this study and 

several others (Danylchuk et al. 2007b; Murchie et al. 2013). Conversely, bonefish studies in 

isolated areas, or areas with very low predator abundance, report multiple recapture events of 

the same fish, poor handling and releasing the fish before it has fully recovered; yet mortality 

events are negligible (Crabtree et al. 1988; Danylchuk et al. 2007a). High predator abundance 

may, therefore, be the greatest reason for a high mortality rate (Cooke and Philipp 2004).

The results of this study indicate that mortality due to predation is an important factor, and 

consideration of post-release predation when implementing management strategies for catch- 

and-release fisheries is important. Post-release survival estimates and studies are usually 

conducted in controlled laboratory environments and therefore do not take predation into 

account (Crabtree et al. 1988; Raby et al. 2014). These results are then used to advise 

management of the sustainability of fisheries in the wild. The results of this study and many 

others indicate that management protocols for sustainable and effective management 

approaches need to take potential predation into account, as the effects can be exceptionally 

high.
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Spatial and temporal movements and 

habitat use patterns of Albula 
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Photo Credit: Thomas Peschak

“Not all those who wander are lost.” ~ JRR Tolkien

50



Chapter 5 -  Spatial and temporal movements and habitat use patterns of Albula glossodonta

5.1 Introduction

Understanding the movement of an animal elucidates population processes, habitat use and 

fine-scale environmental influences (Hussey et al. 2015). This can aid in further identification 

of essential areas for feeding, spawning and shelter of a multitude of species (Welsh and 

Bellwood 2012). Such information can inform managers of the most effective methods for 

the conservation of a species (e.g. marine protected areas), which can differ depending on the 

species’ home range, habitat use and economic importance (Gruss et al. 2011).

Understanding the movement of aquatic animals is further complicated by the many factors 

that influence their movement on a daily, monthly and annual basis, as well as how each life 

stage may respond to such changes (Palmer 1973). Fish movement may be affected by the 

gravitational pull from the movement of the moon around the earth, and the earth around the 

sun, which affects patterns such as diel (24 h), tidal (12.4 and 24.8 h) and lunar (28 day) 

cycles (Morgan 2001). Light-dark cycles determine diel patterns and affect fish movement 

and area use. For example, goatfish Parupeneus porphyreus migrate to different feeding 

habitats depending on the diel cycle (Meyer et al. 2000). Tidal cycles can affect fish 

movements in that the rise and fall of water may change the accessibility that fish have to 

different habitats for feeding and shelter (Gratwicke and Speight 2005).

In this study, the movement of bonefish in the Seychelles was investigated. There have been 

several bonefish movement studies, however, based on the extensive review (Chapter 3), this 

study was the first acoustic telemetry study on bonefish in the Indian Ocean and the first 

account of long-term acoustic tracking (> 24 days) of Albula glossodonta. The movements of 

other bonefish species have been related to cyclical patterns such as diel, tidal and lunar 

phases (Colton and Alevizon 1983a). During high tide, bonefish move from the deeper 

lagoon onto the shallow sand flats to feed and take shelter from predators (Humston et al. 

2005). Furthermore, bonefish have also been shown to move into deeper water in response to 

elevated temperatures in the shallows (Murchie et al. 2011a, 2013).

Spawning patterns have been linked to lunar cycles, with sexually mature bonefish (50% 

maturity for A. glossodonta at 410 mm FL and 437 mm FL for males and females, 

respectively) moving offshore during the full moon of the lunar phase (Friedlander et al.
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2008; Donovan et al. 2015). Offshore spawning during spring high tides has been related to 

an increase in larval dispersal (Doherty et al. 1985; Domeier and Colin 1997). However, 

many of these spawning aggregations have been negatively affected by fisheries and 

industrial or urban development (Johannes and Yeeting 2000; Friedlander et al. 2008; 

Murchie et al. 2015).

Many coastlines around the world are becoming increasingly urbanised and it is essential that 

the biodiversity of these ecosystems are preserved (Hickley 1998; Halpern et al. 2015). To 

date, all successful acoustic telemetry studies on bonefish have been conducted in coastal 

areas that have been affected by human development and fisheries (recreational, subsistence 

or small-scale commercial) (Ault et al. 2005; Humston et al. 2005). Impacts of urbanisation 

and overfishing on predator-prey relationships have been reported, with apex predators 

usually being the first to disappear from populated areas (Salinas de Leon et al. 2016). The 

once pristine bonefish environments of Florida, the Bahamas and Kiritimati Atoll (the 

Republic of Kiribati, Central Pacific), have all undergone substantial changes due to 

overfishing, ineffective management guidelines, urban development and pollution (Cooke 

and Philipp 2004; Friedlander et al. 2008; Murchie et al. 2015). In contrast, the St. Joseph 

Atoll in the Indian Ocean offers the opportunity to study bonefish in a near-pristine 

environment. Thus, by studying bonefish movements in the predator rich St. Joseph Atoll, 

this study will be able to contribute knowledge towards the development of baseline 

information on bonefish movement in a near-pristine habitat.

The aim of this study was to assess the spatial and temporal movements and habitat use 

patterns of bonefish in the St. Joseph Atoll. The specific objectives of this chapter were (1) to 

identify the habitat use of bonefish and to classify areas of high use, (2) to determine home 

range size relative to total area use of the atoll and the surrounding environments, and (3) to 

identify the effects of cyclical patterns (diel, tidal and lunar) on bonefish movement and 

habitat use.
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5.2 Methods

Details of the study site, research approach and filtering of detections were described in 

Chapter 2. Data generated from the acoustic tags were screened and assessed for predation 

bias (see Chapter 4). Due to high levels of predation only long term surviving fish (ID codes 

14, 19 and 27) were used in this chapter. Data from the one year download was used in this 

chapter. The final days of receiver detections for each of the three fish were examined for 

abnormal behaviour (as described in Chapter 4). Fish 14 had a sudden increase in mean daily 

distance moved from day 197 onwards (possible predation by a shark) and thus subsequent 

detections were excluded from the analysis.

5.2.1 Habitat use

To facilitate this study, the atoll was divided into two habitats namely the lagoon 

environment (receivers 1 to 9) and the sand flats (receivers 10 to 32). According to the 

location of daily detections, an abacus plot was constructed in R 3.2.1 (R Core Team 2015), 

with colour coded bands representing the spatial use of the atoll (lagoon, sand flats or both) 

on a daily scale over the tracking period.

5.2.2 Residency Index

A residency index (RI) was calculated for each of the three tagged fish by dividing the total 

number of days that each transmitter was detected by a receiver by the total number of 

monitored days (Abecasis and Erzini 2008). Residency index was expressed as a proportion 

from 0 (lowest, completely absent) to 1 (highest, detected every day).

5.2.3 Space use

The minimum convex polygon (MCP) is the area that encompasses all the known location 

points of a given animal for a particular period (Papastamatiou et al. 2009). The MCP for 

each of the three individuals was calculated in ArcView 10.2 (Environmental Systems 

Research Institute Inc., Redlands, California). The area of overlap for all three fish was 

calculated and represented graphically.
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5.2.4 Temporal patterns

5.2.4.1 Daily presence in the St. Joseph Atoll in relation to lunar cycles

The locations of bonefish were assessed in relation to lunar cycles, using Oriana software 

(version 4.1, Kovach Computing Services, Anglesey, Wales). Data obtained from two areas 

in the atoll were used in this analysis: (1) areas of high use, based on receivers with the 

highest proportion of detections (namely receivers 6, 7, 15 and 16) and (2) receivers at the 

north-eastern edge of the atoll (receivers 28 and 29) based on the preliminary analysis of data 

revealing a possible pattern. Data were inserted as dates of positive detections for each fish. 

Results were represented as circular rose diagrams (expressed as angles), divided into eight 

sections (45° each) with each section representing and centred on a different phase of the 

moon. Lunar phases included new moon (0°), waxing crescent (45°), first quarter (90°), 

waxing gibbous (135°), full moon (180°), waning gibbous (225°), third quarter (270°) and 

waning crescent (315°).

The mean lunar phase for days that fish were positively detected was calculated as mu (^) 

indicating the mean angle, “r” the mean vector length and “n” the numbers of times that the 

fish was detected at the receivers (Batschelet 1981). The mean angle of positive detections 

for the three fish was then calculated on Oriana, using the mean angle of positive detections 
from each fish. Mean vector length ranged from zero (no significant clustering of data points) 

to one (indicating that the data were closely clustered around the mean). The Rayleigh’s Test 

of Randomness assessed the unimodal distribution and the probability that the data were not 

randomly distributed (Batschelet 1981). The Rayleigh’s Test was displayed visually on the 

plots in the form of an arrow (Kovach 2011). The Rao’s Spacing Test assessed the bimodal 

distribution and the probability that the data were not normally distributed (Batschelet 1981; 

Rao 1976).

5.2.4.2 Hourly presence in the St. Joseph Atoll in relation to tidal and diel patterns

Cyclical patterns of bonefish movement were assessed using Fast Fourier Transform (FFT) in 

R 3.2.1 (R Core Team 2015). Fast Fourier Transform decomposes time series data and 

constructs visual peaks of cyclical data in the form of spectral density plots in the frequency 

domain (Papastamatiou et al. 2015). The presence or absence of each fish per habitat
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category (lagoon, sand flats or both) was placed into hourly bins for analyses using a FFT. No 

smoothing factor was applied to the FFT.

5.2.4.3 Diel area use

To assess the effects of time of day (day or night) and habitat type (lagoon or sand flats) on 

area use, the proportions of detections for each fish occurring within each time of day and 

habitat type combination were compared using the parametric one-way analysis of variance 

(ANOVA) and a Tukey post-hoc multiple comparison test (Dell™ Statistica™, StatSoft. Inc., 

USA)(Alpha was set at 0.05). Transmitter detections were classified as day (06:00-17:59) or 

night (18:00 to 05:59) and detection location: lagoon or flats receivers. Numbers of detections 

in each category were log-transformed prior to analysis.

5.2.4.4 Effects o f environmental variables on presence in the lagoon

A generalised linear mixed model (GLMM) with a binomial distribution and a log-link 

function was fitted to the presence-absence data and was used to determine if environmental 

variables had an effect on the presence of bonefish in the lagoon. The GLMM method was 

originally chosen due to its ability to incorporate random effects (such as individual fish) and 

compute binomial and non-normal data or data that is subjected to autocorrelation (Bolker et 

al. 2009; Zuur et al. 2009). Presence/absence in the lagoon was used as the response variable, 

water temperature (°C) on the sand flats (measured on receiver 15), tide and diel period (day 

(06:00 to 17:59) or night (18:00 to 05:59)) were included as fixed effects and individual fish 

ID was included as a random effect. As the response variable was of the form of presence (1) 

or absence (0), the binomial family was used when computing the data (Zuur et al. 2009).

The model selection process was run for all factors (independent and combined), and the best 

fit model (the model with the lowest Akaike Information Criterion (AIC)) was selected for 

representation. The ‘Wald’ chi-square statistic and p-value were then used to test the level of 

significance of the fixed effects (Alpha was set to 0.05). Models were computed in R 3.2.1 (R 

Core Team 2015), using the lmer function from the package lme4 (Bates et al. 2015).
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5.3 Results

Analyses of the 30 bonefish tagged with acoustic transmitters revealed that only three were 

eligible for further analyses as the remaining 27 had either insufficient detections or were 

suspected of displaying predation bias (see Chapter 4). Three fish (ID codes 14, 19 and 27) 

accounted for a total of 9310 detections on 12 different receivers from the 08/05/2015 to the 

08/05/2016. Analyses were limited to these three fish.

5.3.1 Spatial patterns

5.3.1.1 Habitat use

The tagged bonefish were detected for an average (± standard deviation; SD) of 45% (± 10%) 

of the total number of days of their respective monitoring periods (188, 363 and 303 days for 

fish 14, 19 and 27 respectively). Residency indices for fish 14, 19 and 27 were 0.48, 0.34 and 

0.54 respectively. Absence periods ranged from 1 to 26 consecutive days during their 

respective monitoring periods. The mean percentage of days (± SD) (of the 45% of the days 

detected) that a fish spent at each habitat type was 18% (± 2%) on the flats, 9% (± 3%) in the 

lagoon and 18% (± 12%) in both habitats (Figure 5.1).

2 7
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□  Lagoon 
P  Flats
□  Both

0 30 60 90 120 150 180 210 240 270 300 330 360

D ays since 08 M ay 2015

Figure 5.1: Daily habitat use of bonefish (fish 14, 19 and 27) over the tracking period. 
Habitats include lagoon (blue), sand flats (orange) and daily detections on both the lagoon 
and sand flats receivers (green). White spaces represents periods of absence.
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5.3.1.2 Home range

The total area of the St. Joseph Atoll is 21.8 km2. Average area usage of the three bonefish, as 

calculated by MCP, was 5.42 km2 (± 1.85 km2; 27% of the atoll). Fish 14 used an area of 

3.36 km2 (15% of the atoll) over six months, fish 19 used an area of 5.96 km2 (27% of the 

atoll) over 12 months and fish 27 utilised an area of 6.95 km2 (32% of the atoll) over 10 

months (Figure 5.2). The MCP showed that bonefish remained primarily within the atoll 

boundaries, using a variety of habitats including reef flat sand (sand flats), lagoon, medium 

density seagrass and algae and spur and groove rock (Figure 5.2). The margin of the lagoon 

and the sand flats along the northern side of the atoll were utilised most frequently by the fish 

(Figure 5.2), which also represents the area of overlap in home ranges of the three fish 

(Figure 5.2A).
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B C
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Figure 5.2: Minimum convex polygon delineating the home ranges of the three bonefish 
tracked over a period of six months to one year fish 14 (purple; 3.36 km2), fish 19 (yellow; 
5.96 km2) and fish 27 (green; 6.95 km2) (colours refer to Figure 5.2A). Diagonal line shading 
denotes the area of overlap (2.44 km2) of all three fish. Circles sizes in Figure 5.2B, C and D 
are proportional to the number of detections at each receiver and display the individual MCP 
plots for fish 14, 19 and 27 respectively.
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5.3.2 Temporal patterns

5 .3 .2 .1  E ffec ts  o f  lu n a r  c y c le s

Lunar p h ase  had a s ig n ifica n t in flu en ce  on  the p resen ce  o f  fish  at rece ivers bordering the  

la g o o n  and th e  sand flats on  the north-eastern  sid e  o f  the la g o o n  (rece iv ers  6, 7, 15 and 16, 

R o a ’s S p acin g  T est, F igure 5 .4 ). For f ish  14 (m ean  lunar phase =  w a n in g  g ib b ou s, g  =  

2 3 8 .9 5 °  ±  1 1 3 .3 9 ° , r =  0 .1 4 , n =  87, p <  0 .0 1 ), f ish  19 (m ean  lunar phase =  w a n in g  g ib b ou s, g  

=  1 9 2 .0 2 °  ±  1 2 7 .0 6 ° , r =  0 .0 9 , n =  125, p <  0 .0 1 )  and fish  2 7  (m ean  lunar phase =  w a x in g  

crescen t, g  =  4 7 .6 °  ±  1 8 6 .0 3 ° , r =  0 .0 1 , n =  150, p <  0 .0 1 ) standard d ev ia tion s w ere  h igh , and  

data w ere  not c lo se ly  correlated  around the m ean  v ec to r  an g le  for the average o f  the m ean  o f  

the three fish  (m ean  v ec to r  an g le  ±  SD; 2 0 1 .7 2  ° ±  89 .64°; F igure 5 .3 ). H o w ev er , R o a ’s 

S p acin g  T est in d icated  a b im od al distribution , particularly w ith  the un iform ity  o f  d etection s  

surrounding fu ll and n e w  m o o n  (spring  tid e) and the ab sen ce (or reduction) o f  d etectio n s at 

the 1st and 3rd quarters (neap  tid es). N o  sig n ifica n t u n im odal d irectional lunar trend w a s  noted  

for fish  14, 19 and 2 7  (p =  0 .1 7 7 , p =  0 .401  and p =  0 .9 9 6  resp ectively ; R a y le ig h ’s T est o f  

R an d om n ess).
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Figure 5.3: R o se  diagram  sh o w in g  the e ffe c t  o f  lunar p h ase  on  the p resen ce  o f  fish  14 (a), 19 
(b ) and 2 7  (c ) at rece ivers w ith  the greatest proportion  o f  d etectio n s (6, 7, 15 and 16) at the  
St. Joseph  A to ll.

D e te c tio n s  at receivers 2 8  and 2 9 , on  the north-eastern rim  o f  the atoll, w ere  recorded  for  

m u ltip le  m on th s over  the tracking period  (from  0 4 /0 6 /2 0 1 5  to  3 1 /1 2 /2 0 1 5 ) . T rips to  the  

north-eastern rim o f  the atoll a lw a y s to o k  p lace  w h en  the tidal range w a s a b ove  the 9 0 th 

percen tile , in d ica tin g  the in flu en ce  o f  the spring tidal phase. Lunar p h ase  had a s ign ifican t  

in flu en ce  on  the p resen ce  o f  fish  at the north-eastern rim o f  the atoll, w ith  p resen ce  at 

rece ivers 2 8  and 2 9  occurring predom inantly  during the w a n in g  g ib b ou s lunar phase (m ean
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vector angle for the three fish was 221° ± 4°, Rayleigh Test of Randomness). Dates of 

individual trips for fish 14 (mean lunar phase = waning gibbous, |i = 216° ± 7°, r = 0.991, 

n = 7, p < 0.01), 19 (mean lunar phase = waning gibbous, |i = 225° ± 9°, r = 0.988, n = 5, 

p < 0.01) and 27 (mean lunar phase = waning gibbous, |i = 222° ± 11°, r = 0.982, n = 13, 

p < 0.01) displayed a strong correlation around the mean and had low standard deviations 

(Figure 5.4). A significant bimodal distribution was noted for fish 14, 19 and 27 (p < 0.01, 

p < 0.01 and p < 0.01 respectively; Rao’s Spacing Test).

New ^ New New q

Figure 5.4: Rose diagrams of the effect of lunar phase on the presence of fish 14 (a), 19 (b) 
and 27 (c) at receivers 28 and 29 on the outer north-eastern rim of the St. Joseph Atoll.

5.3.2.2 Effects o f tidal and diel cycles

Spectral analysis using FFT data obtained from hourly detections (presence/absence) of the 

three bonefish at the St. Joseph Atoll revealed diel (24 h) cyclical patterns, but no tidal 

(12.4 h) or lunar day (24.8 h) patterns. Fish 14 and 27 displayed diel peaks for all atoll 

(graphs a and g) and lagoon (c and i) detections, however, no peaks were observed for the 

detections on the sand flats (b and h). Fish 19 (graphs d, e and f) showed no cyclical peaks in 

presence/absence data in any habitats (Figure 5.5).
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Figure 5.5: Spectral density plots of the presence-absence data collected from the three 
surviving bonefish, fish 14 (a, b and c), 19 (d, e and f) and 27 (g, h and i), from the atoll, sand 
flats and lagoon (left to right).

5.3.2.3 Diel Area Use

Significant differences in area use were observed (ANOVA, F(3,8) = 13.27, p = 0.0018). The 

greatest proportion of detections was logged in the lagoon during the day

(50.34% ± 9.32%) and the least in the lagoon at night (6.00% ± 2.75%). From the Post hoc 

test, the significant differences were found to occur between the lagoon (day) and the lagoon
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(night), lagoon (day) and the flats (night) and, lagoon (night) and the flats (day) (Tukey HSD, 

df = 8, p = 0.0022, p = 0.0138 and p = 0.0116 respectively) (Figure 5.6).

Lagoon (day) Lagoon (night) Flats (day) Flats (night)

Figure 5.6: Mean proportions (%) (± SD) of day and night detections recorded on the sand 
flats and in the lagoon of the atoll for bonefish. Different letters indicate significant 
differences.

5.3.2.4 Effect o f environmental variables on presence o f bonefish in the lagoon

The probability of fish being present in the lagoon increased significantly with increased 

water temperature on the sand flats (W = 368.24, p < 0.0001) and decreased tidal height 

(W = 5.5303, p = 0.01869), but was significantly reduced at night (W = 22.87, p < 0.0001) 

(Table 5.1). This indicates that fish were most likely to be present in the lagoon during the 

day when the temperature on the sand flats was high and the tide was low.

62



Chapter 5 -  Spatial and temporal movements and habitat use patterns of Albula glossodonta

Table 5.1: Coefficients of a generalised linear mixed model, showing the effect of water 
temperature (°C) on the sand flats, tidal height and diel period on the presence of bonefish in 
the lagoon. Using Wald chi-square statistics (Wald Chisq), standard error (SE), and degrees 
of freedom (df). Stars denote significance.

Estimate SE Wald Chisq df Pr (>Chisq)
Intercept -23.5492 3.4134
Temperature 0.9323 0.0486 368.2414 1 <0.0001 *
Tide -0.5899 0.0251 5.5303 1 0.01869 *
Diel (night) -1.7615 0.2250 22.8674 1 <0.0001 *

5.4 Discussion

Bonefish movements have been well studied in many parts of the world. Knowledge of the 

spatial movement of bonefish is important for identifying areas vital to the support of 

bonefish stocks. Shallow sand flats are important to bonefish in atolls and coastal habitats 

(Johannes and Yeeting 2000; Cooke and Philipp 2004); however, movements to nearby 

deeper waters have also been recorded (Danylchuk et al. 2011b). Their movements have been 

related to lunar cycles, tidal fluctuations, water temperature change and predator avoidance 

(Colton and Alevizon 1983a, 1983b). The sand flats are considered to be an important feeding 

site, yet they also offer protection from predators given the limited ability of larger animals to 

move in the shallow water (Humston et al. 2005). However, during low tide the sand flats 

may not be covered by enough water and water temperatures may rise to critical levels, thus 

bonefish may seek refuge in the lagoon (Murchie et al. 2011a).

In this study, bonefish were not detected beyond the confines of the St. Joseph Atoll, despite 

the receiver array covering adjacent deeper waters. Tagged fish made use of both habitats (the 

lagoon and sand flats) and their movements were dependent on temperature, tide and diel 

period.

5.4.1 Spatial patterns

The MCP plots suggested that bonefish showed fidelity to the atoll environment. Despite 

being criticised for overestimating area use and habitat range (Anderson 1982; van der 

Lingen et al. 2001), the MCP plots suggest that bonefish use a relatively small portion of the
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atoll (5.42 km2 ± 1.85 km2; 27% of the atoll). This finding is supported by studies elsewhere, 

for example, Humston et al. (2005) and Kamikawa et al. (2015) found that individuals or 

groups of bonefish are highly resident, with fish frequently using an area of about 1.5 km . 

However, some studies have also reported movements away from the study area for long 

periods (up to 339 days) or across great distances (> 100 km) (Colton and Alevizon 1983; 

Larkin et al. 2008; Murchie et al. 2013).

Atolls generally exhibit high biological productivity and have a broad range of habitats (Pugh 

and Rayner 1981; Acosta and Robertson 2003; Friedlander et al. 2014). The high frequency 

of detections at the northern margin of the lagoon and sand flats could be due to the 

advantageous location within the atoll. This area has a diversity of habitats, thereby providing 

access to food resources and shelter from predators on the sand flats and refuge from high 

temperatures in deeper waters (Pugh and Rayner 1981; Acosta and Robertson 2003; 

Friedlander et al. 2014). Furthermore, the use of one area offers the benefit of familiarity 

which can optimise feeding, movement efficiency and predator avoidance (Hansler and 

Wisby 1958; Jadot et al. 2006).

5.4.2 Temporal patterns

5.4.2.1 Effects o f the lunar cycle

Fish movements often coincide with temporal patterns such as lunar phase and seasonal 

patterns (Erisman et al. 2012; Taylor and Mills 2013; Dadswell et al. 2016). This study 

showed that the presence of bonefish at the northern margin of the lagoon and sand flats 

(receivers 6, 7, 15 and 16; receivers with the greatest proportion of detections) had no 

directional lunar trend (Rayleigh’s Test of Randomness) with bonefish detected almost 

consistently throughout the lunar cycle. However, a significant bimodal relationship between 

periods of decreased and increased detections was noted (Rao’s Spacing Test), with a decrease 

in detections during the 1st and 3rd quarters of the moon, and an increase in detections during 

the new and full moon periods for all three fish (particularly fish 19).

The decrease in detections coincided with neap tides, while an increase in detections 

coincided with spring tides. Unlike neap tides, spring tides provide periods of increased water
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depth on the sand flats providing better access to the shallower regions of the sand flats, 

which may allow for periods of high activity (thus increasing the chance of detections) during 

high tide. Furthermore, the tidal current of a neap tide is not as intense as that of spring tides. 

Fish movement has been found to follow strong flooding tides, yet neap tides do not exert a 

strong directional force (Krumme 2004). Therefore, the increased movement prompted by the 

flooding tide during new and full moon most likely increased the possibility of detection 

during these periods.

If bonefish did leave the atoll, for example for the purpose of foraging or spawning, their 

movements would likely be predictable (Erisman et al. 2012; Taylor and Mills 2013; 

Dadswell et al. 2016). One predictable movement pattern was noted during the waning 

gibbous (shortly after full moon) in a north-easterly direction towards the outer rim of the 

reef flat (receivers 28 and 29). Because detections were relatively few at these locations, 

these trips were difficult to discern and at times it was not possible to distinguish a genuine 

detection from a false detection. All single detections were regarded as false and 

subsequently excluded. Despite this, a discernible pattern remained. The infrequent 

detections at each receiver suggest that fish did not stay in the area for extended periods and 

the detections were probably due to transient movement to another location, possibly towards 

the outer edge of the reef flat or further offshore to greater depths (the eastern side of the atoll 

descends to depths greater than 2 000 m within 4 km of the shore (Selin et al. 1992)). These 

trips always occurred during the waning gibbous moon at tidal heights above the 90th 

percentile. All of the three surviving tagged bonefish were greater than 500 mm FL and were 

therefore likely sexually mature (Friedlander et al. 2008; Donovan et al. 2015). The timing 

(two days after full moon) and movement trajectories (to offshore drop off points) of bonefish 

to receivers 28 and 29 can be linked to reports on bonefish spawning behaviour. Previous 

studies have recorded spawning trips which contain large groups of mature bonefish (100 s to 
1 000 s) (Johannes and Yeeting 2000; Friedlander et al. 2008; Danylchuk et al. 2011b) to 

oceanic drop off points (Colton and Alevizon 1983a; Vasquez-Yeomans et al. 2009; Murchie 

et al. 2015). These trips occur at a particular stage in the lunar cycle and during a specific 

season (Pfeiler et al. 1988; Donovan et al. 2015). For example, Johannes and Yeeting (2000) 

and Friedlander et al. (2008) reported spawning aggregations of A. glossodonta shortly after 

or around full moon at the sand flat and reef interface. The location and periodicity of a
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possible spawning ground has management implications as spawning migrations are typically 

vulnerable to overfishing and habitat alterations (Robinson et al. 2015). However, the low 

sample size and lack of further evidence such as visual observations and gonadal dissections 

means that further investigation is required before spawning can be confirmed.

5.4.2.2 Tidal and diel patterns

Predictability of fish movement makes fish more vulnerable to fishing pressure, but also 

easier to manage (Grigg 1994; Meyer et al. 2000). Fish movement is strongly influenced by 

temporal patterns such as the lunar phase (outlined above), tides, water temperature and 

photoperiod (Kessel et al. 2014). From the literature, it was expected that bonefish movement 

would be affected by the tidal phase, photoperiod and temperature (Colton and Alevizon 

1983a; Brownscombe et al. 2014; Nowell et al. 2015). In this study, the GLMM indicated 

that bonefish movement was affected by the above factors. However, the FFT analyses, 

aimed at detecting tidal, diel and lunar day effects, identified only diel patterns in the tagged 

bonefish’s movement.

Daily patterns in habitat use show that bonefish were detected for an average of 45% 

(± 10%) of all the days of the study period and that bonefish total area use was divided 

between the lagoon (9% ± 3%), sand flats (18% ± 2%) and both habitats on the same day 

(18% ± 12%). The high use of the sand flats was consistent with the literature, which 

commonly reported bonefish (particularly A. glossodonta and A. vulpes) on the sand flats and 

other shallow water habitats (Donovan et al. 2015; Kamikawa et al. 2015). High use of the 

sand flats may be due to their dietary preference of crabs, molluscs, shrimps, polychaetes, etc. 

which are commonly found in this habitat (Friedlander et al. 2008; Donovan et al. 2015) and 

predator avoidance as the sand flats are often too shallow for large-bodied fish and sharks 

(Humston et al. 2005). However, the lagoon environment is essential as a temperature refuge 

as bonefish are sensitive to extreme temperatures. According to Murchie et al. (2011a), the 

critical thermal maximum of A. vulpes was 36.4 ± 0.5°C and 37.9 ± 0.5°C for fish acclimated 

to 27.3 ± 1.3°C and 30.2 ± 1.4°C, respectively. Temperatures recorded on the shallow water 

sand flats at the St. Josephs Atoll sometimes exceed these values. Furthermore, most mobile 

large-bodied organisms have been found to retreat into deeper water during the extreme low 

tide, as the shallow water reduces their ability to move (von Brandis 2012). The isolated daily
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use of either the lagoon or sand flats is contrary to the tidal movement of bonefish between 

the two habitats as reported in the literature (Colton and Alevizon 1983a; Humston et al. 

2005; Murchie et al. 2011a). If bonefish movements in the current study were related to tidal 

phase, then detections on both the lagoon and sand flats would be expected on a daily scale.

A lack of tidal movement was also noted in the FFT analysis. The FFT decomposes time 

series data and constructs visual peaks which can be used to discern the temporal patterns 

driving fish movements, namely tidal (24.8 h), diel (24 h) and lunar (28 days) (Morgan 2001; 

Papastamatiou et al. 2015). However, the FFT only revealed a diel cyclical period for 

bonefish movement in the lagoon, but no tidal patterns, as may be expected from the 

literature. These diel patterns appeared to be related to two main factors, namely photoperiod 

and temperature change (Meyer et al. 2007).

Diel patterns in detections can be caused by an increase or decrease in movement. For 

example, species such as the cow bream (Sarpa salpa) were less mobile during the day (Jadot 

et al. 2002). Furthermore, the decrease in activity is often periodical and location-specific, as 

has been identified in multiple species (Jadot et al. 2006). Diel changes in depth or use of 

refuges can also affect the ability to detect a species, as was the case for the sixgill shark 

(Hexanchus griseus) and the ballan wrasse (Labrus bergylta) (Andrews et al. 2009; Morel et 

al. 2013). The diel peaks in the FFT of the two bonefish were associated with a decrease in 

night time detections, particularly in the lagoon. This may be due to a reduction in night time 

activity, use of alternative habitats, or a combination of these. Literature on diel changes in 

bonefish movement is not consistent. Humston et al. (2005) and Brownscombe et al. (2014) 
reported that diel patterns were a predictor of bonefish behaviour (e.g. resting, swimming, 

bursting, coasting and foraging). They found an increase in swimming activity during 

daylight hours (particularly dawn) and foraging on the sand flats at night. However, Murchie 

et al. (2011b) found no diel change in acceleration values or activity patterns for bonefish. 

Furthermore, bonefish may make more extensive use of the sand flats at night as they do not 

require the use of the lagoon as a temperature refuge. As predators are known to influence the 

habitat selection of fish (Brown et al. 1999), the use of the sand flats at night by bonefish may 

also reduce their contact with predators, especially during low tide and thus reduce their 

chance of predation.
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Although tide was not a predictor of bonefish movement according to the FFT, the GLMM 

identified water temperature on the sand flats, diel period and tidal height, to be significant 

predictors of bonefish movement into the lagoon. An increase in water temperature, 

coinciding with a decrease in tidal height during daylight hours positively influenced 

bonefish presence in the lagoon. Solar heating occurs during the day, and to a greater extent 

at low tide, resulting in bonefish being more likely to move into the lagoon during the low 

tidal phase during the day. This reflects the findings of the previous bonefish movement 

studies which have shown that water temperature on the sand flats and tide have a significant 

influence on bonefish movement (Humston et al. 2005), with bonefish using the lagoon 

environment when water depth is insufficient on the sand flats and/or when the water 

temperature exceeds optimal (Murchie et al. 2013). Since global sea surface temperatures are 

predicted to rise (Klein et al. 1999), this may have implications for bonefish populations 

worldwide. An increase in water temperature may force bonefish to use the lagoon 

environment more regularly, which may increase their vulnerability to predators and decrease 

their ability to feed.

5.4.3 Absence periods

The findings of this study suggest that bonefish make consistent use the atoll environment; 

however, daily detection frequencies were low. Despite the comprehensive array of acoustic 

receivers, gaps in detections (absence periods; no detections for a day or an hour) accounted 

for an average of 55% (± 10%) of time on a daily scale, and 92% (± 4%) on an hourly scale. 

The presence/absence of transmitters over a period of time (more than two weeks) and the 

movement of bonefish among receivers indicate that the bonefish were alive; however, for 

the majority of the tracking period, the fish were located in areas of limited detection range. 

The acoustic telemetry array in and around the St. Joseph Atoll comprises 88 receivers spread 

across a large portion of the Amirantes Bank, spanning an area of 6 213.3 km2 ( MCP). Given 

the comprehensive array of acoustic receivers covering portions of the surrounding islands 

and marine area and the absence of detections on receivers outside the atoll, migration from 

the atoll was unlikely.
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This study has revealed high use of the sand flats habitat, most likely due to food availability 

and predator avoidance. Calculations of receiver coverage, assuming a 300 m radius, in the 

two different habitats revealed that the sand flats had less coverage (40%) compared to the 

lagoon habitat (53%). Therefore, bonefish were likely to be present within the atoll (possibly 

on the sand flats) for the majority of the study period, but undetected due to decreased 

coverage. Humston et al. (2005) reported a similar finding in their study and predicted that 

bonefish were located on the sand flats during this period. These results highlight the 

importance of the sand flats for bonefish, yet receiver coverage in this area is evidently 

lacking. Increased coverage of the sand flats would enable an improved temporal analysis. 

However, due to the low water depth during spring low tide, an increase in the number of 

receivers on the sand flats was not feasible.

5.5 Conclusion

The results of this study suggest that bonefish are resident to the atoll and highlights the 

importance of the sand flats and the lagoon habitat to bonefish. Low tide in combination with 

high water temperature on the sand flats during the day accounted for bonefish movement 

into the lagoon habitat. The lack of tidal patterns in the FFT may be related to a combination 

of decreased movement on the sand flats and/or the reduced detection range in this area. 

Bonefish movement followed a diel pattern. Bonefish tended to use the lagoon to a greater 

extent during the day, when temperatures were higher on the flats and tidal height was low. 

Yet, during the night a decrease in detections was noted (particularly in the lagoon). This 

decrease in night time detections could be due to a reduction in night time activity, occupying 

the sand flats for night time foraging and/or a possible decrease in detection range.

A series of fixed sentinel tags stationed around the atoll at a few key sites would provide a 

better understanding of the coverage in the different areas of the atoll. These range tests 

would further be able to assess if individual receivers were subject to diel variability. 

Additional bonefish studies, particularly investigating the spawning migration, would be 

highly beneficial as the St. Joseph Atoll is an important refuge for bonefish.
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“Life is either a great adventure or nothing at all” ~ Helen Keller
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Several species of bonefish Albula spp. are targeted in major ecotourism-based fisheries 

around the world. The economic importance of bonefish has generated considerable research 

interest in places such as Florida, Bahamas and Hawaii. Conversely, bonefish Albula 

glossodonta in the Indian Ocean has received no research attention despite a well established 

and growing recreational fly fishing tourism industry. Therefore, this study aimed to 

contribute to the knowledge of A. glossodonta in the Indian Ocean, by (1) conducting a 

literature review on the Albula genus, to identify the global distribution and themes of 

research interest and allow for the identification of research gaps (Chapter 3); (2) conducting 

an acoustic telemetry study to investigate movement behaviour, which initially involved an 

evaluation of post-release mortality and an investigation into the possibility of predation bias 

(Chapter 4); and (3) evaluating habitat use patterns and movement behaviour of acoustically 

tagged bonefish, thus contributing new biological information on A. glossodonta in the Indian 

Ocean (Chapter 5).

6.1 Literature review

The review of scientific literature on the Albula genus indicated that bonefish research has 

increased over time; however much of the research has been concentrated around the United 

States of America, Mexico and Central America, with focus on only one species (Albula 

vulpes). Published accounts were categorised into five research themes including (in order of 

dominance): biology; taxonomy; management; ecology and finally a category including all 

other studies.

In the first 60 years (1946 -  2006), research was almost completely dominated by biological 

studies, however the focus within these biological studies has changed over time. Early 

research was dominated by early life history studies (eggs and larvae studies) and physiology 

with a recent shift to behavioural (movement) studies. Taxonomy and systematics research 

increased considerably over the last 20 years given the recognition of a worldwide species 

complex of the Albula genus. Increased research attention in certain disciplines is likely to 

relate to technological advancements, such as acoustic telemetry (movement studies) and 

improved molecular application for genetic studies.
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In the last decade, management became the most dominant theme. This was possibly due to 

the reported decline of bonefish stocks in many parts of the world (Frezza and Clem 2015). 

Due to the economic value of bonefish a decline could have negative social impacts, thus 

spurring research to investigate the cause and possible mitigation effects to curb the observed 

declines. In comparison to biology, taxonomy and systematics and management, dedicated 

ecological studies have been poorly represented. Consequently, the conservation of bonefish 

would benefit from further ecological investigations.

The literature review revealed an alarming dearth of knowledge on bonefish in the Indian 

Ocean. As such, extending the geographical range of bonefish research should become the 

primary focus for future studies. The current study was the first to address this research gap.

6.2 Tagging impacts and the consideration of predation bias

To address the lack of knowledge of bonefish in the Indian Ocean and to address the second 

and third research objectives, an acoustic telemetry study was conducted at the St. Joseph 

Atoll (Amirantes Bank, Seychelles). Post-capture mortality of bonefish, mostly accredited to 

predation, has been frequently reported in the literature. In Chapter 4, movement patterns of 

bonefish from data downloaded from the acoustic receivers after a period of six months were 

assessed for abnormal behaviour. A comparison of the movement patterns of long-term 

surviving fish (fish detected for more than two weeks) against short-term survivors revealed 

differences in area use, daily distance moved, speed of movement and residency. The 

behaviour of the short-term surviving bonefish matched existing information on shark 

movement behaviour and served as evidence for predation of tagged bonefish. The results of 

this study demonstrated the high susceptibility of bonefish to post-release mortality in 

predator-rich areas such as the St. Joseph Atoll. In contrast to previous studies, it is unlikely 

that all predation events occurred within minutes after release (Danylchuk et al. 2007a), 

rather, some of the events likely occurred within a period of days. These results may bias 

movement studies that assume that fish surviving this time frame survive in general (Cooke 

and Philipp 2004; Brownscombe et al. 2013). The high mortality rate (of up to 100% reported 

by Friedlander et al. (2008)) may be a combination of post-release stress in the short term and 

bonefish serving as an important food source for sharks in the long term. Future research to
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assess the importance and prevalence of bonefish in the diet of sharks is recommended to 

generate information of relevance to these discussions.

The high mortality rate (90%) found in the current study has important management 

implications as it suggests that catch-and-release bonefish fisheries in predator-rich areas are 

not benign. Accordingly, it is recommended that sustainable management interventions are 

developed in such instances.

6.3 Spatial and temporal movements of bonefish

The aim of this study was to provide baseline information on the ecology of A. glossodonta in 

the Indian Ocean, specifically in relation to their spatial and temporal movements. Although 

bonefish predominantly used the sand flats and lagoon environment; extended periods of 

absence from these habitats were also noted. While these periods of absence may have been 

as a consequence of fish departing the atoll, bonefish were never detected on the extensive 

array of receivers outside of the atoll. The periods of no detections are likely due to the high 

use of the sand flats, which are intertidal and often exposed thus limiting acoustic receiver 

coverage. Therefore, bonefish possibly used the sand flats more than the data suggested. This 

information is consistent with the literature, which suggests that bonefish use the sand flats 

for feeding and as a refuge from sharks (particularly during high tide) (Humston et al. 2005). 

During low tide, bonefish increase their use of the lagoon, particularly when there is 

insufficient water on the sand flats during the day or when water temperatures on the sand 

flats exceed the thermal optimum (Murchie et al. 2013).

Cyclical patterns such as tide, hour and lunar phase are important factors in predicting 

bonefish movements. Tidal movement of bonefish from the sand flats into the lagoon at low 

tide has been noted in previous studies (Murchie et al. 2013). However, the current study 

only found partial evidence to support this pattern. The Fast Fourier Transform (FFT) 

identified no cyclical movement patterns in relation to tides, yet the effects of tidal height, 

water temperature on the sand flats and time of day in the generalised linear mixed model 

(GLMM) were significant predictors of bonefish presence in the lagoon. This supports the 

hypothesis that bonefish use the lagoon environment as a temperature refuge during midday
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high water temperatures (Humston et al. 2005), although further studies are needed to fully 

understand the effects of tide on the behaviour of A. glossodonta.

Lunar cycles are related to tidal fluctuations and are the cause of spring tides during new and 

full moon every 14 days (Morgan 2001). The lunar cycle was a significant predictor of 

bonefish location within the atoll. In general, bonefish were present at the margin of the sand 

flats and the lagoon, but during the waning gibbous they tended to move towards the north­

eastern edge of the atoll. This movement links closely with previous descriptions of bonefish 

movement for the purpose of spawning. Danylchuk et al. (2011) identified spawning 

migrations of thousands of bonefish over certain seasons and lunar cycles. Spawning 

migrations are an extremely vulnerable life history stage that can be severely impacted by 

development and fisheries (Friedlander et al. 2008). Thus, locating and protecting the 

spawning site and/or period is fundamental to bonefish conservation.

To my knowledge, this was the first successful acoustic telemetry study conducted on Albula 

spp. in a near-pristine environment, the first long-term acoustic monitoring of A. glossodonta 

and the first bonefish study to be conducted in the Indian Ocean. The primary research aim 

was most comprehensively addressed in Chapter 5. Unfortunately, the low sample size due to 

the high levels of predation, as explained in Chapter 4, limits the power of the study. Despite 
these confines, the study reflects pioneering research on bonefish in the Indian Ocean and 

provides vital information that can serve as a guideline for management considerations and 

future studies.

6.4 Future studies

The literature review highlighted that almost nothing is known about bonefish in the Indian 

Ocean; therefore, an extension of this study would be beneficial. One way to improve 

management of a fishery is to provide an evaluation of the economic income generated 

through the fishery and thus its value to local economies (Fedler 2013). Like other areas of 

the world, bonefish fishing in the Seychelles attracts a large number of tourists and generates 

substantial revenue per annum (Wallace 2015). However, no studies have been conducted on 

this topic. To support the continued research of bonefish in the Indian Ocean, an assessment
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of the intensity, locality, seasonality and economic value of bonefish fishing in the Seychelles 

is recommended.

Unfortunately, in the Seychelles there are no formal management strategies in place for 

protecting bonefish stocks. The Seychelles does not have a recreational fishing permit system 

nor an effective method of monitoring the fishery and, consequently, quantifying the fishing 

intensity in the Seychelles is difficult (Hutton and Pitcher 1998). However, as much of the 

fishing is conducted through tour companies and resorts, a survey method could be used to 

form a baseline assessment of fishing pressure. Bonefish surveys have been successfully 

conducted in Florida, Belize and the Bahamas, which have provided a more realistic 

impression of the economic value, fishing effort and stock status (Browder et al. 1981; Frezza 

and Clem 2015). For example, future studies that focus on assessing whether the fisheries 

predominantly retain or release the fish, the main target species, the number of fish caught 

and the catch per unit effort would provide a good baseline for impact assessments.

Once the intensity of the fisheries has been established, a map of the important fishing areas 

could be developed. The location of fishing grounds is an important consideration as it allows 

the prediction of potential primary and secondary effects or impacts, which may result from a 

high concentration of fishing in one area. For example, on Grand Recif of Toliara, 

Madagascar, substantial damage to the reef has been caused through gleaning by fishers (a 

traditional activity where invertebrates and small fish are collected from the reef flats at low 

tide). This activity has resulted in the destruction of corals, resulting in habitat loss for coral 

reef species and a reduction of water quality (Andrefouet et al. 2013). If such an activity 

occurred in areas inhabited by bonefish, it could affect the clarity of water and impact on 

their food sources (Taylor and Grace 2005; Weinberger and Posada 2005). Furthermore, 

questions regarding the dominant type of fishing methods used (e.g. boat- or land-based) 

could form part of spatial planning assessments and further the understanding of key fishing 

areas. This information could be used in the design and spatial planning of areas in a 

participatory and cost-effective way (Aswani and Lauer 2006). Acknowledging that bonefish 

represent only one of the many important species, such exercises could provide management 

agencies with vital information required for a marine spatial planning exercise for protected 

areas in the Seychelles (Tirant 2016).
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In addition to knowing the distribution of fishing effort, understanding the timing is 

extremely important, particularly when the timing of fishing results in the targeting of a 

vulnerable life stage of a species (e.g. spawning). Due to the windy south-east monsoon 

season in the Seychelles (particularly between May and September) (von Brandis 2012), 

bonefish fishing may be seasonal. Such a period of reduced fishing pressure could form a 

natural ‘closed season’ to allow fish stocks and habitats to recover. Closed seasons are 

commonly used to reduce fishing pressure, protect spawning populations and maximise yield 

(Watson et al. 1993; Arendse et al. 2007). Furthermore, fish have been found to be more 

vulnerable to the adverse effects of fishing when they are reproductively ripe (Cooke and 

Suski 2005). Future studies investigating the seasonality and timing of bonefish spawning in 

the Seychelles would be beneficial to formulate fishing regulations. If spawning of bonefish 

in the Seychelles correlates with the monsoon season, then a formal closed season during this 

period would be beneficial to the maintenance of healthy stocks and would have limited 

implications on the recreational fishery.

Economically, the recreational fishery in the Seychelles may be underutilised. Recreational 

fishers typically generate income through boat hire, fishing tackle, fishing guides, 

accommodation, shopping and other activities (Fedler and Hayes 2008). If recreational 

fishing is correctly targeted and marketed it has the potential to create more jobs and attract 

more tourists (Ditton et al. 2002). In Los Roques Archipelago National Park, Venezuela, 

economic benefits are created through tourism (generating 40% employment), which 

provides substantial revenue from entrance fees and recreational fishing fees (Debrot and 

Posada 2005) - a fee that is not charged in the Seychelles. The introduction of a recreational 

fishing permit system in the Seychelles, particularly for international visitors, would provide 

a way of monitoring the fishing industry and of generating income. This, in turn, would 

generate income that could be re-invested into the fishing sector to facilitate job creation, 

research and the protection of this resource.

The life history of bonefish makes them relatively robust to some fishing pressure. However, 

when overexploited (as has been noted in other parts of the world) a stark decline in stocks 

occurs (Frezza and Clem 2015). Thus, the potential economic benefits depend on the 

availability of the resource and access to good fishing grounds. This highlights the
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importance of corrective management as, with relatively little infrastructure, bonefish have 

the potential to produce a substantial income for small island communities.

6.5 Conservation and threats

Albula glossodonta is listed as vulnerable on the IUCN redlist of threatened species, and may 

experience increased fishing pressure due to their extensive range (Indian and Pacific Ocean) 

and inshore habitat use. Bonefish occurring in the Indo-Pacific may therefore need both local 

and regional protection to prevent further declines and a localised collapse. Yet, bonefish 

fisheries remain unregulated in many areas, including the Seychelles (Wallace 2015).

Common threats to coastal fisheries include coastal habitat loss, urbanisation, declines in 

water quality and overharvesting (Adams et al. 2014). Vulnerable species are characterised 

by certain life history traits such as slower growth, late maturity, low fecundity, longer 

lifespan, low natural mortality and restricted geographical range (Cheung et al. 2005; Morato 

et al. 2006). Shoaling fish are typically vulnerable as they provide hyperstability of catch 

rates and are therefore often targeted (Morato et al. 2006). While bonefish are shoaling 

species, they mature at between one and four years (for A. glossodonta and A. vulpes 

respectively), have high fecundity (0.4 to 1.7 million oocytes), a high natural mortality 

(although literature on natural mortality in bonefish is conflicting), live for a maximum of 19 

years and the species are widely dispersed (Crabtree et al. 1996; Friedlander et al. 2008; 

Donovan et al. 2015; Kamikawa et al. 2015). Therefore, if bonefish populations are correctly 

managed, their life history patterns make them a relatively resilient species.

Spawning migrations appear to be the most vulnerable life history stage for bonefish, as they 

were traditionally targeted by fisheries and are negatively affected by development, which 

may affect their traditional spawning migration route (Beets 2000; Friedlander et al. 2008). 

However, the current study was only able to suggest a possible location of where spawning 

aggregations may occur. Based on the literature, it is possible that the observed monthly 

movement to the north-east of the atoll was likely to represent a spawning behaviour. 

Bonefish fishing in the Seychelles is mostly recreational; therefore, their spawning 

aggregations are relatively safe from over harvesting (provided fishing pressure remains 

reasonable). However, the development of coastal areas has the potential to negatively
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influence spawning aggregations, as was shown in Florida, USA and Tarawa Lagoon, 

Republic of Kiribati (Beets 2000; Murchie et al. 2015). Development would also increase 

turbidity, thus affecting the environmental optical qualities which may have negative effects 

for recruitment and survival of larvae (Taylor and Grace 2005). Therefore, with an increase in 

tourism and accessibility, a balance between increased fishing, development of coastal areas 

and protection of fish stocks is required.

6.5.1 Catch-and-release as a management strategy

Catch-and-release is often viewed as a form of ecotourism and is the main management 

strategy for bonefish in Florida (Ault et al. 2008). Due to the perceived low impact of catch- 

and-release fishing, this activity has even been allowed in some no-take marine reserves 

(Cooke et al. 2006). However, the negative effects of catch-and-release have been widely 

documented and several studies have attributed the reported declines in bonefish stocks to 

uncontrolled recreational catch-and-release fishing (Debrot and Posada 2005; Dallas et al. 

2010).

In areas where predator abundance is lower than witnessed in the current study, catch-and- 

release may still be feasible as a form of conservation, provided best handling practices are 

followed (Cooke and Philipp 2004). However, for predator-rich areas, best handling practices 

may not be enough. Studies aimed at decreasing post-release mortality have provided 

additional suggestions, over and above the general ‘best handling practice’ guidelines. These 

suggestions include retaining the fish in a live well until the fish has fully recovered and 

subsequently moving the fish to a site away from predators (Suski et al. 2007; Dallas et al. 

2010). To implement these suggested best-handling-practices, a considerable amount of time 

and resources would be required; furthermore, these actions may have implications that have 

not been accounted for. For example, physiological recovery after air exposure takes 

approximately two to four hours (Suski et al. 2007) and the effect of releasing the fish away 

from its capture site could have further implications such as negative impacts on the shoaling 

behaviour (Dallas et al. 2010). Furthermore, for the average recreational fisher, these 

suggested best-handling-practices are also likely to be impractical and expensive (e.g. 

equipment to hold fish, as well as fuel and time for moving the fish to a new location). The 

90% mortality rate witnessed during this study (despite following best handling guidelines
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and ensuring a healthy fish was released each time) suggests that bonefish in areas with high 

predator biomass are extremely vulnerable to post-release mortality. Methods of protection 

such as effort limits and no-take marine protected areas (MPAs) may, therefore, offer greater 

protection to the bonefish stocks.

Catch-and-release fishing needs to be regulated as, even with education of best handling 

practices, it is possible that post-release mortality will be high. In areas with high predator 

densities, it would be beneficial to calculate an average mortality rate given a certain area and 

species, so that a catch limit taking this mortality rate into consideration could be 

implemented. Catch limits and bag limits are not a new form of conservation and have been 

used as a management tool for fish species around the world. Bag limits restrict a number of 

animals that can be kept per unit of time, which allows for managers to restrict fishing 

mortality and allocate the use of a stock more equitably (Porch and Fox 1990). Similarly, a 

catch limit could be implemented in a catch-and-release fishery, where, instead of a limit on 

the number of fish an angler is allowed to keep, there is a limit on the total number of fish the 

angler is allowed to catch, thus taking into account the effect of post-release predation. 

Although this method could be enforced by the fishing guides and charter companies, 

formally, this method requires considerable resources and law enforcement, which is absent 

in the remote bonefish fishing destinations in the Seychelles.

6.5.2 Marine protected areas as a management strategy

Marine protected areas (MPAs) are an additional management strategy that deserves 

consideration. Although MPAs require law enforcement and monitoring, they are one of the 

most simplistic concepts of resource management available, so are often advocated as a 

management tool (Bohnsack 1998). In the Indo-Pacific, protection of marine resources is 

often achieved by means of MPAs (Wallace 2015). Allen and Singh (2016) designed a 

framework of advised conservation planning based on the movement patterns of fish. Five 

strategic steps of evaluation were proposed (1) identify species movement and characteristics, 

(2) evaluate ecosystem effects, (3) designing management guidelines based on this 

information (e.g. protected areas, ecological networks, time-area closures and threat 

management), (4) action and implementation, and (5) feedback on success of the 

management strategy. Looking at the movement results from this study in conjunction with
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the first three steps proposed by Allen and Singh (2016): (1) bonefish movement attributes 

are “sedentary” (or resident) with dispersal characteristics during particular life stages (i.e. 

spawning migrations and as lephtocephalus larvae). (2) They act as indicator species, provide 

ecosystem services in the form of nutrient transport and play an important part in predator 

prey interactions where they control benthic invertebrate populations and act as a food source 

to apex predators (Murchie et al. 2010; Adams et al. 2014). (3) Based on these findings, the 

scale of management that Allen and Singh (2016) recommended for bonefish is localised 

protection through protected areas and reserves, while taking the following implications into 

account: cost, manpower, stakeholder interest, monitoring effort, human-wildlife conflicts 

and policy and law enforcement.

Marine protected areas are defined as “Clearly defined geographical space, recognized, 

dedicated and managed, through legal or other effective means to achieve the long term 

conservation of nature with associated ecosystem services and cultural values.” (Day et al. 

2012, p 11). In 2013, only 2.8% of the world’s oceans had MPA status. The aim set by the 

convention on biological diversity is to have 10% of the world’s oceans declared as MPAs by 

2020 (Costello and Ballantine 2015). Full protection of an area has been shown to yield the 

most comprehensive protection for both the ecosystem and biodiversity by minimising 

human impacts on a range of species and protecting ecosystems, thus best allowing the 

provision of ecosystem services (Mouillot et al. 2016).

The implementation of an MPA requires careful consideration of secondary impacts for 

commercial, social and recreational users. For example, an MPA may alter the location of 

fishing effort that may contribute to a concentration of fishing pressure on a different 

ecosystem (Brown et al. 2015). Socially, MPAs often fall under high dispute from local 

communities. The complaints are often due to perceived socio-economic costs from loss of 

fishing grounds and increased travel to new areas (da Silva et al. 2015). Such complaints are 

difficult to resolve, especially if the resource was used for subsistence fishing by 

impoverished local communities (Mouillot et al. 2016). The St. Joseph Atoll is fairly remote, 

has no human inhabitants, no subsistence fishing and limited recreational fishing activities 

(e.g. tourism). Despite this, the proposed declaration of this area as an MPA has fallen under 

considerable dispute from interested and affected parties (Tirant 2016).
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Protected areas and reserves can be zoned for different levels of protection, from partial 

protection to fully protected no-take, and restricted use in between. Partially protected areas 

are often considered to be a balance between two goals, namely biodiversity conservation and 

socio-economic viability (Sciberras et al. 2015). Partially protected MPAs generally have a 

higher biodiversity value than open access areas, yet well-enforced no-take areas have 

significantly greater density of organisms relative to adjacent exploited areas (Lester and 

Halpern 2008). Partial protection can be in the form of closed seasons or partial access. 

Closed seasons were discussed previously and are beneficial if implemented during spawning 

seasons (or other important life history events) as they provide protection to the stock at a 

time when they are aggregated and particularly vulnerable to overfishing. It is conjectured 

that this would likely be very beneficial for bonefish stocks, especially if the spawning season 

and the peak of tourism activities fall over different time periods, however this requires 

further investigation.

Partial access, or zonation, is an additional consideration where certain activities are 

restricted. For example, commercial fisheries may be prohibited, but activities such as 

recreational fishing, tourism activities and subsistence fishing would still be allowed. 

However, based on the high post-release mortality of bonefish, uncontrolled recreational 

fishing is not recommended as evidence of declining bonefish stocks has been seen in other 

areas of the world where catch-and-release bonefish fishing went unregulated (Larkin et al. 

2010). A third possible option is partial protection, where part of the St. Joseph Atoll is 

restricted. If the areas of high use of a bonefish stock were protected (as seen in the MCP, 

chapter 5), then a partial reserve that only allows fishing in a portion of the atoll may provide 

sufficient fishing grounds and refuges for bonefish. A possible negative implication, as noted 

by fishing guides, is site specific fishing could result in bonefish abandoning their regular 

feeding areas (Debrot and Posada 2005). To address this potential concern, within the open 

area it is important that rotational fishing takes place with different areas and species targeted 

over time. Rotational fishing limits the effort placed on a resource, thereby limiting the 

impact of overfishing. However, rotational fishing is only effective as a conservation measure 

if enough time between areas and/or species is allocated to enable the species to sufficiently 

recuperate (Kaplan et al. 2010).
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Currently, despite their economic importance to many small island communities, bonefish in 

the Indo-Pacific have no formal management plans, regulations or conservation practices 

(Wallace 2015). The only formal protection for bonefish in the Indian Ocean is through the 

already developed MPAs around the Seychelles such as Aldabra, Cousin and Aride. To date, 

no bonefish research has been conducted in the Seychelles, therefore the extent of bonefish 

stocks on these islands is unknown and further assessments are recommended.

The protection of the St. Joseph Atoll (along with the islands currently conserved) could 

potentially facilitate a spillover effect, where stocks in other areas are replenished through 

larval recruitment (da Silva et al. 2015). This could ensure the continued larval recruitment at 

neighbouring islands, despite potentially unsustainable fishing pressure. However, further 

studies investigating the range of recruitment and accurately determining the dispersal 

potential of A. glossodonta from the St. Joseph Atoll (and other protected islands) are 

recommended. Evidence of ongoing gene flow of A. glossodonta between Seychelles and 

Kiribati has been found which suggests weak separation between the Indian and Pacific 

Oceans. This information implies that larval dispersal across these oceans may occur 

(Wallace 2015; Wallace and Tringali 2016).

The design of MPAs or conservation laws are often developed based on species that represent 

public interest and concern, yet this may not adequately protect other species (Lea et al. 

2016). One, therefore, needs to consider specifics of a whole range of species when designing 

an MPA. The current discussion has focused on the protection of bonefish, yet the St. Joseph 

Atoll is home to a multitude of species that are extremely vulnerable to exploitation and 

require different considerations for conservation. Fortunately, a considerable amount of 

research, particularly movement research, has taken place at the St. Joseph Atoll. This will 

enable managers to make sound decisions on the best methods of protection to safeguard the 

ecosystem and the species in the most effective way. Research studies using movement data 

from multiple species to support a protected area that covers the greatest combined habitat 

use are becoming more common (Pendoley et al. 2014; Lea et al. 2016). This multi-species 

approach serves the aim of protected areas more fully as they are better able to protect a 

range of species and their habitats. The implementation of a specific MPA would require 

further discussion, as deciding on the correct level of protection for different areas and
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species requires a balance of resource use, management and conservation priorities (Lester 

and Halpern 2008).

6.6 Conclusion

The current study has provided information on the potential impacts of catch and release 

fishing (i.e. post-release mortality), and also provided information on bonefish movement. 

This study has shown that catch-and-release of bonefish in a predator-rich ecosystem can 

result in high mortality. It is therefore recommended that some protection of bonefish in 

Seychelles waters is necessary, as unregulated fishing pressure could potentially severely 

impact isolated bonefish populations. While the results may differ from one region to the 

next, and be dependent on several factors such as fishing pressure, human habitation, 

development, distance to other islands/atolls, predator density and level of protection, this 

study contributes valuable information that can be used towards the development of 

management plans for bonefish. Further research into the extent and economic value of this 

fishery is recommended. With an inevitable increase in the demand for exclusive ecotourism 

fishing, conservation efforts are essential to sustain the unique opportunities on offer in the 

Seychelles.
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Appendix I
Category Sub-category Author Year Title Journal Ocean

1 Biology Age &  growth
Crabtree, RE, Harnden, CW , &  
Stevens, C

1994
Age, growth, and m orta lity o f  bonefish, Albula vu lpes , 
from  the waters o f  the Florida Keys

Fishery Bulletin Atlantic

2 Biology Age &  growth Pfeiler, E, Padron, D, &  Crabtree, RE 2000
Growth rate, age and size o f  bonefish from  the G u lf o f 
California

Journal o f  Fish 
B iology 

G u lf and

Pacific

3 Biology Age &  growth Debrot, D, Posada, JM  &  Antczak, A 2007 W hat can archaeological otoliths o f  bonefish (Albula Carribbean Atlantic
vulpes) tell us? Fisheries Institiute 

Transactions o f
4 Biology D iet &  feeding Colton, DE &  Alevizon, WS 1983 Feeding ecology o f  bonefish in  Bahamian waters the American 

Fisheries Society
Atlantic

5 Biology D iet &  feeding
Crabtree, RE, Stevens, C, Snodgrass, 
D, &  Stengard, FJ

1998
Feeding habits o f  bonefish, Albula vulpes , from  the 
waters o f  the Florida Keys

Fishery Bulletin Atlantic

Elemental (C, N  and P) analysis o f  metamorphosing

6 Biology D iet &  feeding
Pfeiler, E, Mendoza, M A , &  
Manrique, FA

1998
bonefish (Albula s p .) leptocephali : relationship to 
catabolism o f  endogenous organic compounds, tissue 
remodeling, and feeding ecology

Marine Biology Pacific

7 Biology D iet &  feeding Weinberger, CS &  Posada, JM 2005
Analysis on the diet o f  bonefish, Albula vu lpes , in  the 
Los Roques Archipelago national park, Venezuela

Contributions in 
Marine Science

Atlantic

8 Biology Eggs &  Larvae Rasquin, P 1955
Observations on the metamorphosis o f  the bonefish, 
Albula vulpes (Linnaeus)

Journal o f 
Morphology

Atlantic

9 Biology Eggs &  Larvae Eldred, B 1967
Larval bonefish, Albula vulpes (Linnaeus, 1758), 
(Albulidae) in  Florida and adjacent waters

Immature
vertebrates

Atlantic

10 Biology Eggs &  Larvae Thompson, B A  &  Deegan, L A 1982
Distribution o f  Ladyfish (Elops Saurus ) and Bonefish 
(Albula vulpes ) Leptocephali in  Louisiana

Bulletin o f  Marine 
Science

Atlantic

11 Biology Eggs &  Larvae Pfeiler, E 1984
Changes in  W ater and Salt Content during 
Metamorphosis o f  Larval Bonefish (A lb u la )

Bulletin o f  Marine 
Science 
Journal o f

Pacific

12 Biology Eggs &  Larvae Pfeiler, E 1984
Effect o f  salinity on water and salt balance in 
metamorphosing bonefish (A lb u la ) leptocephali

Experimemtal 
Marine Biology 
and Ecology

Pacific

13 Biology Eggs &  Larvae Pfeiler, E 1984
Glycosaminoglycan Breakdown during Metamophosis o f 
Larval Bonefish Albula

Marine Biology 
Letters

Pacific

Changes in  biochemical composition and energy
Enviromental

14 Biology Eggs &  Larvae Pfeiler, E &  Luna, A 1984 utilization during meta- morphosis o f  leptocephalous 
larvae o f  the bonefish (A lb u la )

Bio logy o f  Fishes
Pacific

15 Biology Eggs &  Larvae Pfeiler, E 1987
Free amino acids in  metamorphosing bonefish (Albula  
s p .) leptocephali

Fish Physiology 
and Biochemistary

Pacific

16 Biology Eggs &  Larvae Pfeiler, E &  Lindley, V 1989
Chloride-Type Cells in the Skin o f  the Metamorhposing 
Bonefish (Albula sp. ) Leptocephalus

Journal o f
Experimental
B iology

Pacific

17 Biology Eggs &  Larvae
Pfeiler, E, Almada, E, &  Vrijenhoek, 
RC

1990
Ontogenetic changes in  proteins and isozyme expression 
in  larval and juven ile  bonefish (A lb u la )

Journal o f
Experimental
Zoology

Pacific

Glycosidase and sulfatase activities and their possible role
Fish Physiology 
and Biochemistary

18 Biology Eggs &  Larvae Diaz, RE &  Pfeiler, E 1993 in  keratan sulfate degradation in  metamorphosing 
bonefish (Albula s p .) leptocephali

Pacific

19 Biology Eggs &  Larvae Padron, D, Lindley, VA, &  Pfeiler, E 1996
Changes in  lip id  composition during metamorphosis o f 
bonefish (Albula s p .) leptocephali

Lipids Pacific

20 Biology Eggs &  Larvae Pfeiler, E 1996
Energetics o f  metamorphosis in  bonefish (Albula sp .) 
leptocephali: Role o f  keratan sulfate glycosaminoglycan

Fish Physiology 
and Biochemistary

Pacific

21 Biology Eggs &  Larvae Pfeiler, E 1997 Effect o f  Ca2+ on survival and development o f 
metamorphosing bonefish (Albula s p . ) leptocephali 
Isolation and partial characterization o f  a novel keratan

Marine Biology

Fish Physiology 
and Biochemistary

Pacific

22 Biology Eggs &  Larvae Pfeiler, E 1998 sulfate proteoglycan from  metamorphosing bonefish 
(A lb u la ) larvae

Pacific

23 Biology Eggs &  Larvae Pfeiler, E 2001
Changes in  hypoxia tolerance during metamorphosis o f 
bonefish leptocephali

Enviromental 
Bio logy o f  Fishes

Pacific

D ifferentia l expression o f  the C4 isozyme o f  lactate Journal o f
24 Biology Eggs &  Larvae Pfeiler, E &  Vrijenhoek, RC 2005 dehydrogenase (LD H C 4) in  developing bonefish (Albula Experimental Pacific

sp. ) B iology

25 Biology L ife  history Fitch, JE 1950
L ife  h istory notes and the early development o f  the 
bonefish Albula vulpes (Linnaeus)

California Fish and 
Game

Pacific

26 Biology L ife  history Alperin, IM  &  Schaefer, RH 1964
Juvenile bonefish (Albula vu lpes) in  Great South Bay, 
N ew  Y ork

N ew Y ork  Fish 
and Game Journal

Atlantic

Notes on the leptocephali and juveniles o f  Elops saurus Quarterly Journal
27 Biology L ife  history Shen, SC 1964 Linnaeus and Albula vulpes (Linnaeus) collected from o f  the Taiwan Pacific

the estuary o f  Tam-sui river in  Taiwan Museum

28 Biology L ife  history Burger, GE 1974
Age, Growth, Food Habits, and Reproduction o f 
Bonefish, Albula vu lpes , in  South Florida Waters

Florida Marine
Research
Publications

Atlantic
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29 Biology L ife history
Pfeiler, E, Mendoza, M A, &

1988
Premetamorphic bonefish (Albula sp .) leptocephali from Enviromental

P acific
Manrique, F a the G ulf o f California w ith comments on life history Biology o f Fishes

30 Biology L ife history
Snodgrass, D, Crabtree, RE, &  
Serafy, JE

2008
Abundance, growth, and diet o f  young-of-the-year 
bonefish (Albula spp .) o ff  the Florida Keys, U.S.A.

Bulletin o f Marine 
Science

Atlantic

31 Biology L ife history
Donovan, M K , Friedlander, AM , 
Harding, K K , Schemmel, EM, Filous, 
A, Kamikawa, K , &  Torkelson, N

2015
Ecology and niche specialization o f two bonefish species 
in  Hawai„i

Enviromental 
Biology o f Fishes

P acific

32 Biology Physiology Nybelin, O 1960 A  gular plate in  Albula vulpes (L.) Nature Atlantic

33 Biology Physiology Nishioka, RS &  Bern, HA 1964
Secreation Masses in the Nuclei o f the Caudal 
Neurosecretory Cells o f  the Teleost Albula vulpes

Nature P acific

34 Biology Physiology
Fridberg, G, Bern, H  a, &  Nishioka, 
RS

1966
The caudal neurosecretory system o f the isospondylous 
teleost, Albula vulpes, from different habitats

General and 
comparative 
endocrinology

P acific

35 Biology Physiology Nybelin, O 1973
On the Caudal Skeleton o f Albula vulpes (L .) (Pisces, 
Teleostei)

Zoologica Scripta Atlantic

36 Biology Physiology Nybelin, O 1976
Note on the osteology o f the lower ja w  in  Albula vulpes 
(L .) (Pisces, Teleostei)

Zoologica Scripta Atlantic

Salinity tolerance o f leptocephalous larvae and juveniles
Journal o f 
Experimental 
Marine Biology 
and Ecology

37 Biology Physiology Pfeiler, E 1981 o f  the bonefish (Albulae: Albu la ) from the g u lf o f 
California

P acific

Structure o f  keratan sulfate from bonefish (Albula s p .)
Carbohydrate
research

38 Biology Physiology Pena, M , Williams, C, &  Pfeiler, E 1998 larvae deduced from  N M R  spectroscopy o f  keratanase- 
derived oligosaccharides

Unknown

39 Biology Physiology Taylor, S &  Grace, MS 2005
Development o f  retinal architecture in the elopomorph 
species Megalops atlanticus, Elops saurus and Albula 
vulpes (Elopomorpha: Teleostei)

Contributions in 
Marine Science

P acific

40 Biology Physiology
Murchie, KJ, Cooke, SJ, &  
Danylchuk, AJ

2010
Seasonal Energetics and Condition o f  Bonefish from  
Different Subtropical Tidal Creeks in  Eleuthera, the 
Bahamas

Marine and 
Coastal Fishes

Atlantic

Murchie, KJ, Cooke, SJ, Danylchuk, Thermal biology o f bonefish (Albula vulpes) in 1 f  TVi 1
41 Biology Physiology AJ, Danylchuk, SE, Goldberg, TL , 2011 Bahamian coastal waters and tidal creeks: A n  integrated

Biology
Atlantic

Suski, CD, &  Philipp, DP laboratory and fie ld study
Estimates o f fie ld activity and metabolic rates o f  bonefish Journal o f

42 Biology Physiology
Murchie, KJ, Cooke, SJ, Danylchuk,

2011
(Albula vulpes) in coastal marine habitats using acoustic Experimental

Atlantic
AJ, &  Suski, CD tri-axial accelerometer transmitters and intermittent-flow Marine Biology

respirometry and Ecology

43 Biology Physiology
Brownscombe, JW, Gutowsky, LFG,

2014
Foraging behaviour and activity o f a marine benthivorous Marine Ecology

Atlantic
Danylchuk, AJ, &  Cooke, SJ fish estimated using tri-axial accelerometer biologgers Progress Series

44 Biology Physiology
Szekeres, P, Brownscombe, JW, Cull, 
F, Danylchuk, AJ, Shultz, AD, Suski, 
CD, Murchie, KJ, &  Cooke, SJ

2014
Physiological and behavioural consequences o f  cold 
shock on bonefish (Albula vulpes) in  the Bahamas

Journal o f 
Experimental 
Marine Biology 
and Ecology

Atlantic

45 Biology Physiology

Nowell, LB, Brownscombe, JW, 
Gutowsky, LFG, Murchie, KJ, Suski, 
CD, Danylchuk, AJ, Shultz, A, &  
Cooke, SJ

2015
Swimming energetics and thermal ecology o f adult 
bonefish (Albula vulpes): a combined laboratory and 
fie ld study in  Eleuthera, The Bahamas

Environmental 
Biology o f Fishes

Atlantic

46 Biology Reproduction
Crabtree, RE, Snodgrass, D, &  
Harnden, CW

1997
Maturation and reproductive seasonality in  bonefish, 
Albula vulpes, from the waters o f the Florida keys

Fishery Bulletin Atlantic

Danylchuk, AJ, Cooke, SJ, Goldberg, 
T L , Suski, CD, Murchie, KJ, Aggregations and offshore movements as indicators o f

47 Biology Reproduction Danylchuk, SE, Shultz, AD, Haak, 2011 spawning activity o f  bonefish (Albula vulpes) in The Marine Biology Atlantic
CR, Brooks, EJ, Oronti, A, 
Koppelman, JB, &  Philipp, DP

Bahamas

48 Biology
Tagging &  
movement

Colton, DE &  Alevizon, WS 1983
Movement Patterns o f  Bonefish Albula vulpes, in  
Bahamian waters

Fishery Bulletin Atlantic

49 Biology
Tagging &  
movement

Tagging &  
movement

Pfeiler, E

Humston, R, Ault, JS, Larkin, MF, &  
Luo, J

1984
Inshore migration, seasonal distribution and size o f  larval 
bonefish, Albu la , in the G u lf o f California 
Movements and site fidelity o f the bonefish Albula

Enviromental 
Biology o f Fishes

Marine Ecology 
Progress Series

P acific

50 Biology 2005 vulpes in  the northern Florida Keys determined by 
acoustic telemetry

Atlantic

51 Biology
Tagging &  
movement

Murchie, KJ, Cooke, SJ, Danylchuk, 
AJ, Danylchuk, SE, Goldberg, TL , 
Suski, CD, &  Philipp, DP

2013
Movement patterns o f bonefish (Albula vulpes) in  tidal 
creeks and coastal waters o f Eleuthera, The Bahamas

Fisheries research Atlantic

52 Biology Tagging &  
movement

Finn, JT, Brownscombe, JW, Haak, 
CR, Cooke, SJ, Comier, R, Gagne, T , 
Danylchuck, AJ

2014
Applying network methods to acoustic telemetry data: 
Modeling the movements o f  tropical marine fishes

Ecological
Modelling

Atlantic

53 Biology Tagging &  
movement

Murchie, KJ, Shultz, AD, Stein, JA, 
Cooke, SJ, Lewis, J, Franklin, J, 
Vincent, G, Brooks, EJ, Claussen, JE, 
&  Philipp, DP

2015
Defining adult bonefish (Albula vulpes) movement 
corridors around Grand Bahama in  the Bahamian 
Archipelago

Enviromental 
Biology o f Fishes

Atlantic

54 Ecology
Spatial &  
temporal 
distribution

Mojica, R, Shenker, JM, Harnden, 
CW, &  Wagner, DE

1995
Recruitment o f  bonefish, Albula vulpes, around Lee 
Stocking Island, Bahamas

Fishery Bulletin Atlantic

Spatial & Vasquez-Yeomans, L, Sosa-Cordero, Patterns o f distribution and abundance o f bonefish larvae
Ichthyological
Research

55 Ecology temporal E, Lara, MR, Adams, AJ, &  Cohuo, 2009 Albula spp . (Albulidae) in the western Caribbean and Atlantic
distribution JA adjacent areas
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56

57

58

59

60 

61 

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

Ecology
T rophic 
relationship

Amin, OM &  Dailey M D 1996

Management 
&  fisheries

Biology, 
ecology, age &  
growth

Management 
&  fisheries

Management 
&  fisheries

Management 
&  fisheries

Management 
&  fisheries

Management 
&  fisheries

Fisheries,
resource use &
economics
Fisheries,
resource use &
economics
Fisheries,
resource use &
economics
Fisheries,
resource use &
economics
Fisheries,
resource use &
economics

Management Policy &  
&  fisheries regulation

Management Policy &  
&  fisheries regulation

Management Policy &  
&  fisheries regulation

Management Policy &  
&  fisheries regulation

Management Policy &  
&  fisheries regulation

Adams, AJ, Horodysky, AZ, Mcbride,
RS, Guindon, K , Shenker, J,
Macdonald, TC, Harwell, HD, Ward, 2014 
R, &  Carpenter, K

Johannes, RE &  Yeeting, B 2000

Debrot, D &  Posada, J 2005

Larkin, MF, Ault, JS, Humston, R, &
Luo, J 2010

Adams, AJ &  Cooke, SJ 2015

Frezza, PE &  Clem, SE 2015

Cooke, SJ &  Philipp, DP 2004

Danylchuk, AJ, Danylchuk, SE,
Cooke, SJ, Goldberg, T L , 2007
Koppelman, JB, &  Philipp, DP

Danylchuk, SE, Danylchuk, AJ,
Cooke, SJ, Goldberg, T L , 2007
Koppelman, J, &  Philipp, DP

Suski, CD, Cooke, SJ, Danylchuk,
AJ, O ’Connor, CM , Gravel, MA,
Redpath, T , Hanson, KC, Gingerich, 2007 
AJ, Murchie, KJ, Danylchuk, SE, 
Koppelman, JB, &  Goldberg, T L

Cooke, SJ, Suski, CD, Danylchuk,
SE, Danylchuk, AJ, Donaldson, MR, 
Pullen, C, Bulte, G, O ’toole, A, 2008 
Murchie, KJ, Koppelman, JB, Shultz,
AD, Brooks, E, &  Goldberg, T L

Redescription o f  Dollfusentis heteracanthus 
(Acanthocephala: Illiosentidae) from Bonefish, Albula 
vulpes, in the West Indies

Journal o f  the 
Helminthological 
Society o f 
Washington

Atlantic

Global conservation status and research needs for tarpons 
(Megalopidae), ladyfishes (Elopidae) and bonefishes 
(Albulidae)

Fish and Fisheries Global

I-K iribati knowledge and management o f  Tarawa's 
lagoon resources

A to ll research 
bulliten

Pacific

A  b rie f description o f the bonefish recreational fishery in 
Los Roques archipelago national park, Venezuela

Contributions in 
Marine Science

Atlantic

A  mail survey to estimate the fishery dynamics o f 
southern Florida's bonefish charter fleet

Fisheries 
management and 
Ecology

Atlantic

Advancing the science and management o f flats fisheries 
for bonefish, tarpon, and permit

Environmental 
Biology o f  Fishes

Global

Using local fisher's knowledge to characterize historical 
trends in the Florida Bay bonefish population and fishery

Environmental 
Biology o f  Fishes

Atlantc

Behavior and mortality o f  caught-and-released bonefish 
(Albula spp .) in  Bahamian waters w ith  implications for a 
sustainable recreational fishery 
Post-release m ortality o f bonefish, Albula vulpes , 
exposed to different handling practices during catch-and- 
release angling in  Eleuthera, the Bahamas

Biological
conservation

Fisheries 
management and 
Ecology

Atlantic

Atlantic

Effects o f  recreational angling on the post-release 
behavior and predation o f  bonefish (Albula vulpes): The 
role o f  equilibrium status at the time o f  release

Journal o f 
Experimental 
Marine Biology 
and Ecology

Atlantic

Physiological disturbance and recovery dynamics o f 
bonefish (Albula vulpes ), a tropical marine fish, in 
response to variable exercise and exposure to air

Comparative 
Biochemistry and 
Physiology

Atlantic

Effects o f  different capture techniques on the 
physiological condition o f bonefish Albula vulpes 
evaluated using field diagnostic tools

Journal o f  Fish 
Biology

Atlantic

Management P olicy & Danylchuk, AJ, Adams, A, Cooke,
2008

&  fisheries regulation SJ, &  Suski, CD

Management P olicy & Dallas, LJ, Shultz, a. D, Moody, a.
2010

&  fisheries regulation J, Sloman, K  a., &  Danylchuk, a. J

Management 
&  fisheries

P olicy &  
regulation

Shultz, AD, Murchie, KJ, G riffith , C, 
Cooke, SJ, Danylchuk, AJ, Goldberg, 
T L , &  Suski, CD

2011

Management 
&  fisheries

P olicy &  
regulation

Stein, JA, Shultz, AD, Cooke, SJ, 
Danylchuk, AJ, Hayward, K , &  
Suski, CD

2012

Management 
&  fisheries

P olicy &  
regulation

Brownscombe, JW, Thiem, JD, 
Hatry, C, Cull, F, Haak, CR, 
Danylchuk, AJ, &  Cooke, SJ

2013

Management 
&  fisheries

P olicy &  
regulation

Brownscombe, JW, G riffin , LP, 
Gagne, T , Haak, CR, Cooke, SJ, &  
Danylchuk, AJ

2015

Management P olicy & Hannan, KD , Zuckerman, ZC, Haak,
2015

&  fisheries regulation CR, &  Shultz, AD

Management 
&  fisheries

Research Kamikawa, K T , Friedlander, AM ,
programs or Harding, K K , Filous, A, Donovan, 2015
objectives M K , &  Schemmel, E

A n evaluation o f  the in jury and short-term survival o f 
bonefish (Albula spp .) as influenced by a mechanical lip­
gripping device used by recreational anglers

Fisheries research Atlantic

Chemical excretions o f  angled bonefish Albula vulpes 
and their potential use as predation cues by juvenile 
lemon sharks Negaprion brevirostris

Journal o f  Fish 
Biology

Atlantic

Impacts o f dissolved oxygen on the behavior and 
physiology o f bonefish: Implications for live-release 
angling tournaments

Journal o f 
Experimental 
Marine Biology 
and Ecology

Atlantic

The influence o f  hook size, type, and location on hook 
retention and survival o f  angled bonefish (Albula vulpes)

Fisheries research Atlantic

Recovery bags reduce post-release impairments in 
locomotory activity and behavior o f bonefish (Albula 
spp. ) following exposure to angling-related stressors

Journal o f 
Experimental 
Marine Biology 
and Ecology

Atlantic

Physiological stress and reflex impairment o f Enviromental
Atlantic

recreationally angled bonefish in  Puerto Rico Biology o f  Fishes

Impacts o f sun protection on feeding behavior and mucus Environmental
Atlantic

removal o f  bonefish, Albula vulpes Biology o f  Fishes

Bonefishes in Hawai’i  and the importance o f  angler-based Enviromental
P acific

data to inform fisheries management Biology o f  Fishes

Management 
&  fisheries

Stock assesment Beets, J 2000
Declines in  fin fish resources in  T arawa Lagoon, Kiribati, A to ll research 
emphasize the need for increased conservation effort bulliten

P acific

Other
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