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Abstract
The incidental capture of unwanted species along with target species is a common and
wasteful aspect of many fisheries. Trawl fisheries in particular have a high rate of incidental
capture, or bycatch, due to the low selectivity of their nets. The bycatch of protected,
endangered and threatened species is of particular concern and poses significant challenges
for the ecologically sustainable management of wild capture fisheries. In the Pilbara Fish
Trawl Interim Managed Fishery (PFTIMF), approximately 50 common bottlenose dolphins
(Tursiops truncatus) are reportedly caught incidentally every year. Failure to adequately
address the bycatch of this protected species has prevented the PFTIMF from attaining
‘Managed Fishery’ status. In this study, I analysed 195 hours of underwater video footage
recorded inside active trawl nets in the PFTIMF to address the following aims:
Chapter 2: a) examine and describe fine-scale dolphin behaviour in and around the
trawl nets, and b) discuss the implications of these interactions for the
reduction of dolphin bycatch in the fishery; and
Chapter 3: a) assess the efficacy of two bycatch reduction devices (BRDs) at reducing
the catch of dolphins and five other taxonomic groups of concern, and b)
provide an estimate of the number of wildlife species caught annually in
the PFTIMF.
Dolphins frequently interacted with active trawl nets, and were recorded inside and outside
the net for up to 98% and 99% of the trawl duration, respectively. Inside the net, dolphins
exhibited a significantly higher proportion of foraging behaviours than outside the net, which
may indicate that dolphins enter trawl nets because they provide a concentrated food source.
Outside the net, dolphins most frequently engaged in ‘trampolining’, whereby they bounced
on the upper surface of the net, often rubbing different body parts on the mesh. It thus appears
that dolphins are motivated by several factors to approach and interact with active trawl nets.
Most of the 29 individually identified dolphins returned to the net numerous times throughout
iv

a trawl, and seven individuals were re-sighted repeatedly in different trawls and on separate
fishing trips. Entering trawl nets may thus be a specialisation exhibited only by a subset of the
dolphin population in the region. Compared to the high interaction rates, bycatch events occur
infrequently. This suggests that the majority of dolphin bycatch events in the fishery result
from dysfunctional fishing gear, or when young or otherwise naïve dolphins enter the net.
Results from the second part of this study indicate that the PFTIMF may capture in the
order of 10,320 individuals of vulnerable wildlife species annually. Dolphins, large sharks
and rays appear to be expelled most effectively (67%, 46% and 39% of all captured
individuals respectively), but most sea snakes and pipefish are able to swim through the BRD
grid’s bars into the codend. The high exclusion rate of dolphins suggests that the number of
non-landed bycaught dolphins may be significant. The older grid model, which had a
shallower decline and a centrally placed horizontal bar across the vertical bars, excluded a
significantly larger proportion of wildlife bycatch than the newer grid model, which lacked a
horizontal bar and was placed at a steeper angle. Some sea snakes, sharks, a dolphin and a
turtle reacted to an interaction with the new grid by swimming upward, indicating that 1) a
shallower decline guides animals toward the downward-opening escape hatch, and 2) BRDs
should include an upward-opening escape hatch, for air-breathing animals in particular.
Direct (post-capture) and indirect (post-release) fishing mortality is high in the
PFTIMF; observer reports suggest that of all bycatch landed during 44 analysed trawls, 77%
were discarded dead. This stresses the need for improved BRD designs, particularly the
introduction of upward-opening escape hatches and BRDs for smaller bycatch, such as sea
snakes and pipefish. In order to establish the threat to stocks and populations resulting from
incidental capture in the fishery, further investigation of the population size and the levels of
removal of bycaught species is required. Continuous bycatch monitoring, particularly of
dolphins and other vulnerable species, must be an important management objective of this
fishery if it is to attain ‘Managed Fishery’ status.
v
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1. Introduction
Incidental mortality in fishing gear is the single most severe threat to many small cetacean
populations worldwide (Northridge 1991, Reeves et al. 2001, Read 2008). Despite
representing only 22% of global landings, trawl fisheries for demersal finfish and prawns
(shrimp) account for over 50% of all discarded bycatch from fisheries (Kelleher 2005). As a
result, substantial effort has been directed towards quantifying and reducing bycatch in trawl
fisheries in the last decade (Pauly et al. 2002).
Despite considerable public and scientific interest in the reduction of dolphin bycatch,
efforts to reduce this bycatch have had limited overall success so far (Reynolds et al. 2009).
This is partly due to the difficulty in reconciling the short-term goal of maximising catch rates
with the long-term goal of ensuring the sustainable use of the marine environment (Reynolds
et al. 2009). However, continued failure to adequately address the threat of fishing-related
mortality to populations of small cetaceans is likely to lead to the extinction of several
delphinid populations in the next few decades (Read 2008).
The Pilbara Fish Trawl Interim Managed Fishery (PFTIMF) off the northwest coast of
Western Australia probably has one of the highest rates of dolphin bycatch of any trawl
fishery in Australia. The history of unresolved dolphin bycatch in the PFTIMF has drawn
attention to the importance of understanding the behavioural patterns of bycaught species,
such as foraging preferences and stress responses, to identify the causes of fishing-related
injury and mortality and to provide direction for mitigation efforts.
In this study, I analysed video footage recorded inside trawl nets in the PFTIMF to
describe dolphin behaviour in and around the nets and to assist in understanding the causes of
fishing-related injury and death. I also assessed the efficacy of the two bycatch reduction
devices currently used in the fishery and have developed recommendations for a best practice
management approach to the bycatch of dolphins and other vulnerable species in the PFTIMF.
1

1.1 Fisheries bycatch – an overview
Bycatch, defined as the incidental capture of non-targeted animals, has increased in
magnitude during the last century as fisheries have undergone enormous technological
advancement and geographic expansion (Pauly et al. 2002) (see Table 1.1 for a definition of
bycatch related terms used in this study). At present, the reduction and minimisation of
bycatch, particularly that of protected, endangered and threatened species, poses a significant
challenge to wild capture fisheries (Alverson et al. 1994, Dayton et al. 1995, Jennings et al.
2001, Harrington et al. 2005). Many protected, threatened and endangered species are large,
long-lived individuals with low intrinsic rates of reproduction that cannot absorb the
additional mortality rates caused by their interactions with fisheries (Kelleher 2005).
Bycatch and its associated environmental and management challenges were reviewed
by Alverson et al. (1994), who estimated that, in addition to global wild fishery landings of
about 80 million tons, an average of 14 to 27 million tons of fish and invertebrates were
discarded annually. Although this figure has been revised to 7.3 million tons per year
(Kelleher 2005), discards are still estimated to constitute seven and ten percent of the total
global annual fisheries catch. First estimates of global marine mammal bycatch suggest that
several hundreds of thousand of marine mammals are captured and discarded annually (Read
et al. 2005). However, this estimate is likely to be negatively biased due to the lack of
reporting of marine mammal captures in most of the world’s fisheries (Read et al. 2005).
While the survival rates of discarded organisms are variable (Chopin & Arimoto 1995,
Davis 2002), it is clear that discarded bycatch is a serious conservation issue. The take of
bycatch adds to the depletion of target and non-target stocks and may threaten populations of
endangered species (Hall et al. 2000). Valuable food resources are wasted if non-target
species are thrown away or target species are discarded due to high-grading or quota
restrictions (Jennings et al. 2001). The removal of key species or individuals can cause
changes in community structure and ecosystem phase shifts to less stable states (Pauly et al.
2

2002). The transport of pelagic or demersal species to the sea surface following discard may
also cause an increase in scavenger species followed by dominance shifts in piscivores and
cascading food webs (Hill & Wassenberg 1990).
The quantities of bycatch removed and the effects of removal and discarding on the
marine ecosystem have made the reduction of bycatch in fisheries a priority (Hall et al. 2000,
Harrington et al. 2005). Indeed, limiting bycatch is now a critical goal of fisheries
management worldwide and bycatch reporting is compulsory in many fisheries (Kelleher
2005). In Australia, it is a requirement for fisheries to demonstrate that they are ecologically
sustainable to gain an export license under the Environmental Protection and Biodiversity
Conservation (EPBC) Act (1999). In recent years, the biomass of bycatch has decreased
worldwide, primarily due to gear modifications and fishing ground closures to improve, or
account for, the low selectivity of most fishing gear (Wales 1996, Brewer et al. 1998).
However, Zeller and Pauly (2005) warn that the observed reductions in bycatch may also be
related to an overall decline in the abundance of targeted species.
The incidental capture of protected, endangered or threatened marine wildlife often
results in the death of captured individuals, which has serious implications for the viability of
many wildlife populations (Lewison et al. 2004). Many of these species have K-selected life
histories, which are characterised by late maturity, low reproductive rates and long life
expectancy. These characteristics make populations of marine wildlife vulnerable to
additional mortality rates imposed by their capture in fisheries (Reeves et al. 2003).
A number of international organisations and conventions on the conservation of
threatened and endangered species have identified bycatch as a particularly serious threat to
several species of sea birds, marine reptiles, elasmobranchs and marine mammals. These
include the International Union for Conservation of Nature (IUCN) and the Convention on
International Trade of Endangered Species in Wild Fauna and Flora (CITES). However,
despite action plans and regulations to protect marine wildlife, bycatch mortality continues to
3

present a serious threat to many species, impeding their long-term survival (Shaughnessy et
al. 2003). This is especially true for populations of small cetaceans such as dolphins and
porpoises, many of which have suffered substantial, and in some cases irreversible, population
declines as a result of their capture in fisheries (Dawson et al. 2001, Rojas-Bracho et al. 2006,
Turvey et al. 2007, Wang et al. 2007).

Table 1.1

Definitions of terms used to discuss fisheries bycatch in this study. Definitions follow
citations in the superscripts.

Term
Bycatch: 1

Definition
All non-target species caught in a fishery.

Byproduct: 1

See incidental catch.

Discards: 1, 2

Individuals that are landed ancillary to the target catch and discarded.
Included are a) individuals of the target species that are under the
legal size, b) individuals of the target species that are of legal size but
discarded due to high-grading, c) individuals of the target species that
are of legal size but discarded due to quota restrictions, d) nontargeted but valuable individuals under the legal size which would
otherwise be retained, e) individuals of species of little or no value,
and f) individuals of protected or endangered species. Discarded
individuals may be dead or alive.

High-grading: 3

The practice of discarding legal sized individuals of the target species
to make room for larger, more valuable individuals. Mostly performed
towards the end of a fishing trip.

Incidental capture: 4

Unintentional capture.

Incidental catch: 1

Individuals that are landed ancillary to the target catch but retained.
Included are legal sized individuals of species that have some value to
the fishery and can be sold.

Target species: 1

Species of primary commercial interest to the fishery.

Trawling:

4, 5

Fishing method whereby a conical net is dragged by one (single trawl)
or two trawlers (pair trawl). The net is dragged along the ocean floor
(bottom/demersal trawling), in midwater or near the surface (pelagic
trawling). The net is kept open by metal doors or otter boards which
are kept in contact with the sea floor during demersal trawling and
remain elevated in the water column during pelagic trawling. Trawling
is a highly unselective fishing method used to catch finfish and
crustaceans. It is widely known for causing large amounts of bycatch
and for its destructive effect on the benthic environment.

Trawl: 5

1

One trawl is the period during which a trawl net is fishing, from the
time the gear is deployed, or ‘shot away’, to the time it is retrieved, or
‘hauled up’. Synonyms for trawl include shot and tow.
2

3

4

5

(Alverson et al. 1994) (Kelleher 2005) (Clucas 1997) (Fertl & Leatherwood 1997) (Zollett 2005)
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1.2. Cetaceans and fisheries
Fish are a valuable source of protein for humans and the staple diet of numerous apex
predators (Pauly et al. 1998b, Ormerod 2003). The availability and density of prey strongly
determines the movement patterns of predatory marine species and fishing vessels alike,
which often leads to overlapping spatial and temporal distributions between the two (Nitta &
Henderson 1993). Today, the overcapacity of global fisheries affects top level marine
predators that often compete for the same food source as fisheries (Trites et al. 1997).
Some cetacean populations, particularly delphinids, are at a particularly high risk from
fishing related mortality, as their inquisitive nature and remarkable learning abilities have
allowed them to identify and exploit fisheries as an energetically efficient, if high risk, form
of food procurement (Fertl & Leatherwood 1997, Bearzi 2002). Dolphins often experience
injury or death as a result of interactions with fishing gear (Nieri et al. 1999, Read 2008). The
main risk associated with fishery-induced foraging lies in the low acoustic reflectivity of some
fishing gears, such as gill and drift nets, which cannot be detected by dolphin echolocation,
often leading to entanglement and death (Julian & Beeson 1998, Rogan & Mackey 2007). In
addition to mortality arising from interactions with fishing gear, fishers in both artisanal and
commercial fisheries occasionally kill dolphins deliberately to avoid loss or damage of target
species through their predation, a behaviour commonly known as depredation (Yodzis 2001).
While the iconic status of dolphins may have aided the implementation of laws and
measures to reduce bycatch, efforts to reduce, halt and reverse the effects of bycatch on
cetaceans have had limited success (Dawson 1991, Reynolds et al. 2009). This failure to
effectively reduce cetacean bycatch may ultimately be attributed to the highly variable nature
of interactions between fisheries and different cetacean populations and species (Morizur et
al. 1999). Thus, methods for the reduction of cetacean bycatch must be sought on a case-bycase basis, since solutions for a particular species or fishery often have limited potential for
adoption in apparently similar scenarios elsewhere (Cox et al. 2003, Zeeberg et al. 2006).
5

1.3 The Pilbara Fish Trawl Interim Managed Fishery
The coastal waters off the Pilbara in Western Australia (21ºS 119ºE) have been fished
commercially since the late 1960s. Japanese trawlers initially fished the area, followed by
intensive fishing by Taiwanese paired trawlers from the early 1970’s through to the 1980s,
when the first domestic trawlers began fishing in the area (Stephenson & Chidlow 2003). The
fishing grounds were closed to all foreign vessels in 1990, and the area north of latitude
21°44’S between 114°9’36’’E and 120°E has been gazetted as the Pilbara Fish Trawl Interim
Managed Fishery (PFTIMF) since 1997 (Stephenson 2008b) (Figure 2.1, Chapter 2). The
PFTIMF is a demersal trawl fishery managed primarily through effort control in the form of
individual transferable effort allocations and monitored by a satellite-based vessel monitoring
system. Further management controls include area closures and gear restrictions (Mackay
2008). The target species of the fishery include Rankin cod (Epinephelus multinotatus) and
various species of emperor (e.g. Lutjanus sebae and Lethrinus spp.) (Stephenson 2008b).
The PFTIMF captures 75% of all scalefish caught in the Pilbara Demersal Scalefish
Fishery, with trap and line fisheries accounting for 20% and 5% of the total catch,
respectively (Stephenson 2008a). In 2007, approximately 5,000 trawls with a median duration
of three hours were completed over 841 fishing days or 14,197 hours. The catch of target
species was 1,704 tonnes, valued at $5.8 million. A further 36 tonnes of by-product valued at
$0.1 million was caught, comprising four tonnes of shark and 32 tonnes of cuttlefish, rays,
bugs and tropical lobster. As Western Australia’s most productive finfish fishery, fish from
the Pilbara dominates the state’s metropolitan fish market, with few exports since 2005
(Stephenson 2008b). Frequent interactions between this fishery and common bottlenose
dolphins (Tursiops truncatus – hereafter ‘bottlenose dolphins’) have been a major concern for
the future of the PFTIMF. Recently, the fishery’s certification as a Wildlife Trade Operation
(WTO) and its Interim Managed Fishery status were extended until 2011, when the fishery
will either gain managed fishery status, apply for another extension of the interim managed
6

status, or lose certification and be closed permanently. The continuation of the fishery
depends on its ability to reduce the bycatch of protected species, particularly dolphins, as a
result of fishing operations in the Pilbara.
1.3.1 Dolphin bycatch in the fishery
Interactions between the PFTIMF and bottlenose dolphins have probably existed since
the fishery’s beginnings. However, these interactions were not formally observed or partially
quantified until 2002, when the Western Australian Department of Fisheries (WA DoF)
completed a study of bycatch in the fishery (Stephenson & Chidlow 2003). Results from this
study suggested that the rate of incidental capture was approximately 15.2 dolphins per 1000
trawls, or 75 dolphins per year (Stephenson & Chidlow 2003). Skipper logbook data suggests
that following the introduction of exclusion grids in 2006, the capture rate was reduced to 4
dolphins per 1000 trawls (Stephenson et al. 2006, Table 1.2), however observer data showed
no reduction in dolphin bycatch (Allen et al. 2009, Table 1.2).
In Australia, dolphins are given the highest level of protection under the
Environmental Protection and Biodiversity Conservation (EPBC) Act 1999. It is therefore
particularly important to monitor the levels of fishing-related dolphin mortality in the Pilbara
and to develop and implement effective bycatch mitigation techniques. Based on the
precautionary principle, the bycatch of listed species should be reduced to zero, even if their
population size is unknown. The Department of Environment and Conservation (DEC) in
Western Australia has set conditions that oblige the PFTIMF to address the bycatch of
protected wildlife species by implementing a Bycatch Action Plan (BAP). The fishery must
also have robust observer coverage (22%) in order to maintain its certification as a WTO
under the EPBC Act 1999 (Draft BAP 2006).
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1.3.2 Bycatch mitigation techniques
Studying the effects of fishing related mortality on dolphins and other apex predators is
challenging because the capture of these animals is a relatively rare event (Lewison et al.
2009). However, even rare bycatch events can have significant effects on the ability of a
population to maintain its viability. The difficulties of demonstrating a statistically significant
population decline in long-lived species necessitate close monitoring of bycatch events before
and after the implementation of bycatch reduction measures. The chances of detecting a
population decline greatly increase with the level of knowledge of the population size and life
history characteristics of the animals studied (Forcada 2000).
Efforts to reduce dolphin bycatch in the PFTIMF began in 2004, after the bycatch
study by Stephenson and Chidlow (2003) reported that the fishery had incidental captures of
numerous protected species. These included bottlenose dolphins, turtles, sea dragons, sea
horses, sea snakes, pipefish and sawfish, as well as other taxa such as various ray and shark
species. In late 2004, the Department of Fisheries in Western Australia tested pingers and
various exclusion grids to reduce bycatch in the fishery (Stephenson & Wells 2006).
However, the number of trawls monitored while testing exclusion grids was too low to
evaluate their efficacy, and pingers were not found to significantly reduce the bycatch of any
protected species taken by the vessels (Stephenson et al. 2006). The skipper logbook program
was expanded to record catches of selected non-target species and an independent observer
program commenced in March 2005 to monitor and record the catch composition of nontarget species.
In December 2005, flexible, semi-flexible and rigid exclusion grids were fixed in front
of the cod end (Table 1.2). A bottom escape hatch was cut into the low part of the net in front
of the grid to allow large animals to escape. Following the results from trials with the semiflexible grid that indicated a reduction of dolphin bycatch, the use of grids was made a
condition of all permits in the fishery in March 2006. Further experiments involved trials of
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an electronic observer system from 2006-07 in an attempt to replace observers with video
cameras to record the catch, but this system was not successful. The observer coverage of the
fishery has fluctuated and recently been well below 22%: 12% in 2008 and 14% in the first
half of 2009.
The efficacy of semi-flexible grids at excluding unwanted species has been determined
for large sharks and rays (Stephenson et al. 2006). However, dolphin captures have been too
rare to confirm the grids’ efficiency at reducing dolphin bycatch. In order to validate the
effectiveness of grids, a very large number of trawls must be observed, which is costly
(Stephenson et al. 2006). Even if funding was available for sufficient observer coverage, the
number of dolphin deaths due to trawl fishing may be underestimated, as the number of
dolphins landed on deck may not necessarily correspond to the actual number of mortality
events that result from interactions of dolphins with the fishing gear (Mackay 2008). Dolphins
may get injured or die in the nets and subsequently be expelled through the bottom opening
escape hatch, or they may fall out of the net during haul up, in which case the deaths are
unreported. Video footage collected inside the nets between 2005 and 2007 was analysed by
Mackay (2008), but delivered inconclusive results due to some problems with the
methodology:
1) the recording time was limited to 90 minutes, which meant that many trawls were
not recorded from start to end, and some bycatch events that were observed on deck were not
recorded on camera, and
2) poor quality of footage meant that grid efficiency could not be verified with
confidence at all times.
Following the uncertainty about the efficacy of bycatch reduction efforts and the
remaining threat of fishery closure if dolphin bycatch could not be further reduced, a short
review was conducted in late 2007 to provide recommendations for further bycatch mitigation
approaches in the PFTIMF (Allen et al. 2007). In June 2008, all exclusion grids were moved
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forward to the start of the net extension, so that dolphins interacting with the grid had a wider
escape path in front of them and a shorter distance to swim out of the net (Table 1.2).
Table 1.2

A summary of net modifications and bycatch rates recorded in skipper and observer
logbooks in the PFTIMF between December 2005 and June 2008. Modified from Allen
et al.(2009).

Date of
modification

Grid
configuration

Position of
grid

Dec. 2005

Trials of 3 grids

Mar. 2006

Semi-flexible grid
on all vessels
Semi-flexible grid
on all vessels

Before cod
end
Before cod
end
Before
extension

June 2008

Catch rate of dolphins per 1000
trawls
Logbook
Observer
9.2
15.3
3.8

15.3

~ 1.25

~0

Since exclusion grids have been shifted forward in the net, the effectiveness of this
measure on dolphin bycatch events in the fishery has not been comprehensively evaluated.
Although the behaviour of dolphins interacting with the nets has been previously described
(Mackay 2008), behavioural events that form part of foraging, travelling and socialising
behaviour have not been described in detail. A detailed knowledge of behavioural patterns
exhibited by dolphins that interact with the fishery may improve our understanding of the
animals’ motivation to interact with the nets, and the causes of their capture and mortality in
trawl nets. This knowledge is important in informing the development of mitigation
techniques to reduce bycatch in the Pilbara Fish Trawl Interim Managed Fishery.

1.4 Aims
The overall goals of my research were to
1) describe the behaviour of dolphins interacting with the PFTIMF, and
2) assess the efficacy of the exclusion grid and escape hatch currently used in the fishery in
reducing the fishing-related injury and mortality of
a) dolphins and
b) other marine megafauna, specifically sharks, rays, turtles and sea snakes.
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While little is known about dolphin behaviour around active fishing gear, it has been
proposed that dolphins closely associate with trawl nets because they offer an energy
efficient, concentrated food source. My primary interest therefore was to investigate whether
foraging behaviours constituted a majority of observed behaviours. Specifically, I wanted to
test the hypothesis that at least 50% of all behavioural events exhibited by dolphins in and
around trawl nets were related to foraging activity. I also developed a photo-identification
library for dolphins observed in the trawl nets and examined association patterns of
individually identified dolphins with trawl nets in space and time. These studies have also
allowed me to estimate the temporal occurrence (percentage of total trawl duration) of
dolphins in and around the nets.
To achieve the second aim of my study, I analysed interactions of dolphins and other
wildlife with the exclusion grid and compared the results of these analyses with observer
reports detailing the catch composition of non-targeted species. Finally, I provide
recommendations for future research and best practice management approaches to the
mitigation of fishing-related mortality of dolphins and other vulnerable species in the
PFTIMF.
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2. Behavioural aspects of dolphin interactions with trawl nets in
an Australian demersal fish trawl fishery: the implications for
bycatch mitigation
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2.1 Summary
Most studies on interactions between dolphins and trawl fisheries have focused on the
opportunistic feeding of dolphins on discarded bycatch, and little is known about associations
between dolphins and active trawl nets. Using underwater video footage recorded inside trawl
nets, I evaluated behavioural aspects of interactions between common bottlenose dolphins
(Tursiops truncatus) and trawl nets in the Pilbara Fish Trawl Interim Managed Fishery in
Western Australia. Interaction rates were very high; in 85 hours of footage collected from 36
trawls, dolphins were recorded inside trawl nets during 29 (81%) trawls and outside trawl nets
in 34 (94%) trawls. The proportion of feeding behaviours was significantly higher for
dolphins inside the net than those outside the net, indicating that dolphins are presented with a
concentrated food source inside the net. Dolphins observed outside the net spent a large
proportion of time ‘trampolining’, whereby they bounced on the net, often twisting and
rubbing their bodies on the net. Dolphins thus appear to be motivated by several factors to
approach and interact with active trawl nets. Inside the net, 29 individuals were identified
based on various morphological characteristics. Some individuals returned to the net
numerous times during one trawl, or even in different trawls or separate fishing trips.
Although most trawls featured a single adult dolphin inside the net, groups of up to seven
individuals were also recorded. These observations suggest that entering trawl nets may be a
specialisation only exhibited by a subset of the dolphin population in the region. The majority
of dolphin bycatch events in the fishery potentially result from dysfunctional fishing gear (e.g.
net collapse during a fishing operation) or of young or otherwise inexperienced dolphins
entering the net. I discuss the implications of these interactions for developing effective
bycatch mitigation strategies and recommend that unlike pingers and/or spatial closures,
effective bycatch reduction devices have the highest potential to successfully reduce dolphin
bycatch in the fishery.
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2.2 Introduction
Trawling is a widely used but contentious fishing technique used to catch fish and
invertebrates on the sea floor (demersal trawling), in mid-water or on the sea surface (pelagic
trawling). Dolphins are marine apex predators whose movement patterns, like those of fishing
vessels, are largely determined by the availability of prey (Shane et al. 1986). This often
results in considerable overlap between trawl vessels and delphinid populations (Nitta &
Henderson 1993). Due to their remarkable flexibility in foraging strategies, many delphinids
have learned to interact with fisheries as they represent an energetically efficient food source
(Shane et al. 1986, Fertl & Leatherwood 1997). Associations between dolphins and trawlers
are known from a number of locations around the world (Waring et al. 1990), including the
western Mediterranean Sea (Gonzalvo et al. 2008), Moreton Bay in Queensland (Corkeron et
al. 1990), Spencer Gulf in South Australia (Svane 2005) and the Pilbara in Western Australia
(Mackay 2008). While these interactions can provide dolphins with foraging opportunities,
they often result in injury or mortality if the animals get caught or entangled in fishing gear
(Nieri et al. 1999), and fishing-related mortality is now the most severe and immediate threat
to small cetacean (delphinids and porpoises) populations worldwide (Read 2008). As fishing
effort continues to increase in line with a rising demand for seafood from the growing human
population, spatial overlap and fatal interactions between fishing vessels and dolphins have
reached critical levels in some regions, presenting challenges to conservation efforts for these
long-lived marine predators. Furthermore, interactions between dolphins and fisheries are
highly variable between fishery types, dolphin species and geographic areas, and effective
bycatch mitigation techniques often need to be developed on a case-by-case basis. Effective
collaborations betweens scientist, fisheries managers, gear technicians and fishers are critical
for developing solutions to a particular bycatch problem.
Interactions between common bottlenose dolphins Tursiops truncatus (hereafter
“bottlenose dolphins”) have been recorded in the Pilbara Fish Trawl Interim Managed Fishery
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(PFTIMF), which operates off the northern coast of Western Australia. Although such
interactions have probably existed since the fishery’s early beginnings in the 1970’s, they
were not formally observed and documented until 2002 (Stephenson & Chidlow 2003).
Various studies have since examined these interactions and bycatch rates of dolphins in the
PFTIMF. Possibly one of the most important observations to date is that groups of dolphins
appear to follow the trawlers for extended periods of time, up to several days (Allen et al.
2009). Few reports of such close and ongoing interactions between a fishery and a population
of cetaceans are evident in the literature (but see Chilvers & Corkeron 2001). In addition to
feeding on discards, the dolphins that associate with trawl vessels in the Pilbara interact
closely with the nets while they are fishing. A recent study found that dolphins entered the
nets in 66% of all trawls and were present inside the nets for up to 64% of the trawl time
(Mackay 2008). However, the behaviour of dolphins that interact with active trawl nets has
not been studied in detail in the PFTIMF or elsewhere in the world, where observations have
been limited to association patterns and the quantification of surface behaviour (e.g. Chilvers
& Corkeron 2001, Bearzi 2002).
Underwater video footage taken inside trawl nets in the PFTIMF in October and
November 2008 provided a unique opportunity to study the nature of interactions between
bottlenose dolphins interacting with trawl nets in the PFTIMF. As knowledge of the temporal
and spatial associations between wildlife species and fisheries is necessary to provide
direction for bycatch mitigation efforts, the initial aim of this study was to assess temporal
aspects of the dolphin-trawler interactions in the Pilbara. Temporal associations of dolphins
and active trawl nets in the PFTIMF have been estimated before (Mackay 2008). However,
the methodology used in this assessment lacked accuracy and detail due to the short battery
life and restricted tape time of cameras that were employed in earlier underwater recordings.
In this study, a new approach with improved cameras which allowed for the recording of
entire trawls was thus warranted.
15

Previous studies of small cetacean interactions with fishing operations have suggested
that such interactions originate from the animals’ attraction to an easily accessible,
concentrated food source, such as discards or large numbers of prey in the nets (Hill &
Wassenberg 1990, Fertl & Leatherwood 1997, Svane 2005).

I wanted to assess the

applicability of this assumption to bottlenose dolphins interacting with the PFTIMF by testing
the hypothesis that at least 50% of all behaviours exhibited by dolphins observed outside and
in close proximity to, or inside the nets were foraging behaviours, as opposed to travelling
and socialising behaviours. I also investigated whether the pattern of individual re-sightings
observed from onboard the vessels was reflected in the occurrence of dolphins around actively
fishing nets, particularly in the sightings of dolphins that entered the net. The reasoning
behind this aim was that if only certain individuals entered the nets, the behaviour may
indicate a specialisation, and these dolphins may form a sub-population of trawler-associated
dolphins. Lastly, I wished to explore possible implications of such a sub-population on
conservation and bycatch mitigation efforts in the fishery.

2.3 Materials and Methods
2.3.1 Study site
The Pilbara forms part of the Western Australian North West Shelf (NWS) and is a region of
significant activity in the oil, gas and iron-ore industries in Australia (Figure 2.1).
Commercial fishing and tourism are also important industries in the region, making the
Pilbara one of Australia’s most economically important coastal regions.
The Pilbara is arid, with low annual rainfall (~ 300 mm) and a climate characteristic of
dry tropical regions, with a wet season (January-June) and a dry season (July-December)
(CSIRO 2007). The marine environment off the Pilbara supports several key habitats,
including coral reefs, sponge beds, sea grass meadows and mangrove forests. These habitats
host a high diversity of tropical marine species including fish, invertebrates and
elasmobranchs, and various protected species such as dugongs, cetaceans, whale sharks and
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turtles. The oceanography of the NWS is largely determined by two oceanic currents: the
westward moving Indonesian Throughflow in the north-east, and the Leeuwin Current in the
west, which moves down the coast of Western Australia. On the inner continental shelf, semidiurnal tides have a major influence on water circulation, which has implications for sediment
resuspension, water turbidity, primary production and the dispersion of organisms with a
pelagic larval phase. Some habitats of the NWS regularly experience severe disturbance
through tropical cyclones, coastal development and trawling (CSIRO 2007).
The Pilbara Fish Trawl Interim Managed Fishery (PFTIMF) is situated seaward of the
Pilbara region, between the 50 m (landward) and 200 m (seaward) depth contours. The fishery
operates out of Exmouth and Point Samson, north of latitude 21°44’S and between
114°9’36’’E and 120°E (Figure 2.1). Its fishing grounds are subdivided into two zones: Zone
1 is closed to trawling and Zone 2 is divided into six management areas (Figure 2.1). Only
four of these areas are currently open to demersal trawling: Areas 1, 2, 4 and 5. These areas
cover 1300, 1800, 1500 and 2300 square nautical miles, respectively, totalling an area of 6900
nm2 (12 779 km2). Trawling takes place between the 50 and 100 m depth contours all year
round, although effort is reduced during the cyclone season between December and March
and in April and May, when some vessels operate in the Nickol Bay Prawn Managed Fishery.
There are 14 permits in the fishery, each with a fixed allocation of units corresponding
to an allocation of fishing time in each of the four areas open to trawling. The allocation of
time to different areas may be altered after the annual assessment of the stocks of target
species. The fishery operates on a financial year basis with hours commencing at midnight on
1st July and finishing at midnight on 30th June the following year. In 2008/09, the cumulative
hours allocated to each area from all permits were as follows: Area 1: 4’793.6 h, Area 2:
3’796.8 h, Area 4: 3’528h, and Area 5: 5’140.8 h. Total fishing effort in the fishery was 17
259.2 hours or 719 fishing days; this is equivalent to 5’753 trawls of three hours length (pers.
comm.. Stephen Hood, MG Kailis Group).
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Figure 2.1 Location of the PFTIMF off the northern coast of Western Australia (inset). Trawling is
permitted only in Areas 1, 2, 4 and 5 within Zone 2.

2.3.2 Net characteristics
Trawl vessels in the PFTIMF tow a single net with twin otter boards at a speed of
approximately three knots. The nets used in the PFTIMF may be divided into four main
sections, or panels: the wings, which form the opening or mouth of the net; the throat, which
is the panel immediately behind the mouth of the net and where the net tapers; the extension,
a tubular section; and the codend, where the catch is collected. The diameter and mesh size
decrease in each panel with distance from the opening of the net, the minimum mesh size
being 100 mm. The length of the head rope (Figure 2.2) must not exceed 36.58 m, while the
total length of the net, including cables, sweeps and bridles, is limited to 274.32 m. The foot
rope (Figure 2.2) is weighted and contains bobbins (<35 cm in diameter) that are spaced about
30 cm apart and roll along the sea floor, stirring up mud and sediment, as do the bridles and
sweeps. This creates a herding effect that facilitates the capture of demersal species.
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Figure 2.2 Model of a demersal trawl net in a flume tank, showing detail of the net opening. 1) head
rope with floats, 2) foot rope with bobbins. Photo provided by J. Wakeford.

2.3.3 Data collection
The data analysed in this study were collected by independent observers onboard trawl vessels
in the PFTIMF between October and November 2008. The 36 trawls that were analysed for
dolphin presence/absence and behaviour inside and outside trawl nets were conducted during
three fishing trips of approximately two weeks duration each, hereafter referred to as trip 1,
trip 2 and trip 3.
2.3.4 Video footage
Underwater video recordings were made with Sony Handycam Digital High Definition Video
Camera Recorders. A number of models were trialled, but most footage reviewed during this
study was captured with models HDR-CX7 (in 2008) and HDR-CX11 (in 2009). The cameras
were placed in waterproof metal housings and secured to the trawl net by cable ties. A trawl
net float was attached to the base plate of each housing and the netting behind the unit to
compensate for the heavy weight of the housings. Cameras were fitted 4.1 m behind and/or
3.6 m forward of the exclusion grid. Two cameras were deployed during most trawls. Both
cameras generally faced upstream toward the net opening, so that the camera in front of the
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grid filmed animals as they entered the net and stayed in front of the grid. Cameras behind the
grid recorded interactions of animals with the grid and escape hatches. In some cases, a
camera was positioned in front of the grid, facing downstream towards the grid, also
recording grid interactions. For clarity, all videos recorded by cameras facing the grid are
hereafter referred to as ‘aft’ footage, and all footage from cameras recording animal behaviour
in front of the grid is referred to as ‘forward’ footage. Cameras were set to standard definition
and, depending on the observer and/or the circumstances, short or long play settings. The long
play setting gave the longest battery life, allowing approximately 7 hours of recording time
while maintaining good image quality. All cameras were set on night vision to allow for better
visibility even at depths with very limited sunlight.
Once recording was completed, the image data were transferred to an external hard
drive, where they were labelled with date, trip number, trawl number and camera position. A
small number of trawls were recorded by fishers in the PFTIMF between January and March
2009 using old cameras identical to those used to record footage in 2006. The image quality
of footage obtained from the older model cameras was poor compared to that from the newer
models. Only footage captured on the newer camera models was reviewed to examine and
describe dolphin behaviour forward of the grid. However, aft footage recorded by the old
cameras was of sufficient quality to record information about interactions of dolphins and
other megafauna with the exclusion grid. Due to the need to mitigate against dolphin bycatch
in the fishery, the analysis of aft footage, which gave insight into the nature of grid
interactions, was assigned higher priority than analysis of forward footage (Figure 2.3). Grid
interactions of protected, endangered and threatened marine fauna are described and discussed
in Chapter 3.
2.3.5 Video analysis
Video footage recorded in the PFTIMF between 2006 and 2009 was viewed and analysed
using EventMeasure v2.04 software, a computer program designed to record biological and
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behavioural information about animals in underwater movie sequences (Seager 2008). This
program features an integrated movie player that supports efficient video analysis through fast
forward playback and frame stepping functions. Events are logged by overlaying dot points
on still images, with the identified individual marked by a red dot. Information and attribute
fields can be loaded from a pre-defined text file and assigned to the overlayed points. At the
end of a video sequence, data added to the information and attribute fields can be exported as
a text file for subsequent analyses. EventMeasure further allows reference images or movie
clips to be captured, which can be recalled through an inbuilt viewer while analysing video
sequences. This function allows for individual animals to be identified, and thus facilitates
confirming whether an individual has been seen before.
2.3.5.1 Temporal association of dolphins with trawl nets
In order to obtain an approximate measure of the time dolphins interacted with the net, I
recorded the first and last time a dolphin was observed inside and outside the net. Estimates of
the temporal occurrence of dolphins outside the nets are likely to be minimum estimates, as
only a small area outside the net was in the camera’s field of view. However, this method
should give a reliable and consistent estimate of the proportion of trawl time during which
dolphins are present inside the nets.
It was not possible to calculate the exact duration of dolphin presence outside the net
for the following reasons: 1) only dolphins inside the net could be distinguished from each
other, while those swimming outside the net were not close enough to the camera to allow for
reliable identification of individuals; 2) dolphins frequently left and re-entered the field of
view because the camera only captured a very small part of the net’s surroundings, causing
dolphins outside the net to appear and disappear often; and 3) most trawls featured a number
of dolphins inside and outside the net, which made it very difficult to record the time of every
entry and exit of every individual while also recording behavioural observations.
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However, I wanted to obtain an indication of the percentage of the total trawl duration
during which individual dolphins were present inside the net, their average dive time inside
the nets, as well as the number of times individuals returned to the net in each trawl. Further, I
aimed to determine whether any of these measurements were influenced by the presence or
absence of conspecifics inside the net. To this end, I sub-sampled six trawls, three of which
featured a single individual entering the net, and three more during which nine, eight and five
dolphins entered the net in groups during the course of the respective trawls. During the entire
duration of these trawls, I observed one previously identified dolphin by focal-animal
sampling (Altmann 1974) and recorded trip and trawl number, dolphin ID number and the
time of every entry into and exit from the net by this individual. I then compared the results
obtained by analysing this sub-sample of trawls and individuals with those obtained from
analyses of behavioural events using the scan sampling method described in section 2.3.5.3
below.
2.3.5.2 Dolphin identification
I identified each individual dolphin that entered the net based on morphological
characteristics, such as scars and irregularities of the dorsal fin or fluke, which I sketched onto
an identification sheet. A still image of every dolphin was captured, illustrating the natural
markings used to identify the individual and, where possible, its dorsal and ventral side
(Figure 2.3 & Appendix I). While every dolphin that entered the net approached the camera
close enough to be assigned a unique identification number, dolphins outside the net were all
given the number 1; it was impossible to distinguish between these individuals based on
morphological features at this distance from the camera.
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D77 dorsal

D77 ventral (suspected male)

Figure 2.3 Example of still image captured of each dolphin that entered the net. Photographs were
taken to illustrate natural markings and, where possible, the genital area to aid in the
identification of individuals. Dolphin D77, a suspected male, was identified by a nick at
the base of its dorsal fin (see arrow).

2.3.5.3 Dolphin behaviour
I observed dolphin behaviour in the throat of the net during 36 daytime trawls captured on 85
hours of video footage between 11th October and 8th November 2008. Only daytime
operations were recorded on video due to the need for available light to see animals and
events on the footage. Behavioural data were collected from all focal dolphins present inside
or outside the net. To achieve this, a number of behavioural events within three behavioural
states – travelling, foraging, and socialising - were recorded (Table 2.1). For example, ‘fish
chase’ and ‘fish catch’ were two events recorded within the behavioural state ‘foraging’,
while entering and exiting the net were events classified as travelling behaviours (Table 2.1).
For every behavioural event I recorded the following information: date, vessel name,
trip number, trawl number and camera position. I also recorded the following attributes for
every behavioural event: the animal’s position in relation to the net, the behavioural event
displayed, and any comments, e.g. if the animal was resighted or a suspected male/female.
The following data were recorded only for dolphins that entered the net: ID number, the
dolphin’s gender (if discernible), and an image of the dolphin or a body part that had
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conspicuous markings such as nicks and scars, often the dorsal fin or the fluke, for later
identification.
Table 2.1

Ethogram defining the behavioural states and events recorded in this study

Behavioural Behavioural event
state
Entry_head first
Travelling
Entry_sideways
Entry_tail first
Exit net
Leave field of view

Rest on net
Trampolining
Foraging

Head scan
Fish chase
Fish catch
Head shake
Forage invert

Socialising

Belly to belly
Copulation
Dolphin bite
Dolphin chase
Pec fin-pec fin rub
Social invert

Description
Enters the net head first
Enters the net so that left or right side is visible
Enters the net tail first, thus backing down into net
Swims out of net
Dolphin inside net either swims behind camera or
swims out of view, e.g. if large amounts of
sediment are present. Not recorded for dolphins
outside the net.
Lies on surface of net for > 2sec, may precede or
follow trampolining
Bounces on surface of net as if trampolining, one
or multiple times, with each bounce < 2sec
Moves head from side to side
Chases fish; may or may not result in capture
Catches fish
Rapidly moves head from side to side with
captured fish in mouth
Rotates around so that ventral side faces upward
while chasing fish
Two dolphins rub their bellies against each other
Dolphins mating or belly to belly for >5 sec.
Bites another dolphin in social interaction
Chases another dolphin, e.g. out of the net
Contact between the pectoral fins of two dolphins
Dolphin rotates so that its ventral side faces
another dolphin
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Legend:
1st priority: red outcomes
2nd priority: orange outcomes
3rd priority: yellow outcomes
4th priority: green outcomes
5th priority: blue outcomes

Figure 2.4

Protocol for analysis of video footage from the Pilbara Fish Trawl Interim Managed Fishery (PFTIMF). Priorities are indicated by colour.
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Image analysis
A number of factors impeded efficient analysis of video footage: first, dolphins observed
outside and in the throat of the net exhibited a broad suite of behavioural events within the
three behavioural states travelling, foraging and socialising (Table 2.1). Second, dolphins
rarely interacted with the net alone, but in the majority of trawls exploited the net in groups.
Third, numerous dolphins were normally observed outside the net, even during trawls where
only a single dolphin entered the net. In order to efficiently analyse and record behavioural
events exhibited by the dolphins, I developed a sampling regime that would allow for timeefficient video analysis without compromising results. This strategy involved detailed
sampling every 5 minutes for one minute, i.e. fast forwarding the tape for 5 minutes, then
sampling at normal speed for one minute. I tested the accuracy of this method by sampling
two trawls, once using continuous sampling and once using the one minute in six scan
sampling (Altmann 1974), and comparing the relative frequencies of each behavioural event
recorded. The proportions of behavioural events recorded when using the scan and the
continuous sampling methods were compared by a Kolmogorov-Smirnov test.
Exceptions to this sampling regime were made 1) where the first and last dolphin that
entered the camera’s field of view inside and outside the net did so during the 5-minute fastforwarding period; and 2) where the start and end of a trawl fell between the one minute
sampling periods. This meant that the estimate of dolphins’ temporal association with the nets
was not altered by the sampling method, which would otherwise have been underestimated. It
also meant that the actual trawl time was recorded, rather than the trawl time that occurred
within the frame of my sampling regime. For example, the total trawl duration could have
been underestimated by almost 10 minutes if a trawl began and ended shortly after the start of
a 5 minute fast forwarding period.
The duration of a trawl was defined as the time from when the net was fully extended
and fishing properly to the time when the net had collapsed completely on reaching the
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surface, or when the camera stopped recording. This definition allowed for a direct
comparison of dolphin presence in and around the net with the total duration of a trawl or, in
three cases, the duration of the recording where it stopped before the end of the trawls.
2.3.8 Data analyses
Behavioural event data were exported from EventMeasure as text files and imported into
Microsoft Office Excel 2003 for further exploration. Statistical analyses were performed in
PASW Statistics v17 (formerly SPSS). Categorical values were converted into numerical
responses for use in PASW (Appendix II).
A chi-square test for goodness-of-fit was used to test the hypothesis that the main
motivation for dolphins to interact with trawl nets is the associated foraging opportunity. The
expectation was that at least 50% of all behaviours displayed by dolphins that associate with
the net, either inside or outside, would be foraging behaviours. This value was chosen to
reflect a majority of feeding activity over travelling and socialising behaviours. The numbers
of events in each behavioural state (Table 2.1) were used as the observational data, and data
for the travelling and socialising states were summed into an “other” category.
A chi-square test of independence was then performed to test whether the proportion
of foraging behaviours differed between dolphins on the inside and on the outside of the net.
In this test, Yates Continuity Correction was used to compensate for the overestimate of the
chi-square value generated by the test as a result of using a 2 x 2 table consisting of two
variables (behaviour and position) with two categories each (‘foraging’/‘other’ and
‘inside’/‘outside’).
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2.4 Results
2.4.1 Sampling method
A comparison between the behavioural events recorded with scan versus continuous
sampling showed a similar pattern for the proportions of behavioural events recorded using
the two methods – trampolining was the most frequently recorded event by both methods,
followed by inverting to forage and fish chases (Figure 2.5). The Kolmogorov-Smirnov test
that was performed to ascertain the reliability of the scan sampling method showed that the
relative frequencies of behavioural events did not differ significantly between the scan and
continuous sampling methods (K-S, D = 0.43, p = 0.54). The advantage of using scan
sampling (i.e. efficiency of video analysis) thus outweighed the insignificant difference in the

0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Fi

sh

ca
tc
h

as
e

n

ch

sh

Sc
a
Fi

ru
b

rt

fin

Pe
c

In
ve

ne

to
n

po
lin

R
es

Tr
am

t

Focal sample
Scan sample

e

Frequency

proportions of behavioural events detected with this method.

Behavioural event

Figure 2.5

Relative frequencies of behavioural events determined by focal and scan sampling

2.4.2 Temporal association of dolphins with trawl nets
A total of 85 hours of video footage from 36 trawls were reviewed. The mean duration of
these trawls was 2 h 14 min ± 9 m (± 1 SE, range of trawl duration = 33 min to 3 h 20 min).
Dolphins were observed outside the net in 94% of trawls (n = 34) and entered the net in 81%
of trawls (n = 29). Dolphins were present outside the net during a total of 62 hours and 11
minutes. The proportion of trawl duration that dolphins were present outside the net was
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therefore 77% (range = 22% to 99%). Dolphins were visible inside the net during a total time
of 38 h 43 min, which represents 59% of the total trawl time (range = 2% to 98%).
The number of entries into the net per trawl by individuals varied greatly between
counts based on scan-sampling and counts based on continuous sampling. For example,
results from scan sampling suggested that on average, dolphins which entered the net did so
twice per trawl (n = 29, range = 1 – 6 entries per trawl) (Figure 2.6), while results from
continuous sampling suggested that on average, dolphins entered the net nine times per trawl
(n = 6, range = 3 – 19 entries per trawl) (Figure 2.7).
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Figure 2.6

The number of recorded entries into the net by individual dolphins per trawl, as
determined from analysis of 29 trawls using scan sampling.

Observations of six dolphins that entered the net in six separate trawls also indicated
that dolphins entered the net more often if they were alone in the net (mean = 11 ± 4 entries, n
= 3 dolphins, range = 6 – 19 entries) than if other dolphins were inside the net during that
trawl (mean = 6 ± 2 entries, n = 3 dolphins, range = 3 – 10 entries). However, group size did
not appear to influence how long dolphins remained in the net after each entry, as there was
only a slight difference in the mean presence of individuals that were part of a group (mean =
2 min 15 sec ± 15 sec) and those that exploited the net alone (mean = 2 min 21 sec ± 13 sec).
The longest recorded dive time inside the net of any individual was 7 minutes 2 seconds.
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The average time between an exit from the net and the next entry by an individual was
10 minutes 4 seconds (± 1 min 51 sec), though animals that foraged alone had a greater
interval (mean = 11 min 36 sec ± 2 min 39 sec) than those that foraged in a group (mean = 6
min 59 sec ± 1 min 28 sec). Dolphins that formed part of a group spent a proportionally lower
percentage of the total trawl time in nets (mean = 11%, n = 3) than solitary individuals (mean

Entries into net per trawl

= 14%, n = 3).
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Figure 2.7

The number of entries into the net per trawl of six individuals observed during
analyses of six trawls using focal-animal sampling. Individuals 1-3 were alone in the
net throughout the entire trawl. Individuals 4-6 were each part of a group.
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2.4.3 Identified dolphins
Twenty-nine individual dolphins were identified from observations of videos recorded inside
the net (Figure 2.3 & Appendix I). The number of dolphins present in the net at any one time
ranged from one during most trawls (n = 15) to seven during a trawl on 17th October 2008.
The highest number of individuals observed in the net at different times during one trawl was
nine dolphins (Figure 2.8).
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Figure 2.8 The number of trawls with different numbers of dolphins inside the net recorded from
video analysis of 36 trawls during three fishing trips between October 8 - November 9,
2008 in the PFTIMF.

Over all trips, the mean number of dolphins in the net per trawl was 2 ± 0.4 (range = 1
- 9), while on average, 8 ± 4.5 different dolphins were observed in the net per fishing trip (n =
3, min. = 3, max. = 22). In the trawls recorded on video during trip 1, 12 different dolphins
entered the net on 16 occasions, while 22 different, individually recognisable individuals
entered the net in 37 events during trip 2 (Figure 2.9 a, b). The number of events of dolphins
entering the net (nine occasions) and the number of individuals identified in the trawls (three)
were both much lower during trip 3 compared to trips 1 and 2 (Figure 2.9 b).
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Figure 2.9

Total number of dolphins recorded inside the net in each trawl during a) trip 1 (Oct. 818, 2008), b) trip 2 (Oct. 22 – 31, 2008) and c) trip 3 (Nov. 4 – 9, 2008).

Only one dolphin, D77, entered the net during all three trips (Table 2.2). This
suspected male was also the individual with the highest number of re-sightings; it was seen
during a total of nine trawls - two in trip 1, two in trip 2 and five in trip 3 (Table 2.2). Six
32

other dolphins were sighted in two of the three trips (Table 2.2). Dolphins were observed
inside the net in all of the areas where trawling occurs (Table 2.2, Figure 2.10). Dolphins D77,
D119 and D128 were each observed in one area only – areas 5, 4 and 2 respectively, while
D87, D121, D126 and D127 entered the net in two areas each (Table 2.2, Figure 2.10). With
the exception of D87, these dolphins were sighted when the vessel was fishing close to the
border of the respective areas in which the dolphins interacted with the nets. Although the sex
of most dolphins identified in my study could not be determined, those that were observed to
forage on their own or with one other dolphin at the most were suspected males, with the
exception of two females (D129 & D144) that were possibly pregnant. Nine of the resighted
dolphins were repeatedly observed in groups of two, either in different trawls of the same trip
or during different trips (Table 2.3).

Table 2.2

Resightings of identified dolphins in trawls in each trip and total number of sightings (in
bold) for each individual recorded from 34 trawls in the PFTIMF between October and
November 2008.

Dolphin ID
77

Total
87
Total
119
Total
121
Total
126
Total
127
Total
128
Total

Trip #
1
2
3
3
1
3
2
1
3
2
1
2
2
1
2
2
1
2
2
1
2
2

# Trawls within trip
2
2
5
9
1
2
3
2
2
4
1
1
2
1
2
3
1
2
3
1
2
3

Area
5
5
5
1
5
5+4
2
4
4
1
2
1
2
2
1
2
2
1
2
2
2
1
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Figure 2.10

Spatial occurrence of resighted dolphins in the PFTIMF. Colours correspond to ID
numbers (see legend).

Table 2.3

Pairs of identified dolphins resighted together inside the trawl net in different
trawls of the same trip or in trawls of different trips.

Dolphin
pair
1

ID numbers

Trip #

Trawl #

Suspected
male/female
Male + Male

Number of trawls
sighted together
2

D77 + D87

T1
T3

15
5

2

D131 + D132

T2

18, 48

Male + Male

2

3

D135 + D144

T2

45, 48

? + Female

2

4

D143 + D144

T2

45, 47

Female + Female

2

5

D128 + D129

T2

13, 14

Female + Female

2

2.4.4 Dolphin behaviour
A total of 1142 behavioural events, 736 outside and 406 inside the net, were observed during
the review of 36 recorded trawls. Dolphins inside the net exhibited a wider variety of
behavioural events overall, as well as in each behavioural state (travelling, foraging,
socialising) in comparison to dolphins outside the net (Figures 2.11 & 2.12). They exhibited a
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total of 14 different behaviours, while dolphins outside the net were only observed displaying
eight behaviours (Figure 2.11). Chasing fish was the predominant activity of dolphins in the
net, while trampolining, classified in this study as a travelling behaviour, was the principal
activity of dolphins outside the net. With 467 recorded events, trampolining was also the most
frequently observed behavioural event overall (Figure 2.11).
Travelling behaviours differed between dolphins inside and outside the net.
Specifically, most travelling behaviours displayed by dolphins inside the net could not be
displayed by dolphins outside. Dolphins in the net could have trampolined and rested on the
bottom of the net when it was not in contact with the sea floor, but were never observed to do
so (Figure 2.11). Inside the net, five travelling behaviours were observed, while dolphins
outside the net displayed two (Figure 2.11).
Foraging behaviours accounted for more of the behavioural events displayed by
dolphins inside (54%) than by those outside the net (31%) (Table 2.4). Chasing fish was the
main foraging event recorded for dolphins inside the net, while inverted foraging was
predominant among dolphins outside the net (Figure 2.12). Although inverting to forage may
be regarded as a form of chasing fish, here the two behaviours are distinguished by the
dolphins’ position as it follows a fish – during a ‘fish chase’, a dolphin did not invert to
follow its prey.
Social behaviours were the rarest events in all three trips (Figure 2.12), with dolphins
displaying a total of 36 events inside and only five events outside the net (Figure 2.11). In
both groups, social inverting was observed most frequently and often involved an individual
inside the net inverting present its ventrum to a dolphin outside the net, or two dolphins
outside the net presenting their ventral sides to each other, whereby one of them inverted. The
two events of copulation attributed to dolphins in the net both took place between a dolphin in
the net and one outside the net (Figure 2.12 a & b). They were recorded for only one dolphin
each time as the main goal was to determine the frequencies of different behaviours.
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Percent frequency of behavioural events within major behavioural states recorded from
video observations of dolphins a) inside the net, and b) outside the net. NP =
behavioural event not possible.
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Figure 2.12

Comparison of the percent frequencies of behavioural events displayed by dolphins
inside (in) and outside (out) trawl nets in a) trip 1, b) trip 2, and c) trip 3. Zeros
indicate possible behaviours that were not recorded. Refer to Figure 2.12 for
behaviours that were not possible (NP) in either position.

The behavioural repertoire of dolphins (inside and outside the net combined) consisted
of 39% foraging behaviours and 61% other behaviours (57% travelling, 4% socialising)
(Table 2.4). The proportion of foraging behaviours was significantly lower than 50% (Χ2 1, 1142
= 55.608, p < 0.001). However, the proportion of foraging and non-foraging behaviours
differed between dolphins inside and outside the net: inside the net, foraging behaviours were
dominant (54%), followed by travelling (37%) and socialising (9%). Dolphins outside the net
spent most time travelling (69% of behaviours), followed by foraging (31%) and a small
amount of socialising (0.5%).
The chi-square test for independence indicated a significant association between the
position of dolphins in relation to the net and the proportion of foraging behaviours to nonforaging behaviours (χ21,

1142

= 58, p < 0.001). Inside the net, the proportion of foraging
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behaviours (54%) did not differ greatly from 50%, while it was much lower than 50% outside
the net (31%) (Table 2.4).
Table 2.4

Numbers (#) and percentages of behavioural events displayed by dolphins interacting with
trawl nets in the PFTIMF between October and November 2008

Position

# foraging
events

% foraging
events

# non-foraging
events

% nonTotal
foraging events # events

Inside

219

54%

187

46%

406

Outside

228

31%

508

69%

736

Total

447

39%

695

61%

1142

39

2.5 Discussion
Temporal association of dolphins with trawl nets
The interaction rates between bottlenose dolphins and the Pilbara Fish Trawl Interim
Managed Fishery (PFTIMF) determined by this study are some of the highest reported in the
literature, recognising that there are very few reports of such close and ongoing interactions
between a fishery and a population of cetaceans elsewhere. Moreover, reports of associations
between delphinids and fisheries often describe opportunistic feeding by the animals on
discarded bycatch (Fertl & Leatherwood 1997, Dahlheim & Heyning 1999), and few studies
have quantified dolphin behaviour around trawling operations. Bottlenose dolphins following
trawl vessels in the Pilbara do not only take advantage of discards, but also interact closely
with the nets while they are fishing. This has important implications for reducing the incidents
of dolphin bycatch and mortality events in the PFTIMF.
The first estimates of temporal associations between dolphins and trawl nets in the
PFTIMF by Mackay (2008) suggested that dolphins entered the net in 66% of all trawls and
were present inside the nets for up to 64% of the trawl time. However, I found that both the
proportion of trawls in which dolphins interacted with the gear, and the percentage of total
trawl time during which dolphins were present either inside or outside the net, were higher
than those predicted by Mackay’s study. Dolphins were present outside the net in 94% of all
trawls and for up to 99% of the trawl duration. In comparison, dolphins entered the net during
81% of all trawls and were present inside the net for up to 98% of the trawl time.
The difference in quality of the cameras used in the two studies is likely to have
contributed to the differences in association time documented in the two studies. Furthermore,
shifting the exclusion grid and therefore the position of deployed cameras forward in the net
in 2008 meant that dolphins were more likely to be visible on camera as they entered the net,
even when visibility was low. The videos analysed by Mackay (2008) were all recorded on
40

cameras positioned further back in the net which, coupled with the lower quality of older
camera models, may well have led to an underestimate of dolphin presence around trawl nets
in the PFTIMF.
Both this study and that by Mackay (2008) found that as the number of individuals in
the net in any one trawl increased, the time between repeated entries of individual dolphins
decreased. Although the difference in interval time was not specified in Mackay’s report, this
study showed that solitary individuals left the net for almost twice as long before re-entering
the net as dolphins that foraged in a group. Similarly, my observations indicated that dolphins
entered the net more often if they were alone in the net than if other dolphins were inside the
net during that trawl. Overall, dolphins entered the net between 3 - 19 times per trawl (9 times
on average). In contrast, Mackay recorded individual dolphins between 1-6 times in a single
trawl – three times less often. This is likely to be a further artefact of the shorter recording
time of cameras used in Mackay’s study.
The high interaction rates between bottlenose dolphins and the PFTIMF in time and
space have direct implications for the reduction of dolphin bycatch in the fishery. Temporal
and spatial closures are not likely to be effective measures for reducing the bycatch of
dolphins, as they appear to associate with trawl vessels and gear throughout the year and in all
areas of the fishery (Allen et al. 2009). Reducing the catch of dolphins must therefore focus
on either reducing the incidence of animals entering the nets, or on preventing animals that
enter the nets from becoming caught and injured in the gear. The likely success of these
approaches will be discussed here in light of the major behavioural observations of this study.

Dolphin behaviour in and around trawl nets
The hypothesis that dolphins interact with trawl nets in the PFTIMF because they present a
concentrated food source was supported by the results of this study for dolphins that entered
the nets, but not for those that remained outside the net. The significant difference in the
proportion of foraging behaviours inside and outside the net (56% vs. 31%) suggests that each
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side of the net presents dolphins with different motivations for interacting with trawl nets. It is
important to note that while the camera captured most, if not all of the inside of the net from
its opening to the camera’s position (~ 3.6 meters in front of the grid), only a small part of the
environment outside the net was captured on video. The possibility that certain behaviours
exhibited by dolphins outside the net were not recorded should therefore be taken into
consideration. However, if there is a concentration of prey in the vicinity of active fishing
gear, it is most likely to be found inside the net, as fish are herded into the net by the sweeps
that stir up sediment and mud as they are dragged along the ocean floor.
Dolphins outside the net were observed pulling out enmeshed fish or inverting to
swim underneath the net. This suggests that some fish may be herded towards the mouth of
the net, but swim underneath it if the net is not in contact with the sea floor at all times,
providing dolphins outside the net with a food source that may not be found in similar
proportions near the outer sides or upper surface of the net. This theory is supported by
numerous observations (n = 186) of inverted foraging by dolphins underneath the net, which
was the most frequently employed foraging method by dolphins outside the net. Indeed,
inverted foraging was the second most frequently displayed behaviour by these dolphins.
Occasionally, dolphins were observed pulling fish through the mesh. Such behaviour has been
observed in at least two Australian prawn trawl fisheries; in both, bottlenose dolphins
(Tursiops sp.) following trawl nets during haul up were seen to manipulate the codend and
pull out enmeshed fish (Broadhurst 1998, Svane 2005). Broadhurst (1998) also deployed
cameras near codends in a prawn trawl fishery off Yamba, New South Wales, and recorded
video footage of two bottlenose dolphins removing fish from the codend throughout a
nocturnal trawl. This suggests that deployment of a camera outside the cod end may help
determine whether dolphins swimming around nets in the PFTIMF perceive the cod end as an
opportunity to catch fish by pulling them through the net.
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In this study, however, video footage from cameras positioned behind the grid and
outside the net suggests that dolphins foraging outside the net are predominantly in the area of
the net where its diameter is largest, and where the dolphins that enter the net are generally
observed. This may be explained by the possibility of interacting with conspecifics inside the
net, or by the fact that the panels immediately behind the mouth of the net offer a larger, more
taut surface on which to trampoline.
Trampolining was classified here as a travelling behaviour due to the lack of a
confirmed explanation for the expression of this behaviour. However, because trampolining
dolphins often turned and twisted their bodies when bouncing on the net, and because
trampolining was sometimes preceded or followed by the individual rubbing its head and
rostrum against the net, trampolining may be performed to remove old skin, parasites or even
remoras, which were observed on three individuals. Similar behaviour, which may serve
parasite removal, has been observed in Northern Resident killer whales (Orcinus orca) in the
Johnstone Strait, British Columbia, Canada (Jacobsen 1986). These whales are known to
engage in a behaviour termed ‘beach rubbing’, where they interrupt feeding sessions to rub
their bodies on smooth pebbles along a specific shallow section of shoreline (Jacobsen 1986).
Interestingly, both killer whales in Johnstone Strait and bottlenose dolphins in the Pilbara
often combined resting on the pebbles or nets and socialising with nearby conspecifics while
beach rubbing (Ford 1989) and trampolining, respectively. Further, beach rubbing appears to
be a specialisation of Northern Residents, as it has not been observed in Southern Residents or
Transients (Ford 1989).
Mackay (2008) suggested that bouncing on the nets could be a method for herding fish
forward in the net. However, in light of the swimming capabilities of most fish in relation to
water flow inside the net, it is unlikely that fish would be able to swim back out of the net,
even if there was a stimulus to do so. Furthermore, dolphins bounced on the net even when
there were no fish coming into the net. The possibility that trampolining is simply a play
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behaviour should not be excluded. Trampolining was not observed inside the net, probably
because the net was too close to the sea floor, or because such behaviour could have posed a
danger to dolphins surrounded by net. Similarly, intentional, repeated rubbing of body parts
against the mesh was not observed inside the net, although one dolphin that entered the net
had a remora attached to its side throughout a trawl.
Dolphins that enter the net may do so not only because of the likelihood of
encountering large numbers of fish, but also because the net’s surface provides a wall against
which dolphins can chase and then catch fish. For example, fish that were chased by a dolphin
were sometimes seen to swim into the meshes, where they became entangled and were easily
captured by dolphins. However, behaviours that could potentially lead up to a fish capture,
such as head scans, inverted foraging and fish chases were more numerous than fish captures
for dolphins both inside and outside the net. This may simply be a result of observer bias due
to the difficulty of observing a fish capture when the body of a dolphin obstructs much of the
view of its rostrum, or dolphins may occasionally miss the fish they pursue. In this context it
is worth noting that at depths of 50 to 100 meters, light is greatly reduced, and dolphins may
rely solely on echolocation to locate prey and determine their position within the net.
At times, dolphins outside the net were observed pursuing fish that were swimming
near the bottom of the net, and some tried to pull fish through the net that were stuck to the
inside of the mesh. Pursuing fish that were inside the net may have been a playful form of
foraging, as it is unlikely that these dolphins were unaware of the net between them and the
fish. On several occasions, dolphins inside the net displayed a similar behaviour, following a
fish for several minutes, sometimes by swimming in circles around their own axis without
ever catching the fish. When several individuals explored the nets in groups, they tended not
to invert as often as solitary animals. This may be a precaution, as foraging in groups of up to
seven or more animals leaves less room for individual movement inside the net, and dolphins
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in groups generally swam in a uniform manner, all facing the vessel and changing positions
within the group without signs of aggression.
It thus appears that trawl vessels operating in the PFTIMF present resident bottlenose
dolphins with numerous opportunities for foraging beyond that of feeding on discards.
Foraging inside and underneath actively fishing nets may provide dolphins with a food source
that is superior to that represented by discarded fish and invertebrates, since these are often
damaged or dead. Gonzalvo et al. (2008) studied interactions of common bottlenose dolphins
with fish trawlers off the Balearic Archipelago and found no statistical difference in the catch
weight of trawls hauled up while dolphins were present or absent. This indicates that the
taking of fish from trawl nets while they are at the sea surface does not have a significant
impact on the biomass of the catch. However, it would be interesting to test the hypothesis
that dolphin predation during fishing operations has a noticeable effect on the biomass and/or
species composition of the catch, since trawls are usually much longer in duration than haul
up operations, therefore potentially allowing for higher levels of predation.
Furthermore, the observation that dolphins that remain outside active nets appear to
engage predominantly in trampolining behaviour, which may function in parasite and/or dead
skin removal, as well as some social activity, implies that dolphins exploit trawl nets in a
number of ways other than foraging. It is therefore important to investigate whether bycatch
events involve both dolphins caught inside and outside the net, and how these events occur,
e.g. through entanglement in mesh, skirts that cover escape hatches, or any of the cables that
hold the net open and connect it to the vessel. Understanding which areas or parts of the nets
present the greatest danger to dolphins is important in informing the design and placement of
bycatch reduction methods.
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Identified dolphins
Specialisation and population structure
A total of 29 dolphins were observed inside trawl nets in the 36 trawls that were analysed for
this study. This relatively small number of individuals implies that entering the nets to forage
is probably a specialised behaviour which is only exhibited by a limited number of individuals
within the population. This conclusion is supported by the observation that during five trawls,
dolphins were observed outside the net, but none of them entered the net. Similarly, the fact
that dolphins which entered the net did so a number of times during the same trawl, suggests
that these individuals spent little or no time interacting with the outside of the net, but left the
net only to breathe at the surface before returning to the net. The theory that foraging in
association with trawl nets or trawlers can be a specialisation is supported by a number of
studies. Chilvers and Corkeron (2001) identified two communities of bottlenose dolphins in
Moreton Bay, Queensland: members of one community fed in association with trawlers, while
members of the other did not. Broadhurst (1998) noted that while only two dolphins
manipulated the codend of an actively fishing prawn trawl net, five or more individuals
followed the trawler as the net was hauled up and discards were thrown overboard.
Compared to the size of the area fished by the PFTIMF (12 779 km2), the limited number
of dolphins observed inside the nets and those observed around the vessels after completion of
haul up (approx. 25 to 50 after most trawls – pers. obs.) is small. Shark Bay, which is of
similar size to the area trawled by the PFTIMF (13 000 km2), supports a population of an
estimated 3 000 bottlenose dolphins (Tursiops sp.) (Preen et al. 1997). If the population
resident in waters off the Pilbara comprised a similar number of animals to that in Shark Bay
and all individuals interacted with trawlers, more dolphins might be expected to be seen
around trawl vessels. Although fishing-related mortality events may have caused a population
decline, the small number of dolphins observed around trawl vessels and gear suggests that
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dolphins interacting with trawlers in the PFTIMF may form a separate community within a
larger population of unknown size that inhabits the waters off the Pilbara.
In their study of the first known subpopulation of ‘trawler’ dolphins, Chilvers and
Corkeron (2001) noticed that the two communities differed in group size and habitat
preference and were socially segregated, though genetic interchange was thought to occur
based on observations of alliances of ‘non-trawler’ males interacting with ‘trawler’ females.
The authors predicted that anthropogenic impacts on the behaviour and social structure of
wild animal populations are likely to be found elsewhere. Therefore, investigating the
possibility of a subpopulation of trawler associated dolphins and the segregation between
these and non-trawler associated dolphins in the Pilbara would be an interesting avenue to
pursue in future studies. Knowledge of the social dynamics within a population or between
communities of the same population is particularly important in informing conservation
strategies where part or all of the population is affected by human activity, as is the case in the
PFTIMF.

Social hierarchies
Of those dolphins that were observed to enter the net in this study, some were observed to
forage alone or with one other dolphin, while other individuals were predominantly or always
seen as part of a group. The group of seven individuals observed on 17th October 2008 is to
date the highest recorded number of dolphins foraging together inside a trawl net in the
PFTIMF. Current knowledge of the social structure of bottlenose dolphin populations
elsewhere predicts that certain beneficial positions around a trawler and its nets are held by
dominant adult males (Corkeron et al. 1990). For example, aggressive behaviour of dominant
individuals toward females or sub-adult males has been observed both around trawlers in
Moreton Bay, Queensland (Corkeron et al. 1990) and in the Pilbara (pers. comm. Simon
Allen, Murdoch University) when discards were thrown overboard.
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Five pairs of dolphins were seen in the net on two separate occasions each; one of
them, possibly an alliance of two males, was observed during two different fishing trips. This
might indicate that dolphins retain their foraging preferences when they interact with trawl
nets, e.g. foraging alone or as part of an alliance versus swimming in a larger group, and that
the social hierarchies observed around trawlers also hold around trawl nets. Foraging inside
nets, and therefore improved access to fish, may thus depend on the dolphin’s position within
the dominance hierarchy of its group.

Dependency on fishing activity
With the exception of one individual, all of the dolphins that were resighted in different trawls
were sighted within a certain area, some of which corresponded to areas of the fishery. This
may indicate that dolphins enter the nets and/or associate with vessels in their home-range,
rather than following vessels wherever they go. This suggests that although they certainly
have the ability to do so – at least in the case of adult males - bottlenose dolphins interacting
with the PFTIMF are not dependent on the source of food presented by trawl vessels, but
rather exploit it when it is available. This contrasts with results from a study on the effects of
an aquaculture farm on bottlenose dolphins off Sardinia, Italy (Diaz-Lopez et al. 2005).
Nutrients from the farm were thought to attract wild fish in the area, which in turn attracted
dolphin populations that had not previously inhabited the area (Diaz-Lopez et al. 2005). While
the ability of these dolphins to exploit a new resource is reflective of their behavioural
plasticity, a sudden change in the availability of anthropogenic food sources, such as fisheries
or fish farms, may have negative impacts on populations of dolphins that have come to
depend on them to some extent (Fertl & Leatherwood 1997). Association patterns of trawlassociated dolphins with fishing nets in the PFTIMF should therefore be explored further with
a larger sample size to facilitate an understanding of the possible consequences a closure of
the fishery could have on this dolphin population.
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Implications for reducing the fishing-related mortality of dolphins
The high spatial and temporal overlap between the fishing vessels and bottlenose dolphins in
the PFTIMF suggests that (1) spatial or temporal fishing ground closures would be ineffective
in reducing dolphin bycatch in the fishery, and (2) bycatch events are relatively rare compared
to the observed interaction rates. Dolphins that associate with trawl nets in the Pilbara are
strongly motivated to do so, and the majority of dolphins that enter the nets do so repeatedly,
either within the same trawl, or during different trawls of one trip and even in different trips.
Attempting to prevent these individuals from entering the nets, e.g. with pingers (acoustic
deterrents), is therefore not likely to be a successful mitigation strategy. A similar conclusion
was also reached in a study that tested the efficacy of pingers in reducing dolphin bycatch in
the fishery (Stephenson & Wells 2006). The pingers did not deter dolphins from interacting
with the nets, and at times, more dolphins were observed inside the net when pingers were
active than when they were not (Stephenson & Wells 2006).
Similar findings were reported from a study of bottlenose dolphin behaviour around
gillnets with active and inactive pingers in North Carolina, USA (Cox et al. 2003). The
dolphins appeared to be aware of the net, at times approaching it multiple times, and
entanglement events occurred infrequently when compared to interaction rates. The authors
concluded that acoustic alarms, while effective for reducing the bycatch of harbour porpoises
(Phocoena phocoena) (Kastelein et al. 2000), did not effectively displace bottlenose dolphins.
In fact, acoustic alarms may lead to sensitisation, where dolphins learn to associate the sound
emitted by pingers with a food source, leading to increased interaction rates (Cox et al. 2003).
None of the thirty dolphins observed inside the net during this study backed down into
the net far enough for their entire bodies to disappear behind the camera. If the dorsal fin of a
dolphin came into contact with the camera, it often appeared startled and swam forward in the
net, away from the camera. This indicates that the cameras mounted in front of the exclusion
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grid act as barriers to dolphins in the net, which has also been suggested by Mackay (2008),
based on similar observations of dolphin behaviour inside the nets.
The dolphins observed in this study appeared to be acutely aware of the net’s
dimensions and frequently used its surface to chase and catch fish against. They also showed
no signs of hesitation in physically contacting the nets, either to aid in foraging, to trampoline,
scratch their heads or other body parts on the mesh, or to interact with a dolphin on the other
side of the net. It is possible that dolphins use a number of sensory cues as signals to leave the
net before it collapses during haul up, e.g. the increased revolutions of the vessel’s motors to
flush fish into the codend before haul up, or a change in water flow, pressure and ambient
light associated with the hauling of the net.
Bycatch events are thus likely to occur when dolphins have insufficient time to leave
the net before haul up, for example if parts of the gear, e.g. the otterboards, are dysfunctional
and cause the net to collapse partly or fully prior to haul up. However, in one video, a large
dolphin that was resighted frequently was observed swimming in the net although it never
opened fully throughout the trawl. At no stage did this dolphin exhibit signs of hesitation or
distress, but remained on the side of the net that was more fully expanded. No other dolphins
entered the net during that trawl. In other trawls, resighted animals sometimes remained in the
net during haul up, leaving it only shortly before the net reached the surface and collapsed.
These individuals never appeared to leave the net in a hurried fashion, but rather swam
upward in a spiral-like fashion as the net approached the surface, catching fish that were
flushed down the net by the increased water flow. Moreover, dolphins were never observed to
display a startled reaction when large sharks or boulders of coral approached them in the net,
often forcing the dolphins to touch the mesh. This provides further evidence of the dolphins’
confidence and control inside the net.
These observations suggest that bycatch events are most likely to occur when young
or otherwise inexperienced animals enter the net alone, back into the net far enough to reach
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the grid, and then panic when they touch the grid, either becoming caught between the grid’s
bars or dying of asphyxiation upon failing to find an escape route. As long as experienced
animals forage inside the nets and the gear operates effectively and in a way that is familiar to
the dolphins, bycatch events are likely to be minimal. Since some large, perhaps dominant
animals have been observed defending their place in the net, it is possible that inexperienced
and young dolphins will not enter the net as long as these large dolphins are present.
It thus appears that the mitigation of dolphin bycatch and mortality in the PFTIMF
should focus on the development of effective bycatch reduction devices (BRDs), which
consist of an exclusion grid and one or more escape hatches. Exclusion grids should be
designed to prevent dolphins from backing down into the net extension and the codend, where
the risk of entanglement and mortality is higher than in panels of the net that have a larger
internal diameter. Escape hatches should be positioned in sections of the net where dolphins
try to escape upon interacting with the grid. As all individuals observed in the 36 analysed
trawls faced the vessel, dolphins are likely to attempt swimming forward when coming into
contact with the exclusion grid. The downward-opening escape hatch currently used in the
fishery is therefore unlikely to be detected by stressed dolphins that try to swim away from
the grid, either toward the vessel or to the surface. However, recommendations on the design
and position of escape hatches and exclusion grids must be based on analyses of bycatch
and/or grid interaction events. These will be described and discussed in the next chapter.
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3. Efficacy of two bycatch reduction devices for protected and
vulnerable species in an Australian fish trawl fishery
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3.1 Summary
The Pilbara Fish Trawl Interim Managed Fishery (PFTIMF) is the only northern Australian
trawl fishery not to have been studied comprehensively in terms of its impact on bycaught
species. Here, I provide an assessment of the species composition of six frequently bycaught,
vulnerable taxonomic groups and assess the efficacy of two bycatch reduction devices
(BRDs) currently used in the PFTIMF. Using underwater, in-trawl video footage of 44 trawls
(22 with each BRD), the number and escape rates of bycaught species of concern were
recorded. A total of 86 individuals from 19 identified species of dolphin, shark, ray, sea
snake, turtle and pipefish were incidentally captured. Based on an annual fishing effort of
5280 trawls, these captures extrapolate to an annual catch of 10 320 individuals of protected
or vulnerable species in the PFTIMF. Only 34 percent of all bycatch was expelled through the
downward-opening escape hatch, the rest was retained in the net. Dolphins, large sharks and
rays were expelled most effectively (67%, 46% and 39% respectively), while most sea snakes
and all pipefish passed through the grid into the codend. The older grid had a shallower
decline and excluded significantly more bycatch than the newer grid. Some dolphins, sea
snakes and sharks swam upward upon interacting with the new grid, indicating that grids
should be placed at a shallower decline to guide animals toward the escape hatch, and include
an upward-opening escape hatch for air-breathing animals. Such gear modifications are
especially important for dolphins, which submerge for relatively short periods of time. Data
from independent observer reports for the 44 trawls revealed that 77% of the landed bycatch
was dead when discarded. Animals discarded alive are likely to have low survival rates due to
the risk of shark attack around the trawlers and other causes of post-trawl mortality. These
results demonstrate the need for improved BRD designs, particularly upward-opening escape
hatches for air-breathing animals and BRDs designed to exclude smaller bycatch. Direct and
indirect fishing mortality is high in the PFTIMF and must be monitored and mitigated against
to prevent population declines of species that are vulnerable to the effects of fishing.
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3.2 Introduction
Dolphins, most sharks and some rays are at the top of marine food webs and fulfil key
functional roles including prey control in numerous species of fish, invertebrates and smaller
elasmobranchs (Kenney et al. 1997, Stevens et al. 2000). As such, they make vital
contributions to the functional health of marine ecosystems worldwide. Fishing activity has
removed disproportionate numbers of marine predators in all oceans of the world, either as
targeted species or as bycatch (Baum et al. 2003, Read et al. 2005). Concerns over the
ecological impacts of removing apex predators are twofold: firstly, the conservation of apex
predators is challenging due to their life history characteristics, e.g. slow growth rates, long
life spans, late maturity and low fecundity (Stearns 1977). Secondly, the indirect effects of the
loss of apex predators on marine communities and ecosystems can be far-reaching, especially
if top-down trophic cascades are induced as a result of reduced predatory control of prey
species (Stevens et al. 2000, Jackson et al. 2001).
In Australia, dolphins are awarded the highest level of protection under the
Environmental Protection and Biodiversity Conservation (EPBC) Act 1999. Some sharks,
such as the grey nurse (Carcharias taurus) and the great white shark (Carcharodon
carcharias), are also protected by Australian legislation, as are sea snakes, sawfish, marine
turtles and all members of the family Sygnathidae (seahorses, pipefish and sea dragons). Most
of these taxa are caught in trawl fisheries around Australia, including the PFTIMF (Stobutzki
et al. 2001, Bache 2003, Stephenson & Chidlow 2003). This reinforces the need for effective
bycatch mitigation techniques in Australia’s trawl fisheries.
In many countries, pressure to render fisheries more sustainable has led to the
development of techniques that increase the selectivity of fishing gear, thereby reducing
bycatch. These include the Medina panel in tuna purse seine nets to let encircled dolphins
escape (Hedley 2001), scaring devices and underwater baiting devices on long lines to reduce
the bycatch of sea birds (Gilman et al. 2005), acoustic alarms (or pingers) to prevent dolphin
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and porpoise entanglements in gillnets (Kraus et al. 1997, Bordino et al. 2002), and bycatch
reduction/turtle exclusion devices (BRDs/TEDs) in trawl fisheries to allow turtles, sea snakes
and other unwanted species to escape trawl nets (Broadhurst et al. 2002). Although a number
of studies have described and quantified bycatch in Australian trawl fisheries (Brewer et al.
1998, Wassenberg et al. 2001, Broadhurst et al. 2002), few have done so during commercial
fishing operations (Brewer et al. 2006). Furthermore, most of these studies were conducted on
prawn trawl fisheries, and few have assessed the impact of bycatch mitigation techniques in
fish trawl fisheries.
The Pilbara Fish Trawl Interim Managed Fishery (PFTIMF) has one of the highest
rates of dolphin bycatch of any trawl fishery in Australia. While efforts to minimise dolphin
bycatch in the fishery appear to have had a positive effect on the amount of large shark and
ray bycatch (Stephenson et al. 2006), the testing and implementation of several bycatch
mitigation methods, including pingers, net modifications and different bycatch reduction
devices (BRDs) to reduce the catch of dolphins, have had unclear results to date (Stephenson
& Wells 2006). Demonstrated ongoing effort to reduce dolphin bycatch is a critical step for
the fishery to move from ‘Interim Managed’ to ‘Managed’ status.
Here, I analysed underwater video footage recorded inside trawl nets in the PFTIMF
during commercial fishing operations to assess the performance of two BRDs in reducing the
catches of six taxonomic groups of concern – dolphins, sharks, rays, sea snakes, turtles and
pipefish. While all marine species, including fish, are wildlife, I refer to these taxa of concern
as ‘wildlife species’ hereafter. I also aimed to obtain an estimate of the number of individuals
within these taxonomic groups that interact with exclusion grids in the fishery per year by
scaling up available data to equate to annual fishing effort. This allows for a more realistic
evaluation of the efficacy of BRDs currently used in the fishery, and provides the basis for
making recommendations on the design and implementation of such devices.
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3.3 Materials and Methods
3.3.1 The fishery
The Pilbara Fish Trawl Interim Managed Fishery (PFTIMF) operates in the waters off the
Pilbara region on Australia’s North West Shelf (Figure 2.1, Chapter 2). The fishing grounds
of the PFTIMF cover an area of 12,779 km2 and extend between the 50 m (landward) and 200
m (seaward) isobaths, from 114°9’36’’E to 120°E and north of latitude 21°44’S. The area
where trawling is permitted is divided into six areas, four of which are currently open to
trawling (Figure 2.1). In 2008/09, the cumulative fishing time allocated to these four areas
was 17, 259.2 hours or 719 fishing days, which is equivalent to about 5,500 trawls per year.
Most trawls occur at depths of between 50 and 100 m, with a mean duration of three hours
(see Chapters 1 and 2 for further details of this fishery).
In 2007, the PFTIMF caught 1,704 tonnes of target species valued at $5.8 million and
36 tonnes of by-product valued at $0.1 million, comprising four tonnes of shark and 32 tonnes
of cuttlefish, rays, bugs and tropical lobster. However, the retention of shark or tropical
lobster is now prohibited (pers. comm. Stephen Hood, MG Kailis Group). This means that
apart from certain finfish, bug, squid and cuttlefish species, all non-target catch is discarded.
No recent, comprehensive estimate of the species composition, number or biomass of
discarded organisms exists for this fishery.
3.3.2 Net design
Trawl nets used in the PFTIMF are made of diamond mesh and are towed along the ocean
floor, net spread being maintained with twin otter boards. The trawl gear must fulfil a number
of requirements (see section 2.3.2 in Chapter 2 for details). Net plans contain information on
the length and width of the different panels, as well as the diameter of the twine used for each
panel. For example, the first section of the belly measures 21 meshes of 9 inch (22.86 cm)
stretch mesh made of 3 mm thick twine, which equals a length of 4.8 m when the net is
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stretched (Figure 3.1).This section has a height of 66 meshes where it joins the wings (Figure
3.1). In October 2008, the neck section of the nets was shortened to allow for a shorter escape
route for dolphins that enter the net and interact with the exclusion grid, or BRD (Figure 3.1).
Based on stretch mesh measurements, the nets are approximately 44 m long from the start of
the belly to the start of the codend.

Figure 3.1 Schematic diagram of a typical trawl net used in the PFTIMF in 2008 and 2009 showing
side and top views, location of the bycatch reduction device (BRD Unit), forward and aft
cameras and skirt covering the bottom escape hatch. Lengths of the different panels are
given as number of meshes, mesh length (in inches), and diameter of twine (in mm). In the
side view, the height of each panel is given as the number of meshes. Diagram not drawn
to scale. Modified from Stephenson et al. (2006) following net plans by H.
McKenna/Neptune Trawls for the ‘Magnet Box Diamond Net’ with shortened neck.

3.3.2.1 Bycatch Reduction Devices
Bycatch reduction devices (BRDs) must be fitted in all operating nets used in the PFTIMF to
reduce the bycatch of turtles, sharks, rays and dolphins. The BRDs currently used in the
fishery consist of a semi-flexible metal exclusion grid and a bottom opening escape hatch,
through which large animals can leave the net (Figure 3.2). The escape hatch is covered by a
loose skirt of netting to prevent the loss of target species (Figure 3.1). The exclusion grid is
fitted at the start of the extension where the net has a diameter of 100 meshes, and it is held
upright by a number of floats. When the net is actively fishing, the grid lies at an angle, with
the float-equipped top section anterior to the lower section, so that bycatch and benthos are
deflected down toward the bottom-opening escape hatch (Figure 3.2).
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In June 2008, the grids were moved forward in the net, from just before the codend to
the start of the extension to prevent dolphins from backing down into the tubular extension
and to provide a shorter escape route between the BRD and the opening of the net. The
exclusion grids that were used until August 2009 were larger in diameter than the 100 mesh
diameter of the extension, causing several problems: fishers and observers frequently reported
a loss of fish through gaps between the grid’s frame and the skirt covering the escape hole.
Furthermore, the grid (hereafter the ‘old grid’) caused the net to lose shape and often
collapsed to a low angle (~ 40°) after a few trawls (Figure 3.2a).
To improve the nets’ fishing performance, a new grid design (hereafter the ‘new grid’)
was implemented for testing in August 2009. This new semi-flexible grid fits the 100 mesh
diameter of the extension, allowing the grid to stand at a higher angle (~70°) and maintain the
shape of the net throughout numerous trawls (Figure 3.2b). Both grid types feature vertical
bars made of stainless tube and middle sections of braided stainless wire. While the old grid
had five vertical bars with a spacing of 15.5 cm, the new grid only has four vertical bars
spaced at a distance of 15 cm from each other. The new grid also lacks a horizontal bar across
the middle of the vertical bars, a feature of the old grid (Figure 3.2).
a)

b)

Figure 3.2 Still images showing the design of a) the old grid and b) the new grid inside operating
trawl nets in the Pilbara Fish Trawl Interim Managed Fishery
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3.3.3 Data collection
Underwater video footage was recorded inside the nets in 44 trawls conducted during seven
fishing trips between September 2008 and October 2009. An independent observer deployed
video cameras in all areas of the fishery during 19 trawls conducted with the old grid and 22
trawls with the new grid. A further three trawls were recorded by fishers during trawls with
the old grid, bringing the number of trawls recorded on video to 22 for each grids. All
cameras were fitted inside the extension to face the exclusion grid. Independent observers in
the PFTIMF are also required to complete trip reports that document the quantities of retained
and discarded catch and information about each trawl. The observer reports of these 44 trawls
were compiled to allow for a comparison of the number of animals that interacted with the
exclusion grid and those that were landed.
3.3.4 Video footage
Video footage was recorded on Sony Handycam camera recorders deployed 4.1 m and 2.4 m
behind the top of the old and the new grid, respectively (see section 2.3.4 in Chapter 2 for
specifications of camera models used). Some footage was captured on cameras that were
positioned 3.6 m/ 2.4 m, respectively, in front of and facing the grid. In some cases, this
footage was used to identify individuals. To ensure consistency in the sampling method, no
trawls were analysed by reviewing only footage from cameras mounted in front of the grid.
All cameras were set on ‘standard definition’ and ‘long play’ settings to maximise
battery life. Some daytime trawls were recorded using day settings, but most trawls were
recorded using the night vision setting to improve visibility at depth. On retrieval of the
cameras, the movie files were transferred onto an external hard drive and labelled with date,
trip number and trawl number. The footage of the three trawls collected by fishers was
recorded on cassettes and required capture into a format acceptable by EventMeasure, the
computer program used for video analysis. These movie files were converted using the
program Elecard Converter Studio.
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3.3.5 Video analysis
Underwater video footage from the 44 trawls was analysed in the computer program
EventMeasure (see section 2.3.5, Chapter 2). I wanted to evaluate the effectiveness of the
BRDs by comparing the number of expelled animals with those that were retained in the net. I
also aimed to assess whether the expelled animals were likely to survive; therefore, stress
behaviours that indicated the fate of animals which interacted with the grid were of key
importance. I used continuous sampling (Altmann 1974) during the entire length of each trawl
to ensure that all behavioural events associated with grid interactions of the focal wildlife
species were recorded. A grid interaction was defined as any form of contact between these
animals and the grid and/or the escape hatch. This included full contact of large animals with
the exclusion grid, as well as brief physical contact between smaller animals, such as pipefish,
sea snakes and some rays, and the grid’s bars.
Although efforts were made to determine the fate of all animals that interacted with
the exclusion grid, it was often difficult to determine whether an animal was alive, injured or
dead by the time it left the net or by the time the trawl was completed. This was particularly
difficult with sea snakes, true rays and some sharks, which often appeared motionless after
lengthy interactions and/or trawls, but may have been in shock rather than dead. Furthermore,
an animal may well have left the net alive, but died subsequently as a result of serious injury
or stress. To avoid a false estimate of dead and live animals, all individuals that left the net
through the escape hatch or through the mesh were defined as expelled individuals, while
animals that remained inside the net to the end of the trawl were described as retained (but
note that this does not imply they were later retained by the fishers). The same information
and attribute data that were recorded for dolphin behaviours observed in the belly and neck of
the net (i.e. forward of the grid) were recorded for stress events that were observed during
grid interactions (see section 2.4.1, Chapter 2). In general, it was not possible to sex
individuals due to the distance between the grid and the camera. Identifications were made to
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the lowest taxonomic level possible, in some cases by consulting the electronic reference
FishBase (Froese & Pauly 2009). Most sharks and rays were identified following Last and
Stevens (2009).
Table 3.1

Ethogram describing stress behaviours exhibited by animals that interacted with an
exclusion grid in trawl nets of the PFTIMF between October 2008 and November 2009

Behavioural Behavioural event
state
Stress
Entangled in mesh

Description

Animal becomes caught in mesh by fins, head or
tail
Tail caught in grid
Tail caught or stuck in exclusion grid
Push upward
Pushes against upper area of net, towards surface
Push downward
Pushes against bottom of net, towards sea floor
Push sideways
Pushes left or right against mid section of the net
Glides through grid
Swims or squeezes through the semi-flexible bars
to codend
of the exclusion grid in the direction of the codend
Successful escape top Swims through mesh on upper surface of net (sea
snakes only)
Successful escape
Actively swims out of bottom opening escape hatch
bottom
Expelled through
Passively glides or falls through bottom opening
bottom hatch
escape hatch, often motionless
Remains in net alive Remains in net after stressful interaction with grid
or mesh; continues to move
Remains in net
Remains in net motionless after stressful interaction
motionless
with grid or mesh; assumed dead

3.3.6 Data analyses
Attribute and information data on the recorded grid interactions were exported from
EventMeasure in text file format to Microsoft Office Excel. All categorical values were
converted into numerical codes (see Appendix II) for subsequent analyses in the software
package PASW Statistics v17. In order to obtain an estimate of the number of wildlife caught
annually in the fishery, all grid interactions recorded during video analysis of the 44 trawls
were scaled up by a factor of 120. This linear multiplication of the wildlife interactions
observed during the 44 trawls gave an estimate of the number of wildlife captured during
5,280 trawls, or the approximate number of trawls conducted by the four vessels per year.
Due to the lack of effort data in each area of the fishery for the years 2008/09, this estimate
could not be corrected for spatial variation. However, the 44 analysed trawls were recorded
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under commercial conditions and are thus likely to reflect fishing effort in each area. It should
be noted that because only 44 trawls were video taped and analysed, this estimate has a high
degree of uncertainty and provides only an approximation of the total number of wildlife
interactions with the BRDs per year. However, this estimate does provide an idea of the extent
of bycatch in the fishery.
All identified species were arranged into six higher taxonomic groups– dolphins
(Delphinidae), sharks (Selachimorpha), rays (Batoidea), sea snakes (Hydrophiidae), turtles
(Cheloniidae) and pipefish (Sygnathidae). The efficiency of each grid was determined by the
proportion of caught individuals expelled from nets with the respective grid, both as a
percentage of the total wildlife interactions, and as the percentage of grid interactions of
animals within each taxonomic group. A chi-square test of independence was used to test
whether there was a significant difference between the proportions of animals that were
expelled through the escape hatch in nets that were fitted with the old grid, compared to nets
fitted with the new grid. No turtles or pipefish were recorded interacting with the old grid, so
these two groups were excluded from this test.
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3.4 Results
3.4.1 Video footage
A total of 115 hours of video footage from 44 trawls were analysed. The total trawl time of
these trawls was 113 h and 23 min, with an average trawl duration of 2 h 35 min ± 8 min (± 1
SE, range = 33 min to 3 h 38 min). A total of 86 wildlife interactions were recorded from 42
trawls; no interactions were observed during two trawls with the old grid. From the 86 grid
interactions, six shark species, nine ray species, and one species each of dolphin, sea snake,
turtle and pipefish were identified (Table 3.2). In addition to these animals, thirty-eight
individuals that interacted with the grids could not be identified to species level (Table 3.2).

Capture rates
Both the number and species composition of animals that were caught and interacted with the
grid varied between nets fitted with the old grid and those with the new grid (Figure 3.3,
Table 3.2). Thirty-two grid interactions were observed during the 22 trawls with the old grid,
compared to 54 interactions in the 22 trawls with the new grid (Table 3.2). Of the three
dolphins that were caught, two interacted with the old grid and one with the new grid (Figure
3.3, Table 3.2). More sharks were caught during trawls with the new grid, resulting in more
interactions with this grid than the old one (Figure 3.3, Table 3.2). Sea snakes also occurred in
higher numbers in the new grid and thus represented a larger proportion of all wildlife
interactions (35%) than of those interacting with the old grid (9%, Figure 3.3, Table 3.2). In
contrast, more rays (60% of the wildlife caught) interacted with the old grid than the new grid
(Figure 3.3, Table 3.2). No pipefish or turtles were observed interacting with the old grid, but
three pipefish and one turtle interacted with the new grid (Figure 3.3, Table 3.2).
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a) Old grid (32 interactions)

b) New grid (54 interactions)

Pipefish Turtles
0%
0%
Sea snakes
9%

Pipefish
6%
Dolphins
Turtles
2%
2%

Dolphins
6%

Sharks
25%

Rays
60%

Sea
snakes
35%

Sharks
33%

Rays
22%

Figure 3.3 The composition of wildlife interactions by taxonomic group, with a) the old exclusion
grid, and b) the new exclusion grid

Escape rates
Both in terms of numbers and proportions of the total interactions with each grid, more
wildlife was expelled from nets with the old grid (16 animals, 50%) than the new grid (13
animals, 24%, Table 3.2). The two non-landed dolphins represented 6% and 8% of the total
bycatch expelled from nets with the old and new grid, respectively (Figure 3.4). Rays were
the group that interacted most frequently with the old grid (60%), and they also represented
the highest proportion (63%) of wildlife expelled from nets fitted with old grids (Figure 3.4).
Conversely, sharks comprised a majority of wildlife interactions with the new grid (33%), and
they also represented the largest proportion (54%) of all animals that were expelled through
the new grid’s bottom opening hatch (Figure 3.4). However, a larger proportion of captured
sharks were expelled from nets with the old grid (53%) than those fitted with the new grid
(17%, Table 3.2). Three of the 19 sea snakes caught in nets with a new grid swam upward
after coming into contact with the grid and escaped through the mesh (Figure 3.4, Table 3.2).
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The proportion of wildlife expelled through the escape hatch differed significantly
between nets fitted with the old grid and those with the new grid (χ23 = 56.74, p <0.001).
Therefore, the old grid appears to have been significantly more effective at reducing the
number of landed dolphins, sharks, rays and sea snakes than the new grid.

a) Old grid (16 individuals expelled)

Pipefish
0%
Sea snakes
0%

b) New grid (13 individuals expelled)

Turtles
0%

Turtles
0%
Pipefish
0%
Dolphins
8%
Sea snakes
23%

Dolphins
6%

Sharks
31%

Rays
15%

Rays
63%

Sharks
54%

Figure 3.4 Taxonomic composition of wildlife expelled from trawl nets fitted with a) old exclusion
grids, and b) new exclusion grids

Estimate of annual bycatch and grid interaction rates
Extrapolating the data on wildlife interactions with exclusion grids from the 44 analysed
trawls to the approximate annual fishing effort in the PFTIMF (44 trawls*120 = 5,280 trawls)
suggests that in the order of 10,320 animals from protected, endangered, threatened or
otherwise vulnerable species are caught by trawl nets in the PFTIMF and interact with
exclusion grids. Of those, 3,480 individuals or 34% are expelled through the escape hatch,
while the remaining 6,840 animals fail to escape and remain inside the net. Dolphins were the
taxonomic group with the highest proportion of expelled individuals, and scaling of the data
suggests that, given the 44 analysed trawls were representative of all trawls conducted in the
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fishery during one year, 360 dolphins interact with the exclusion grid per year, 240 or 67% of
which are expelled through the hatch, while 120 are landed (Table 3.3). However, it should be
noted that the 44 trawls observed represent only 0.8% of the total trawls conducted annually
in the fishery, and therefore extrapolations have a high degree of uncertainty, particularly for
groups where less than 10 individuals interacted with the grid, i.e. dolphins, turtles and
pipefish (Table 3.2). Extrapolated results for these groups should therefore be interpreted with
caution.
Rays were the group with the highest number of grid interactions – an estimated 3,720
individuals interact with exclusion grids in the PFTIMF every year, and 1,440 or 39% of these
are expelled through the escape hatch (Table 3.3). Among the rays, some 120 sawfish may be
caught, which, unlike large rays, have a very low chance of being expelled from the net due to
their toothed rostra, which can become severely entangled in the net. In addition to ray
captures, an estimated 3,120 sharks from more than seven species may be caught by trawl nets
in the Pilbara every year, and less than half of those are thought to be expelled (Table 3.3).
Sea snakes rarely escape the net, and of all sea snakes captured, only 14% are thought to leave
the net before it is hauled up (Table 3.2). This means that of an extrapolated annual catch of
2,640 sea snakes, 360 are likely to escape by swimming through the mesh on the upper
surface of the net after hitting the grid, or through the codend after sliding through the bars of
the grid (Table 3.3).
Due to their small size and low swimming abilities, all of the pipefish caught during
the 44 reviewed trawls slid through the grid (Table 3.2). It is highly likely that a number of
pipefish were not detected during video analysis and net retrieval due to their almost
transparent colour. The estimated annual catch of 360 pipefish is therefore likely to be an
underestimate. In addition to the catches of pipefish, an estimated 120 turtles are thought to be
caught in trawl nets in the PFTIMF every year (Table 3.3).
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Table 3.2
Taxon

Summary of the number of wildlife caught, retained and expelled, observed during video analysis of 44 trawls (22 with the old grid, 22 with the
new grid) conducted in the PFTIMF
Old grid
New grid
Total

Delphinidae
Tursiops truncatus
Selachimorpha
Stegostoma fasciatum
Rhizoprionodon acutus
Carcharhinus amboinensis
Carcharhinus plumbeus
Sphyrna lewinii
Loxodon macrorhynchus
Unidentified Carcharhinidae
Batoidea
Taeniurops meyeni
Netrygon kuhlii
Himantura uarnak
Pastinachus atrus
Manta birostris
Unidentified Batoidea
Glaucostegus typus
Rhinobatus sainsburyi
Unidentified Rhinobatidae
Rhynchobatus australiae
Pristis zijsron
Hydrophiidae
Aipysurus laevis
Unidentified Hydrophiidae
Cheloniidae
Natator depressus
Sygnathidae
Solegnathus hardwickii

caught
2
2
8
3
1
0
2
0
0
2
19
2
0
2
0
0
10
1
1
2
1
0
3
0
3
0
0
0
0

retained
1
1
3
0
1
0
1
0
0
1
9
0
0
0
0
0
6
0
1
2
0
0
3
0
3
0
0
0
0

expelled (%)
1 (50%)
1 (50%)
5 (63%)
3 (100%)
0 (0%)
0 (-)
1 (50%)
0 (-)
0 (-)
1 (50%)
10 (53%)
2 (100%)
0 (-)
2 (100%)
0 (-)
0 (-)
4 (40%)
1 (100%)
0 (0%)
0 (0%)
1 (100%)
0 (-)
0 (0%)
0 (-)
0 (0%)
0 (-)
0 (-)
0 (-)
0 (-)

caught
1
1
18
1
3
1
2
1
4
6
12
0
4
1
1
1
1
1
1
0
1
1
19
5
14
1
1
3
3

retained
0
0
11
0
3
0
0
0
4
4
10
0
4
1
1
0
1
0
1
0
1
1
16
5
11
1
1
3
3

expelled (%)
1 (100%)
1 (100%)
7 (39%)
1 (100%)
0 (0%)
1 (100%)
2 (100%)
1 (100%)
0 (0%)
2 (22%)
2 (17%)
0 (-)
0 (0%)
0 (0%)
0 (0%)
1 (100%)
0 (0%)
1 (100%)
0 (0%)
0 (-)
0 (0%)
0 (0%)
3 (16%)
0 (0%)
3 (21%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

caught
3
3
26
4
4
1
4
1
4
8
31
2
4
3
1
1
11
2
2
2
2
1
22
5
17
1
1
3
3

retained
1
1
14
0
4
0
1
0
4
5
19
0
4
1
1
0
6
0
2
2
1
1
19
5
14
1
1
3
3

expelled (%)
2 (67%)
2 (67%)
12 (46%)
4 (100%)
0 (0%)
1 (100%)
3 (75%)
1 (100%)
0 (0%)
3 (38%)
12 (39%)
2 (100%)
0 (0%)
2 (67%)
0 (0%)
1 (100%)
5 (45%)
2 (100%)
0 (0%)
0 (0%)
1 (50%)
0 (0%)
3 (14%)
0 (0%)
3 (18%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

Totals:

32

16

16 (50%)

54

41

13 (24%)

86

57

29 (34%)
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Table 3.3

The extrapolated annual wildlife interactions with exclusion grids in the PFTIMF based on video analysis of 44 trawls (22 with the old grid, 22
with the new grid), extrapolated to an annual fishing effort of 5,280 trawls
Taxon
Old grid
New grid
Total
caught
retained expelled (%)
caught retained expelled (%) caught
retained expelled (%)
Delphinidae
240
120
120 (50%)
120
0
120 (100%)
360
120
240 (67%)
240
120
120 (50%)
120
0
120 (100%)
360
120
240 (67%)
Tursiops truncatus
Selachimorpha
960
360
600 (63%)
2,160
1,320
840 (39%)
3,120
1,680
1,440 (46%)
360
0
360 (100%)
120
0
120 (100%)
480
0
480 (100%)
Stegostoma fasciatum
120
120
0 (0%)
360
360
0 (0%)
480
480
0 (0%)
Rhizoprionodon acutus
0
0
0 (-)
120
0
120 (100%)
120
0
120 (100%)
Carcharhinus amboinensis
240
120
120 (50%)
240
0
240 (100%)
480
120
360 (75%)
Carcharhinus plumbeus
0
0
0 (-)
120
0
120 (100%)
120
0
120 (100%)
Sphyrna lewinii
0
0
0 (-)
480
480
0 (0%)
480
480
0 (0%)
Loxodon macrorhynchus
Unidentified Carcharhinidae
240
120
120 (50%)
720
480
240 (33%)
960
600
360 (38%)
Batoidea
2,280
1,080
1,200 (53%)
1,440
1,200
240 (17%)
3,720
2,280
1,440 (39%)
240
0
240 (100%)
0
0
0 (-)
240
0
240 (100%)
Taeniurops meyeni
0
0
0 (-)
480
480
0 (0%)
480
480
0 (0%)
Netrygon kuhlii
240
0
240 (100%)
120
120
0 (0%)
360
120
240 (67%)
Himantura uarnak
0
0
0 (-)
120
120
0 (0%)
120
120
0 (0%)
Pastinachus atrus
0
0
0 (-)
120
0
120 (100%)
120
0
120 (100%)
Manta birostris
Unidentified Batoidea
1,200
720
480 (40%)
120
120
0 (0%)
1,320
720
600 (45%)
120
0
120 (100%)
120
0
120 (100%)
240
0
240 (100%)
Glaucostegus typus
120
120
0 (0%)
120
120
0 (0%)
240
240
0 (0%)
Rhinobatus sainsburyi
Unidentified Rhinobatidae
240
240
0 (0%)
0
0
0 (-)
240
240
0 (0%)
120
0
120 (100%)
120
120
0 (0%)
240
120
120 (50%)
Rhynchobatus australiae
0
0
0 (-)
120
120
0 (0%)
120
120
0 (0%)
Pristis zijsron
Hydrophiidae
360
360
0 (0%)
2,280
1,920
360 (16%)
2,640
2,280
360 (14%)
0
0
0 (-)
600
600
0 (0%)
600
600
0 (0%)
Aipysurus laevis
Unidentified Hydrophiidae
360
360
0 (0%)
1,680
1,320
360 (21%)
2,040
1,680
360 (18%)
Cheloniidae
0
0
0 (-)
120
120
0 (0%)
120
120
0 (0%)
0
0
0 (-)
120
120
0 (0%)
120
120
0 (0%)
Natator depressus
Sygnathidae
0
0
0 (-)
360
360
0 (0%)
360
360
0 (0%)
0
0
0 (-)
360
360
0 (0%)
360
360
0 (0%)
Solegnathus hardwickii
Totals:

3,840

1,920

1,920 (50%)

6,480

4,920

1,560 (24%)

10,320

6,840

3,480 (34%)
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3.4.2 Observer reports
The data from observer reports illustrates the fate of animals retained in the net and landed on
deck (Table 3.4). The analyses of video footage from the 44 trawls shows that 66% of all
organisms captured incidentally in the PFTIMF are retained in the net and thus likely landed
on deck (Table 3.2). Of the 129 bycaught animals landed, 99 (77%) were discarded dead,
while 30 animals (23%) were discarded alive. Together, the retention rate observed inside the
nets (66%) and the mortality rate observed on board (77%) equate to a total mortality rate of
51% for wildlife that is caught in a trawl net in the PFTIMF.
Sea snakes were the only group of which more individuals were discarded alive than
dead (Table 3.4). While only one dolphin was observed to be retained in the net, observers
recorded two landed dolphins (Table 3.4). Both dolphins were caught in the same trawl, and
while one was entangled inside the net, the other appeared to be entangled in the headrope,
which was not in the camera’s field of view. A sea horse that was not seen during video
analysis was recorded by an observer during trials of the new grid in 2009 (Table 3.4).
Although none of the three pipefish observed during video analysis were seen to escape the
net, only one pipefish was listed in the observer reports of the same 44 trawls (Table 3.4).
Observer reports also included catches of small organisms, particularly small sharks
and rays that were not recorded during review of video footage, and were therefore valuable
to complement the results obtained from video analyses. Most notably, observers recorded
higher numbers of sharks and rays on board than were observed in the net during the same
trawls (Table 3.4). The observer reports also revealed the fate of some individuals that were
recorded during video analysis. For example, the flatback turtle that entered the net shortly
before the end of a trawl and swam to the grid but failed to swim downward and out of the
escape hatch, was seen to fall out of the hatch as the net was pulled over the vessel’s stern,
and the observer on board reported that it was swimming vigorously.
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Table 3.4

Summary of wildlife bycatch reported by independent observers from 44 video-taped
and analysed trawls conducted in the PFTIMF

Taxon

Total landed

Discarded alive

Discarded dead

Delphinidae
Tursiops truncatus

2
2

0
0

2
2

Selachimorpha
Carcharhinus tilstoni
Chiloscyllium punctatum
Hemipristis elongata
Rhizoprionodon acutus
Carcharhinus plumbeus
Loxodon macrorhynchus
Hemigaleus australiensis

66
3
1
2
19
5
22
14

6
1
1
0
0
4
0
0

60
2
0
2
19
1
22
14

Batoidea
Taeniurops meyeni
Netrygon kuhlii
Himantura uarnak
Unidentfied Batoidea
Rhinobatus sainsburyi
Rhynchobatus australiae
Pristis zijsron

53
7
11
15
2
10
7
1

18
4
3
4
1
2
3
1

35
3
8
11
1
8
4
0

Hydrophiidae
Aipysurus laevis
Unidentified Hydrophiidae

5
4
1

5
4
1

0
0
0

Cheloniidae
Natator depressus

1
1

1
1

0
0

Sygnathidae
Solegnathus hardwickii
Hippocampus sp.

2
1
1

0
0
0

2
1
1

> 18 taxa

129

30 (23%)

99 (77%)
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3.5 Discussion
The results of this study suggest that the two bycatch reduction devices (BRDs) currently used
in the fishery reduce the catches of non-target species by about 34%; however, the efficacy of
the two exclusion grids differs significantly, and there is a considerable difference between
the exclusion rates of the six taxonomic groups considered here.
Based on the proportion of animals expelled through the escape hatch, the grids most
excluded large sharks, rays, turtles and dolphins most effectively. Although fishers have
reported that the new grid design noticeably reduces the loss of commercially valuable fish
(pers. comm.), it was not as effective as the old grid in reducing the number of landed
dolphins, sharks, turtles and sea snakes. The most likely cause of this difference appears to be
the lack of a horizontal bar across the vertical bars of the new grid. This permits some large
rays and sharks (>1.5 m) to squeeze through the new grid. A horizontal bar across the grid
would halve the height of the gap between two vertical bars, making it much more difficult
for a large animal to push through. Furthermore, air-breathing animals and some sharks
appear to respond to physical contact with the grid by swimming upward in the net. This
reaction prevented at least one dolphin, a turtle and numerous sharks from locating the
downward-opening escape hatch, resulting in the death of the dolphin and possibly serious
injury to the turtle and sharks. The incidental capture of dolphins is the greatest concern for
the continuing operation of the fishery, and it will not attain ‘Managed’ status and faces the
risk of closure unless dolphin catches are reduced (Allen et al. 2007). This highlights the need
for continued improvements of the bycatch mitigation techniques used in the PFTIMF.

Dolphins
Common bottlenose dolphins (Tursiops truncatus) have been known to interact with the
PFTIMF for a number of years (Stephenson & Chidlow 2003, Allen et al. 2007). In Chapter 2,
I showed that the interaction rates between bottlenose dolphins and actively fishing trawl nets
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in the PFTIMF are some of the highest yet reported. These interactions result in the incidental
capture of around ten dolphins per 1000 trawls, which equates to an approximate bycatch rate
of 50 dolphins per year. Almost all bycaught dolphins asphyxiate or drown in the nets and are
dead when landed (Stephenson & Chidlow 2003). According to observer reports, the majority
of bycaught dolphins appear to be juveniles or sub-adults (unpublished reports provided by
Geoff Diver, Diversity).
All cetaceans are protected under the Environmental Protection and Biodiversity
(EPBC) Act 1999 and catches of protected species in Australian waters must be reported.
However, even if captures of protected species are reported accurately, a significant number
of unobserved bycatch events may occur if animals are expelled from fishing gear through the
bycatch reduction devices (BRDs). My results indicate that the number of dolphins being
expelled through escape hatches in the PFTIMF may be as high as that of dolphins brought on
board the vessels. Of three dolphin captures recorded on video during 44 trawls, one was
retained and landed on deck, and two were expelled from the net after having drowned. A
high proportion of expelled dolphins is therefore cause for concern, as this would mean that
dolphin mortality in the PFTIMF is higher than previously estimated from landed bycaught
dolphins. Further studies are required to refine this estimate of non-landed dolphin bycatch.
In addition to the dolphin that was retained in the net, a second dolphin was landed
during these 44 trawls, bringing the total dolphin bycatch to four dolphins. That dolphin was
caught by its tail on the head rope and was therefore not detected by the camera. This suggests
that a combination of underwater video footage and observer coverage on board the vessels is
required to accurately estimate the true levels of dolphin bycatch in this fishery. Based on the
duration of their retention in the net, both expelled dolphins were suspected to have drowned,
and it is thus important to consider that most non-landed dolphins are expelled from the net
when they are dead. The observed bycatch rate of four dolphins in 44 trawls may have been
unusually high, as this suggests an annual dolphin catch of over 360 dolphins. The estimate of
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120 retained - and therefore landed - dolphins per year stands in stark contrast to the current
observed capture rate of ∼50 animals per year.
These 44 trawls provide the first approximation for the total potential mortalities of
dolphins in the fishery by considering those dolphins retained in the net and those expelled
through the escape hatch. However, intensified, structured monitoring of dolphin bycatch in
the PFTIMF is recommended as a high priority for the fishery. A 100% observer coverage
and camera deployment for an extended period of time, e.g. 6-12 months, would yield much
more conclusive results than previous efforts. Continuous observer coverage may also
improve the fishers’ tolerance of new BRD design trials because technical problems resulting
from the BRD design, e.g. fish losses, will be reported by observers. Intensified observer
coverage is thus likely to be beneficial for the advancement of bycatch mitigation techniques
in the fishery.
To date there is no knowledge of the population size of bottlenose dolphins in the
waters off the Pilbara. It is therefore not possible to determine whether the current level of
dolphin bycatch in the PFTIMF is sustainable or not. A population estimate would allow the
Potential Biological Removal (PBR) of the dolphin population to be calculated. The PBR is
the number of individuals that can be removed from a population, not including natural
mortalities, without affecting the population’s ability to reach or maintain its optimum
sustainable population (Wade 1998). Calculation of the PBR of the dolphin population that
interacts with trawl vessels in the Pilbara would provide much needed direction to mitigation
efforts.

Elasmobranchs – sharks and rays
Most elasmobranch species have K-selected life histories (long lifespan, slow growth, late
sexual maturity, few offspring), which make them particularly vulnerable to targeted or
incidental exploitation by fisheries (Stevens et al. 2000). Globally, the bycatch of sharks and
rays is largely unmanaged and unreported, and may account for over 50% of the global
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chondrichthyan catch (Bonfil 1994). This has caused widespread concern over the impact of
fisheries on elasmobranch populations, for many of which there is no baseline data (Baum et
al. 2003).
This study found that sharks and rays compose a high percentage of the total bycatch
in the PFTIMF, and the scaled estimates from the 44 analysed trawls suggest that almost
7,000 sharks and rays are caught annually by the fishery. A considerably larger proportion of
sharks were expelled from nets with the old grid than from those with the new grid, which
implies that the new grid design is less selective for sharks. The fact that large (>1.5m) sharks
could get through the new grid suggests that the horizontal bar in the middle of the old grid
plays an important role in excluding these larger animals from the codend. An additional
factor contributing to the exclusion effectiveness of the grids could be their angle; the old grid
was fitted at a lower angle than the new grid, which meant that large animals were guided
down towards the escape hatch. Several sharks, rays and a turtle swam upward after
swimming into the new, more upright grid, which may have been prevented had the angle of
the grid been shallower, leading these animals to the escape hatch.
The exclusion rates determined in my study are consistent with a study of BRDs in
Australia’s northern prawn trawl fishery (NPF), in which large sharks and rays (>5kg) were
also excluded most effectively (Brewer et al. 2006). However, Brewer et al. (2006) found
higher exclusion rates for large sharks (86%) and rays (94%), including the narrow sawfish
Anoxypristis cuspidata (73.3%). Based on my observations of a single captured and retained
green sawfish (Pristis zijsron), the extrapolated landed bycatch of sawfishes in the PFTIMF is
around 120 individuals per year. Although this estimate must be regarded with caution, it
provides some basis for evaluation of the mortality rates of sawfishes caught in the PFTIMF.
Furthermore, observer reports of other sawfish captures also suggest that these animals are
usually severely entangled by their rostra and rarely survive capture in trawl nets.
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The catches of sawfishes are of international and national concern, as this family of
highly modified rays has been overfished in many parts of the world and northern Australian
waters host some of the last significant sawfish populations (Stevens et al. 2000, Brewer et al.
2006). Sawfishes are also the only species caught in the PFTIMF during this study that are
listed as critically endangered on the International Union for the Conservation of Nature
(IUCN) red list of endangered species. Suggestions to reduce the entanglement and mortality
of sawfish in trawl gear include lining the lower surface of the net with a material that
prevents entanglement, e.g. plastic or fine metal mesh (Brewer et al. 2006). Changes in
fishers’ behaviour may also prove critical for improving the survival chances of sawfish
caught in the PFTIMF. For instance, some sawfish are wound onto the net drum to facilitate
their removal from the net by breaking their rostrum. Even if such an animal survives its
entanglement in the net, it is likely to die upon being released as the saw is vital for feeding.
Other chondrichthyan bycatch included over six shark species and ten ray species. A
large (~ 3m) hammerhead shark (Sphyrna lewinii) was seen in the net during haul up; it was
already dead when it came into the camera’s view and fell out of the escape hatch. This shark
may have been trapped in the belly section of the net for much of the duration of the trawl, as
it had several lacerations and injuries on its dorsal fins. It may have been dead before the net
caught it; however, it is unlikely that the collapsed trawl net would catch such a large animal
during haul up, and it is thus more likely that the shark died as a result of stress and injury
caused by its capture in the net. Other shark and ray captures of concern were leopard sharks
(Stegostoma fasciatum), giant shovelnose rays (Glaucostegus typus) and whitespotted
guitarfish (Rhynchobatus australiae), all listed as vulnerable species on the IUCN red list.
Near threatened species caught during this study were the manta ray (Manta birostris) and
sandbar sharks (Carcharhinus plumbeus). Except for the green sawfish, none of these species
are currently protected under the EPBC Act 1999, and many are not on the IUCN red list.
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This highlights the need for improved bycatch mitigation strategies in order to advance and
direct conservation efforts towards vulnerable predatory species.

Sea snakes
Sea snakes are live-bearing, air-breathing marine reptiles, whose low fecundity makes them
susceptible to overexploitation by fisheries (Wassenberg et al. 2001). They mostly feed on
small bottom-dwelling fish and are therefore often caught in demersal trawl nets (Milton
2001). Of the nearly 50 species of sea snake that occur in Australia, 15 are endemic (Marsh et
al. 1993), and they are protected marine species under the EPBC Act. Minimising the impact
of fishing activity on sea snake populations should therefore be a high priority management
objective.
In this study, 19 sea snakes swam through the bars of the grid and into the codend.
However, only five of these were landed on deck, and all were released alive. It is therefore
assumed that the other 14 individuals escaped out of the codend. Wassenberg et al. (2001)
found that sea snakes caught in prawn trawls of 30 minutes duration had higher survival rates
than those caught during longer trawls. Sea snakes can hold their breath for up to three hours
(Rubinoff et al. 1986), and the mean duration of trawls during this study was under three
hours, which may explain why all of the landed sea snakes were alive when brought on deck.
However, Wassenberg et al. (2001) found that 50% of all sea snakes landed alive during fish
trawls on the North West Shelf died within four days of capture. This suggests that post trawl
mortality is high and that approximately half of the sea snakes discarded alive in the PFTIMF
will die after being released. Furthermore, unfavourable conditions in the codend, where sea
snakes can get crushed by the weight of the catch or injured by the spines and claws of fish,
rays and crustaceans, may lead to high post-capture mortality in sea snakes that eventually
escape from the codend during the trawl (Wassenberg et al. 2001). These observations suggest
that sea snakes have the highest survival chances if they escape before reaching the codend; in
my study, only 14% of all captured sea snakes escaped the net. While BRDs designed to
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exclude larger animals may benefit sea snakes indirectly by reducing the weight of the catch,
BRDs designed for the release of fish, such as square-mesh windows or the fisheye BRD, are
most likely to allow sea snakes to escape from trawl nets (Wassenberg et al. 2001). Such
measures should be considered for trials in the PFTIMF, particularly because of the high catch
rates of Aipysurus laevis, a species identified as having the poorest capacity to survive the
effects of capture in trawl nets of 13 species caught in the NPF (Milton 2001).

Turtles
Before the compulsory introduction of turtle exclusion devices, trawling caused high
mortality rates in many populations of sea turtle species (Crowder et al. 1995). Although
trawling no longer presents a serious threat to sea turtle populations (Brewer et al. 2006), six
of the seven extant sea turtle populations remain endangered due to their slow recovery rates
(Harrington et al. 2005).
The only turtle caught in a trawl net during this study (Natator depressus) was unable
to swim through the downward-opening escape hatch because it continually attempted to
swim to the sea surface, pushing against the upper surface of the net. It fell through the escape
opening when the net was hauled over the stern. Upward-swimming behaviour in response to
contact with the exclusion grid was not only observed in air-breathing bycatch (turtles,
dolphins and sea snakes), but also in some sharks and rays. This suggests the introduction of
an upward-opening escape hatch to offer upward-swimming animals an escape path. Upwardopening escape hatches have been implemented successfully in England’s pelagic bass pair
trawl fishery to reduce the fishery’s bycatch of common dolphins (Delphinus delphis)
(Northridge et al. 2003), and have greatly reduced the bycatch of sea turtles, large sharks and
rays in Australia’s NPF (Brewer et al. 2006). The PFTIMF plans to trial top-opening hatches
in the near future, so continued monitoring of the bycatch composition and biomass will be
required to assess the efficacy of this modification.
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Pipefish
Pipefishes and other sygnathids (seahorses, pipehorses and sea dragons) have a number of life
history characteristics, such as low fecundity, long parental care, mate fidelity and small
geographic ranges, which make them very vulnerable to the impacts of fishing activity,
including overexploitation, incidental capture and habitat loss (Foster & Vincent 2004).
Australian waters host the world’s highest biodiversity of sygnathids, including 90 species of
pipefish (Martin-Smith & Vincent 2006). Pipefish are protected under Australian (EPBC Act)
and international (IUCN red list, CITES Appendix II) legislation. However, Australia is a
major supplier of dried pipefish sourced from trawl bycatch, and although poorly studied,
trawling is likely to have a significant impact on a number of pipefish species, including at
least one endemic (Martin-Smith & Vincent 2006).
Three pipefish were recorded during video analyses in this study; all three swam
through the bars of the grid and to the codend. However, observers on board the trawl vessel
recorded only one pipefish, which suggests that like some sea snakes, pipefish may escape
through the codend. These individuals could potentially suffer serious injury while in the
codend, which could lead to delayed mortality. Alternatively, some pipefish may be
overlooked by observers, leading to low reporting of sygnathid catch. To reduce the risk of
injury and mortality to pipefish caught in the PFTIMF, fisheye or square-mesh BRDs,
elsewhere used to reduce the bycatch of non-targeted teleost fishes, should be trialled. The
efficacy of these BRDs should be monitored through both observer coverage and underwater,
in-trawl camera deployments.

Estimated survival rates
The results of this study demonstrate that up to 66% of all organisms captured incidentally in
the PFTIMF are retained in the net and landed on deck. Of these, 77% were discarded dead,
and only 23% were discarded alive, which equates to a total mortality of 51% for any
captured wildlife species. This is likely an underestimate as observer reports suggest that
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attacks from sharks following the trawlers to scavenge on discards may account for high postrelease mortality rates of live animals. This emphasises the importance of preventing the
capture of non-targeted species. A reduction of bycatch can be achieved through the
implementation of effective and well-monitored bycatch mitigation techniques. A decrease in
fishing effort, while often difficult to achieve, would not only reduce bycatch significantly,
but would also reduce the impact of trawling on the seabed, thereby decreasing the destruction
of benthic habitats and the mortality of organisms associated with it.
Summary and Conclusion
The results from this study show that both the diversity and abundance of protected and
vulnerable species bycatch is high in the PFTIMF. This has important implications for the
mitigation of fishing-related injury and mortality to diverse taxonomic groups of marine
organisms. Bycatch reduction techniques should be tested and implemented for both large and
small animals, including exclusion grids and escape hatches for dolphins, large sharks and
rays, as well as additional bycatch reduction devices for sea snakes and pipefish, such as
square mesh windows. Animals that are retained in the net and brought on board alive may
die when returned to the ocean as a consequence of injury resulting from the fishing
operation, or they may be attacked by sharks that follow the trawlers to feed on discarded.
Low survival chances and therefore high fishing-related mortality can be assumed for these
species. Even if animals are released from the net through the escape hatch, their survival
chances might be low due to the effects of post-capture stress or injury. Direct or indirect
fishing mortality is thus assumed to be high in the PFTIMF and must be managed efficiently.
Continuous monitoring and the development of improved BRDs/TEDs should form a part of
the management principles for ecologically sustainable fisheries, and are likely to also make
important contributions to the conservation of benthic marine communities. Bycatch
monitoring and quantification is of particular significance in the PFTIMF, which is the only
trawl fishery in northern Australia that has not been studied extensively in terms of bycatch
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composition and biomass. The addition of length/weight measurements of wildlife species to
observer reports would form the basis for a detailed study on the biomass of bycatch in the
fishery, which may give a more meaningful estimate of incidental captures than can be
achieved with numbers of interactions. Furthermore, the ecosystem effects of high mortality
rates of bycaught organisms and the energy transfer of discards to predatory or scavenger
species should be studied to advance our understanding of the impacts of trawling on the
marine environment.
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4. Conclusions and recommendations
The primary aim of this study was to examine the rates of interaction of common bottlenose
dolphins with the Pilbara Fish Trawl Interim Managed Fishery (PFTIMF), and the fine-scale
behaviour of dolphins during these interactions. Specifically, I analysed underwater video
footage recorded inside trawl nets in order to:
1) Describe behavioural interactions of dolphins with active trawl nets in the
PFTIMF and assess the implications of these interactions for effective bycatch
mitigation, and
2) Provide a preliminary study on the efficacy of two different BRDs in reducing the
bycatch of dolphins and five other vulnerable taxa in the fishery.
Analyses of 36 trawls showed that the interaction rates between dolphins and active trawl nets
were very high: dolphins were recorded inside trawl nets during 29 (81%) trawls and for up to
98% of the total trawl duration (mean = 59%), and outside trawl nets in 34 (94%) trawls for
up to 99% of the trawl time (mean = 77%). The behaviours displayed by dolphins inside and
outside the net differed significantly, with dolphins inside the net engaging predominantly in
foraging activity, while those outside the net exhibited mosty travelling and social behaviours.
Of those, trampolining, whereby the dolphins bounced on the upper surface of the net, was the
most frequently observed behaviour. These results indicate that dolphins may be motivated by
numerous factors to interact with active trawl nets. In comparison to the high interaction rates
observed, dolphin bycatch events are rare and likely to occur when there is a sudden change in
the fishing operation causing the net to collapse, or when young or otherwise inexperienced
dolphins enter the net. Effective bycatch mitigation therefore begins with the proper
maintenance of trawl gear to ensure that nets do not collapse while fishing, potentially leading
to the entanglement of dolphins in the net, and must involve the use of exclusion grids and
81

escape hatches. These devices should be designed and placed in the net in such a way as to
prevent dolphins from becoming entangled or trapped in the narrow panels of the nets.
Analysis of wildlife interactions with exclusion grids indicated that the species
diversity and abundance of bycatch is high in the PFTIMF. An extrapolation of the data from
44 trawls to the approximate annual trawl effort (5,280 trawls) suggested that some 10 320
individuals of six vulnerable wildlife groups are caught annually in the PFTIMF. Results from
analysis of 22 trawls each with an older grid and a new grid showed that 24% and 50% of
captured wildlife was expelled from nets with the new grid and the old grid, respectively. Of
all wildlife observed, dolphins, large sharks and rays were expelled most effectively, whereby
the older grid model was significantly more effective at excluding bycatch than the newer grid
model. This may have been due to the lower angle at which the old grid was placed in the net,
allowing animals to be guided toward the escape hatch, and/or because the old grid featured a
horizontal bar across the middle section, which prevented large animals from swimming
through gaps between the vertical bars.
Some dolphins, sea snakes, sharks and a turtle swam upward upon interacting with the
new grid, indicating that an upward-opening escape hatch would offer air-breathing animals a
more easily recognisable escape path, thereby reducing bycatch rates further. Gear
modifications that increase the exclusion efficacy of BRDs used in the fishery are especially
important for dolphins, as they submerge for relatively short periods of time. The post-trawl
mortality of wildlife bycatch was estimated to be very high (77%) and post-discard mortality
of bycatch landed alive is thought to be significant. This highlights the clear need for further
improvements in the design and positioning of exclusion grids, escape hatches and the
inclusion of square-mesh or fisheye BRDs for smaller organisms such as sea snakes and
pipefish. Further monitoring of bycatch in the PFTIMF, particularly of protected, endangered,
threatened or otherwise vulnerable species, is a critical component for evaluating the current
and any future bycatch mitigation techniques.
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This study has refined our understanding of the nature of dolphin and other wildlife
interactions with the fishery and provides a basis for future mitigation against the bycatch of
dolphins and other vulnerable species. However, in order to effectively mitigate against the
ecological impact of this fishery, further research is recommended.

Recommendations for future research directions
The results of this research indicate that the PFTIMF threatens stocks and populations of nontargeted species. However, to assess the extent of this threat, further investigation of the
population size and the levels of removal of bycaught species is required. A more detailed
long-term study describing trends of bycatch species composition and biomass would provide
direction and focus for management actions in relation to bycatch mitigation. Further
investigation into the efficacy of exclusion grids, in particular those implemented in
combination with top-opening escape hatches, is needed to inform further development and
future use of these devices in the PFTIMF.
The bycatch of bottlenose dolphins is of particular concern for the continuation of this
fishery, and my results indicate that the number of captured, but expelled and therefore nonlanded dolphins may be significant. The current dolphin bycatch rate of approximately 50
dolphins per year may therefore be an underestimate, and further studies based on in-trawl
video footage are necessary to allow for a more accurate estimate of actual (i.e. landed and
non-landed) dolphin bycatch. In order to establish whether any observed bycatch rate is
sustainable, a population study of the bottlenose dolphins inhabiting the fishing grounds is
clearly required. Knowledge of a maximum allowable mortality rate will provide direction for
bycatch mitigation efforts and allow the fishery to better demonstrate the outcomes of such
efforts. Finally, future studies could place more emphasis on investigating the behaviour of
dolphins that forage outside trawl nets, for example by placing cameras outside the codend to
investigate whether that part of the net provides an additional foraging opportunity for
dolphins.
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Recommendations for the reduction of bycatch of vulnerable wildlife
The measures currently in place to avoid the capture and mortality of protected, endangered,
threatened and otherwise vulnerable species are inadequate. Further developments of the
current bycatch mitigation techniques are required to decrease the unnecessary mortality of
large numbers of animals incidentally captured and injured by the trawl nets. To allow for the
consistent collection of data, I recommend intensified and strictly controlled observer
coverage; this should improve the accuracy of reporting rates and allow for improved
monitoring of trends in the bycatch of species of concern and their mortality from trawling.
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5. Appendix I ID images of all dolphins identified inside trawl nets
in 29 trawls recorded in the PFTIMF in October and
November 2008

D87 dorsal (fluke)

D131 dorsal (fluke)

D120 dorsal

D121 dorsal (fluke)

D119 dorsal (scar)

D119 ventral
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D122 dorsal (fluke)

D123 dorsal (fluke)

D124 dorsal (fluke)

D125 dorsal (fluke)

D126 dorsal (fluke)

D126 dorsal (scar)
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D127 dorsal (fluke)

D128 ventral

D129 ventral (female)

D130 dorsal (fluke)

D132 dorsal (spine)

D132 ventral
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D133 dorsal (dorsal fin)

D133 dorsal (fluke)

D134 dorsal (fluke)

D135 dorsal (fluke)

D136 dorsal (scar)

D137 dorsal (fluke)
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D138 dorsal (scars)

D138 dorsal (fluke)

D139 dorsal (scars)

D140 dorsal (fluke)

D141 dorsal (scar on fluke)

D145 dorsal (fluke)
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D142 dorsal (fluke)

D142 dorsal (markings)

D143 dorsal (dorsal fin)

D143 dorsal (fluke)

D144 dorsal (fluke)

D144 ventral (female)
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6. Appendix II

Codebook for categorical variables used in PASW
analyses of behavioural data from observations of
wildlife interactions with trawl nets in the PFTIMF

Variable
name
Family
(common
name)

PASW
Variable
famcode

Position
(of animal in
relation to
net)

Coding instructions
1 = Dolphin
3 = Ray
5 = Turtle

2 = Shark
4 = Sea snake
6 = Pipefish

poscode

1 = inside

2 = outside

Position
(of animal in
relation to
net)

detposcode

1 = outside high left
3 = outside high right
5 = outside mid right
7 = outside low centre
9 = inside high left
11 = inside high right
13 = inside mid centre
15 = inside low left
17 = inside low right
19 = inside mid grid contact

2 = outside high centre
4 = outside mid left
6 = outside low left
8 = outside low right
10 = inside high centre
12 = inside mid left
14 = inside mid right
16 = inside low centre
18 = inside high grid contact
20 = inside low grid contact

Behavioural
state

behavscode

1 = travelling
3 = socialising

2 = foraging
4 = stress

Behavioural
event

behavecode

1 = Entry_head first
3 = Entry_sideways
5 = For_fish catch
7 = For_invert
9 = Trav_trampoline
11 = Trav_exit net
13 = Soc_invert
15 = Soc_bite
17 = Soc_jaw clap
19 = Soc_pec fin-pec fin rub

2 = Entry_tail first
4 = For_scan
6 = For_fish chase
8 = For_head shake
10 = Trav_rest on net
12 = Trav_leave field of view
14 = Soc_dolphin chase
16 = Soc_open mouth
18 = Soc_belly to belly
20 = Soc_pec fin-other body
part rub
22 = Soc_copulation
24 = Stress_tail caught in grid

21 = Soc_rostrum to genitals
23 = Stress_entangled in
mesh
25 = Stress_push upward
27 = Stress_push sideways
29 = Stress_successful
escape bottom
31 = Stress_slides through
grid to codend
33 = Stress_remains in net
asphyxiated

26 = Stress_push downward
28 = Stress_escape through top
30 = Stress_expelled through
bottom hatch
32 = Stress_remains in net
alive
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7. Appendix III Scientific name, common name and protection
status under the International Union for the
Conservation of Nature (IUCN) and the
Environmental
Protection
and
Biodiversity
Conservation (EPBC) Act 1999 of wildlife species
that interacted with exclusion grids and/or were
landed in the PFTIMF in spring 2008 and 2009
Taxon

Common name

IUCN status

EPBC Act

Delphinidae
Tursiops truncatus

Dolphins
Common bottlenose dolphin

Least Concern

Protected

Selachimorpha
Carcharhinus amboinensis
Carcharhinus plumbeus
Carcharhinus tilstoni
Chiloscyllium punctatum
Hemigaleus australiensis
Hemipristis elongate
Loxodon macrorhynchus
Rhizoprionodon acutus
Sphyrna lewinii
Stegostoma fasciatum
Unidentified Carcharhinidae

Sharks
Pigeye shark
Sandbar shark
Australian blacktip shark
Brownbanded bamboo shark
Australian weasel shark
Snaggletooth shark
Sliteye shark
Milk shark
Scalloped hammerhead
Leopard shark
Unidentified whaler sharks

Data Deficient
Near Threatened
Least Concern
Near threatened
Vulnerable
Least Concern
Least Concern
Near Threatened
Vulnerable
-

Not listed
Not listed
Not listed
Not listed
Not listed
Not listed
Not listed
Not listed
Not listed
Not listed
-

Batoidea
Himantura uarnak
Manta birostris
Netrygon kuhlii
Pastinachus atrus
Unidentified Batoidea
Glaucostegus typus
Rhinobatus sainsburyi
Unidentified Rhinobatidae
Pristis zijsron
Rhynchobatus australiae

Rays
Reticulate whipray
Manta ray
Bluespotted maskray
Cowtail stingray
Unidentified true rays
Giant shovelnose ray
Goldeneye shovelnose ray
Unidentified shovelnose rays
Green sawfish
Whitespotted guitarfish

Near Threatened
Vulnerable
Least Concern
Critically Endangered
Vulnerable

Not listed
Not listed
Not listed
Not listed
Not listed
Not listed
Protected
Not listed

Hydrophiidae
Aipysurus laevis
Unidientified Hydrophiidae

Sea snakes
Olive sea snake
Unidentified sea snakes

-

Protected
-

Cheloniidae
Natator depressus

Turtles
Flatback turtle

Data Deficient

Protected

Sygnathidae
Solegnathus hardwickii
Hippocampus sp.

Pipefish
Pallid pipefish
Seahorse sp.

Data Deficient
Data Deficient

Protected
Protected
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