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Assessments of fisheries interactions with non-target species are crucial for quantifying
anthropogenic threatening processes and informing management action. We perform
the first multi-jurisdictional analysis of spatial and temporal trends, data gaps and risk
assessment of cetacean interactions with fisheries gear for the entire Australian
Exclusive Economic Zone. Bycatch and entanglement records dating from 1887 to
2016 were collected from across Australia (n=1987). Since 2000 there has been a
substantial increase in reported bycatch and entanglements and this is likely the result
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of improved monitoring or recording by some jurisdictions and fisheries as well as
changing fishing effort, combined with continuing recovery of baleen whale populations
after cessation of commercial whaling. A minimum of 27 cetacean species were
recorded entangled, with over 30% of records involving interactions with threatened,
vulnerable or endangered species. Three times the number of dolphins and toothed
whales were recorded entangled compared to baleen whales. Inshore dolphins were
assessed as most vulnerable to population decline as a result of entanglements,
though humpback whales, common bottlenose dolphins, and short-beaked common
dolphins were the most frequently caught. Only one-quarter of animals were reported
to have survived entanglement, either through intervention or self-release from fishing
gear. Spatial mapping of the records highlighted entanglement hotspots along the east
and west coast of the continent, regions where high human population density, high
fishing effort, and high density of migrating humpback whales all occur, augmented by
high captures of dolphins in shark control gear along the east coast. Areas of few
entanglements were more remote, highlighting substantial bias in entanglement
reporting. Our gap analysis identified discrepancies in data quality and recording
consistency both within and between jurisdictions. Disparities in the types of fisheries
data provided for the analysis by different state agencies limited our ability to compile
bycatch data in a representative and systematic way. This research highlights the need
for improved standardised data recording and reporting by all agencies, and
compulsory sharing of detailed fisheries interaction and effort data, as this would
increase the value of entanglement and bycatch data as a conservation and
management tool.
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Abstract

Assessments of fisheries interactions with non-target species are crucial for quantifying
anthropogenic threatening processes and informing management action. We perform the first multi-
jurisdictional analysis of spatial and temporal trends, data gaps and risk assessment of cetacean
interactions with fisheries gear for the entire Australian Exclusive Economic Zone. Bycatch and
entanglement records dating from 1887 to 2016 were collected from across Australia (n=1987).
Since 2000 there has been a substantial increase in reported bycatch and entanglements and this is
likely the result of improved monitoring or recording by some jurisdictions and fisheries as well as
changing fishing effort, combined with continuing recovery of baleen whale populations after
cessation of commercial whaling. A minimum of 27 cetacean species were recorded entangled, with
over 30% of records involving interactions with threatened, vulnerable or endangered species.
Three times the number of dolphins and toothed whales were recorded entangled compared to
baleen whales. Inshore dolphins were assessed as most vulnerable to population decline as a result
of entanglements, though humpback whales, common bottlenose dolphins, and short-beaked
common dolphins were the most frequently caught. Only one-quarter of animals were reported to
have survived entanglement, either through intervention or self-release from fishing gear. Spatial
mapping of the records highlighted entanglement hotspots along the east and west coast of the
continent, regions where high human population density, high fishing effort, and high density of
migrating humpback whales all occur, augmented by high captures of dolphins in shark control gear
along the east coast. Areas of few entanglements were more remote, highlighting substantial bias in
entanglement reporting. Our gap analysis identified discrepancies in data quality and recording
consistency both within and between jurisdictions. Disparities in the types of fisheries data provided
for the analysis by different state agencies limited our ability to compile bycatch data in a
representative and systematic way. This research highlights the need for improved standardised data
recording and reporting by all agencies, and compulsory sharing of detailed fisheries interaction and
effort data, as this would increase the value of entanglement and bycatch data as a conservation and

management tool.

Keywords: cetacean, dolphin, whale, entanglement, fisheries, mitigation, Australia, bycatch,

anthropogenic pressures, risk assessment
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Introduction

Bycatch and entanglement in fisheries gear are recognized as the most significant threat to the
survival of cetacean species and populations globally (IWC 2010; Read 2008; Taylor et al. 2017).
Expansion of both global fisheries and human populations in the past century has increased the
presence of fishing gear in dolphin and whale habitat (Myers and Worm 2003), increasing the risk
of interactions with fisheries gear (Cassoff et al. 2011; Pauly 2009). Our understanding of the scale
and scope of the problem in many regions is impeded by the far-ranging distributions and cross-
jurisdictional movements of many whales and dolphins, which makes assessments especially
difficult (Davidson et al. 2012; Schipper et al. 2008). Evaluation of long-term records of cetacean
strandings and interactions with fisheries gear across large spatial scales is crucial to understand
trends in capture and mortality due to human-use of marine environments (Byrd et al. 2014;
Knowlton et al. 2012) and to help inform conservation actions (Groom and Coughran 2012).
However, imperfect information on the status and demography of many whale and dolphin
populations (Davidson et al. 2012; Schipper et al. 2008), and uncertainties in the effects of both
historical and future pressures on species and populations (Clapham et al. 1999), challenges

effective conservation.

Records of cetacean interactions with fisheries gear can be broadly separated into two different
types — systematic reporting, such as commercial fisheries bycatch, and incidental/opportunistic
reports. Fisheries bycatch typically refers to the fatal capture of non-target species in active
commercial fishing gear (IWC 2016). For many years, international and domestic legislation have
recognised the need to manage fisheries and potential negative impacts of bycatch on non-target
species according to ecologically sustainable development principles (Fletcher et al. 2002). Bycatch
is now systematically monitored and recorded by many commercial fisheries worldwide in
recognition of its role in the depletion of many threatened species (Moore et al. 2009). Cetaceans
also entangle in floating fisheries gear that may be displaced, or derelict, which we refer to as
incidental entanglements, due to the fact that such incidents are typically not reported and recorded
systematically. For instance, large cetaceans may move and displace active fishing gear, which then
cannot be recorded using standard bycatch methods, making direct impacts more difficult to
determine. Such displaced gear is considered to be ‘inactive’ from a fisheries perspective, although
it may continue to catch or entangle both target and non-target marine animals (Scheld et al. 2016).
Similarly, marine debris in the form of derelict fishing gear that has been abandoned, lost or
discarded from commercial or recreational fisheries also poses a risk to many cetacean species
(Baulch and Perry 2014), as well as other marine life including birds, sharks, turtles and other

marine mammals (Harcourt et al. 1994; Laist 1997). There is a paucity of research documenting



98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

127
128
129
130
131
132

trends in interactions between cetaceans and fisheries that include records of both active and

inactive gear, particularly at broad spatial scales relevant to the distribution of wide-ranging species.

Globally, cetacean bycatch and gear entanglement has been identified as a leading cause of
mortality in some species (Dayton et al. 1995; Kraus et al. 2005; VVan Der Hoop et al. 2013) to the
extent that it may be inhibiting population recovery (e.g. North Atlantic right whale (Eubalaena
glacialis) (Knowlton et al. 2012), and is pushing some species towards extinction (e.g. the Vaquita
(Phocoena sinus) (Taylor et al. 2017)). Population declines resulting from bycatch and
entanglement have been documented (Lewison et al. 2004; Werner et al. 2015). Impacts on
individuals can be severe; ranging from mortality, starvation due to impaired foraging through to
laceration of large blood vessels, amputations and systemic infections that reduce the fitness of an
individual animal and can eventually be fatal (Cassoff et al. 2011; Moore and Van der Hoop 2012;
Wells et al. 2008). Our ability to understand both the intensity and effects of entanglements on
cetaceans is hindered by inherent challenges in obtaining large-scale anthropogenic interaction data
with far-ranging migratory pelagic species that can cross multiple jurisdiction boundaries, as well as
in observing mobile or cryptic marine species. This is compounded by the difficulties in identifying
the location and source of inactive fishing gear relative to where an interaction may occur (Reisser
et al. 2013). Furthermore, species interact with multiple fisheries and multiple gears, but the
demographic impacts of cumulative bycatch mortality are poorly understood (Moore et al. 2009),
and our ability to detect population declines given current survey levels remains low (Taylor et al.
2007). In addition to these challenges, agencies collecting entanglement data may operate at
different temporal or spatial scales, with different objectives ranging from animal welfare and
wildlife conservation, to human-related activities and fisheries management. Further compounding
these issues, and in contrast to the more systematic recording of bycatch, the comprehensiveness
and accuracy of incidental entanglement records is largely dependent on opportunistic sightings by
the public and/or strandings programs. The breadth and type of information collected can therefore
vary considerably. Collation, evaluation and dissemination of accurate and comprehensive cetacean
interaction data at multi-jurisdictional scales is crucial if we are to identify where points of
vulnerability for far-ranging cetaceans exist, and so enable decision-makers to target potential

mitigation actions towards areas, fisheries or specific gears.

Australia provides a unique opportunity to assess multi-jurisdictional fisheries impacts at a broad
spatial scale because it is comprised of six states and two mainland territories and is the only
country that spans an entire continent. Furthermore, Australia’s Exclusive Economic Zone of 8.2
million km? supports a large number of cetaceans, including resident dolphin species, two species of
endemic tropical dolphins, and seasonal visitors such as baleen whales that travel along the east,

west, and southern coastlines during their annual migration from the Southern Ocean to breeding
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and calving areas (Harcourt et al. 2014). Many whale species were pushed to the brink of extinction
by historical commercial whaling in the 20" century (Clapham 2002; Tennessen and Johnsen 1982;
Tulloch et al. 2017) including populations of humpback (Megaptera novaeangliae) and southern
right whales (Eubalaena australis) that utilise Australian waters. As such, the waters around
Australia are important for cetacean conservation. Under the Australian Environment Protection
and Biodiversity Conservation Act 1999 (EPBC Act), all cetaceans in Australian waters are
protected, with commercial fishers required to report any action that results in the death or injury of
any cetacean species. Previous studies of incidental cetacean entanglements in fisheries gear have
been conducted for over half of Australia’s jurisdictions (e.g. Chatto and Warneke 2000 (Northern
Territory [NT]); Groom and Coughran 2012 (Western Australia [WA]); Lloyd and Ross 2015 (New
South Wales [NSW]); Reid and Krogh 1992 (NSW); Segawa and Kemper 2015 (South Australia
[SA])). Although one study evaluated historical human interactions with southern right whales
(Kemper et al. 2008), no national or large-scale analysis of incidental entanglements for cetaceans
exists for Australia, despite the typically cross-jurisdictional geographic range of many cetacean
species and fisheries. National Progress Reports describing anthropogenic impacts and sightings are
submitted to the International Whaling Commission (IWC) by some member countries, including
Australia, and contain information on entanglements across Australia, but lack of detail in the
summaries prevents quantitative spatial or temporal analysis. Globally, numerous small-scale,
single-gear, or single species assessments of whale or dolphin entanglements have been conducted
in recent years (e.g. Knowlton et al. 2012; Slooten et al. 2000). Reviews of baleen whale
entanglements are becoming more common, particularly for North America (e.g. Johnson et al.
2005), where summaries of baleen whale opportunistic entanglement records are now provided
annually (NOAA 2016), and historical reviews of cetacean strandings exist for numbers of
countries including England (Kirkwood et al. 1997) and the Canadian west coast (Guenther et al.
1995; e.g. Guenther et al. 1993). Regular assessments of commercial fisheries bycatch of cetaceans
are also now conducted in many regions of the world (e.g. ICES 2017; National Marine Fisheries
Service 2016), as well as regional stock assessments for marine mammals (e.g. Waring et al. 2013),
though assessments of the magnitude of fisheries interactions with cetacean species in such reports
are often couched in terms of high uncertainty. Many of these assessments derive from the grey
literature as technical reports. Surprisingly, published studies evaluating spatio-temporal trends in
entanglements and bycatch of both dolphins and whales at a national level that combine long-term

opportunistic and systematic records, remain scarce.

Aims and objectives:
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This is the first study to assess cetacean interactions in fisheries gear at a national scale, for the
entire Australian EEZ. We collate all available data on entanglements and bycatch of cetaceans
across Australia into one national database, and examine long-term trends in interaction rates,
causes, and impacted species. We compare the species composition and mortality rates of cetacean
entanglements in fishing gear across jurisdictions to investigate differences in fishing gear
selectivity for catching baleen whales or dolphins. We undertake a risk assessment using the
entanglement data to understand possible conservation implications of fisheries interactions for
cetacean species historically entangled in gear in Australian waters. We evaluate intervention
success across jurisdictions to assess whether disentanglement reduces overall mortality of
cetaceans. Finally, we use heat maps of entanglement data to quantify the historical spatial location
and intensity of cetacean interactions with fisheries gear, and to assess dispersal patterns at a

national scale.

Methods
Study area and species

The Australian coastline extends for more than 30,000 kilometres (Fig. 1). Forty-five species of
cetacean (whales, dolphins and porpoises) are found in Australian waters including 9 baleen whales
(Mysticetes), and 36 toothed whales (Odontocetes) including species of beaked whales, sperm
whales, killer whales, dolphins and one porpoise, and all are protected under state and/or federal
legislation. Five baleen whale species are currently listed as nationally threatened under the
Australian EPBC Act including the endangered blue whale (Balaenoptera musculus) and southern
right whale (Table 1). The seasonal presence of some cetacean species in Australian waters varies
depending on migratory routes (Bryden et al. 1998). At least 11 species or sub-populations are
currently on the EPBC Act migratory species list, as per the Convention on the Conservation of
Migratory Species of Wild Animals (the Bonn Convention), including humpback and southern right
whales, and Australian snubfin (Orcaella heinsohni), Australian humpback (Sousa sahulensis) and
the Arafura/Timor Sea bottlenose dolphin (Tursiops aduncus, Table 1). Some species are
considered to be data deficient nationally but threatened under state legislation, such as the
Australian humpback dolphin and the Australian snubfin dolphin, which are listed as vulnerable in
the State of Queensland (Nature Conservation Act 1992 [QId]), and are now also listed as
vulnerable by the IUCN Red List (Table 1).

Australia's commercial fisheries are governed by a total of eight jurisdictions (the Commonwealth
[Australian], six states and the Northern Territory), with specific regimes for management, research,

reporting and environmental protection within each jurisdiction. Although state/territory laws
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generally apply to coastal waters (up to three nautical miles seaward of the territorial sea baseline)
and Commonwealth laws apply from those waters out to the limit of the Australian fishing zone
(200 nm from the baseline), there are also 59 offshore settlement arrangements for managing cross-
jurisdictional stocks (Productivity Commission 2016). Local agencies maintain records on
strandings, bycatch and incidental cetacean entanglements under their respective jurisdictions, and
the Commonwealth Government records non-target species interactions in their fisheries extending

to the outer limits of the Australian Fishing Zone (from 3 to 200nm offshore).

Data collation

We identified two types of interaction data for collation — “incidental entanglement” records from
agencies involved in monitoring and/or protection of cetaceans, and “systematic” records, which
refers to data that have been systematically recorded for a period of time by one agency (i.e.
fisheries bycatch and shark control program data). We made requests for cetacean incidental
entanglement data to applicable state and Commonwealth (Australian) agencies (Table S1),
including environment departments and parks and wildlife services, museums, aquaria, zoos, local
councils, and non-government agencies. National and international cetacean interaction database
records, and shark control program bycatch for both the Queensland Shark Control Program and the
NSW Bather Protection Program were also obtained (Table S1). Requests were made to fisheries
management agencies for spatially-referenced bycatch records and fisheries effort for all
commercial fisheries known to interact with cetaceans. This data is typically recorded in fisheries
logbooks, and by observers, and requirements for recording and reporting vary depending on the
state and fishery. Many requests for bycatch and fisheries effort data were either ignored or refused
largely on the basis of confidentiality, or a lack of spatial information recorded for interactions
(Table S1).

A national entanglement and bycatch database was created containing 13 separate attributes for
each incident to assist comparison. Entanglement events involving more than one individual were
disaggregated into individual records for each animal. Any duplicate records were identified and
removed. We assigned each record the following attributes: 1) species name (including suborder,
family, genus and species where possible); 2) lowest possible taxon identification (i.e. species,
genus, family or suborder); 3) gear type (e.g. line, net, trap, etc); 4) fishery involved (if identified);
5) date of entanglement; 6) location of reported entanglement (including latitude and longitude if
provided); 7) condition of animal (alive, dead, unknown); 8) management intervention (if any, see
Supplementary Methods); 9) final outcome of entanglement (alive still entangled, alive

disentangled, dead, unknown); 10) source of data (i.e. agency responsible for collection and
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provision); 11) record type (systematic - bycatch, incidental, systematic - shark control,
national/international database, and unknown), 12) gear status (bycatch - active gear, incidental -
attributed to active gear, floating — attributed to active gear, floating — possible derelict, unknown),
and 13) notes on incident and any intervention. All jurisdictions provided incidental entanglement
data, albeit for different time scales, and comprehensiveness of information supplied varied (Table
S1, Supplementary methods). Due to disparate initial data supplied from each jurisdiction, and
uncertainties in exact identification of gear to fishery source, we aggregated records by broader gear
types: aquaculture, line, net, purse seine, trawl, trap, shark net, shark drumline, and unidentified
(Supplementary Methods). Where there was no information on the fate of the individual animal, the
initial status at the time the entanglement was reported was retained. If there were no data on
management actions, the record was attributed “alive still entangled”. If the initial status was
unknown, or if concern was expressed on the outcome of the interaction, the final fate was assigned
as “unknown”, as were animals considered to be in poor condition. These assumptions are
conservative and likely over-estimate the number of animals left alive after entanglement, given
substantial evidence that a significant proportion of large baleen whale entanglements are ultimately

fatal if gear is not removed (Cassoff et al. 2011; Knowlton et al. 2012).

We performed statistics on all attributes for all data combined, then by jurisdiction, and by species.
Given differences in phenology and demography between cetacean species, we compared
entanglement records of baleen whales (Mysticeti) and toothed whales and dolphins (Odontoceti),
to see if trends differed between species. We evaluated differences in number of bycatch versus
incidental records, and estimated the relative contribution of derelict or discarded gear compared
with interactions with active fisheries gear based on the “gear status” category. The vast majority of
datasets did not have associated measures of recording and reporting effort, therefore
comprehensive bias corrections could not be applied to account for variable effort within and
between jurisdictions. We performed separate statistics on a subset of records from 2000 onwards to
account for some of the temporal and spatial bias in the records, as these were the years for which
data was available from every jurisdiction, due in part to implementation of the EPBC Act in 1999

requiring reporting of cetacean-fisheries interactions.

Analysis of spatial trends in cetacean interactions with fisheries gear

Due to large variation in the number of records and in the spatial and temporal resolutions of the
individual datasets, as well as the far-ranging and mobile nature of cetacean species, we choose to
analyse data in 30 minute grid cells (3,178 units) at the level of months pooled across years. We

digitized interaction records where latitude and longitude were provided (n=1,556) by importing the

8
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coordinates as points into the geographic information system (GIS) software ArcGIS 10.3.1, using
the Geocentric Datum of Australia 1994 Coordinate System. We created heat maps of entanglement
records by summing together all points within each grid square. Heat maps were also created
identifying species richness of entanglements spatially, by summing together the number of
different species reported entangled in each grid, as well as where the highest numbers of fatal
incidents have occurred across Australia. We also derived a heat map of numbers of entanglements
for species listed in any threatened or migratory categories under the EPBC Act or IUCN Red List
criteria, and finally derived a difference map where we subtracted the total number of Mysticeti
interactions per grid from the total Odontoceti interactions, identifying areas of higher
entanglements with dolphins and toothed whales versus baleen whales. We defined coldspots as

areas where there were no records of entanglements overall, or <1 before 2000 and none since.

All records with spatial information were included in the heat maps, which included incidental
records and Commonwealth fisheries bycatch. We reduced spatial bias in discrepancies across data
provided by each state by excluding bycatch records from state-based fisheries, and used only data
from 1990 onwards. These heat maps may underestimate the true spatial extent and number of
interactions with active fisheries gear within coastal state waters, but can be considered a good
representation of offshore interactions with federal fisheries that cross multiple jurisdictions.
Further, these heat maps do not identify entanglement risk, which would require information on
fishing intensity across Australia, as these data were not provided by most commercial fisheries
agencies despite being requested, but instead highlight regions where high numbers of entanglement

have historically been reported.

To evaluate spatial bias in reports of cetacean interactions, particularly from opportunistic reports
by the public, we obtained data on human population density and “remoteness” across Australia
from the Australian Bureau of Statistics (ABS 2011), to compare with the location of reported
entanglement or bycatch hotspots, hypothesizing that areas of high numbers of reports may
correspond with coastal areas of high human population density (LIoyd and Ross 2015). The ABS
remoteness data was developed originally as the Accessibility/Remoteness Index of Australia
(ARIA) by the Hugo Centre (2014), and classifies Australia into regions that share common
characteristics of geographic remoteness. We assigned each grid square a remoteness category
based on proximity to the nearest remoteness polygon, and used the residuals from a generalized
linear model (GLM) of the number of entanglements versus the remoteness category to generate a

‘remoteness standardised’ index for each grid cell.

Risk analysis of species vulnerability to fisheries gear interactions
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We evaluated species composition of entanglements by suborder, family, genus and species, and
compared Mysticeti and Odontoceti data separately to examine differences between baleen and
toothed cetacean interactions with fisheries. We then conducted a semi-quantitative risk assessment
of entanglements by gear type and species, based on an established risk assessment framework used
in recovery plans for other marine megafauna (e.g. turtles, Commonwealth of Australia 2017) to
identify those species at highest risk of interactions with fisheries by broad gear type
(Supplementary Methods). In a typical risk analysis, risk is ranked based on the likelihood of the
threat occurring, and the consequences (Harwood 2000). In our risk assessment, we quantified the
likelihood of exposure of each species to fishery gear types in Australian waters based on the
proportion of historical entanglements, and the consequences of each threatening process on each
species category based on the species mortality in each gear, weighted by their threatened status
listing under the EPBC Act, state legislation or the IUCN (Supplementary Methods). We multiplied
the likelihood by the consequences to get a relative risk metric for each species and gear type. We
then used relevant literature to modify any risk categories that were zero (due to no reported records
of entanglement), but where the literature or historic records suggested there was a chance of
entanglement for that species category, and modified the consequences parameter based on the

status and abundance of each species in Australian waters (Supplementary Methods).

Analysis of temporal trends in cetacean interactions with fisheries gear

Temporal trends of reported interactions were examined using a Gaussian generalised additive
mixed-effect model (GAMM, hereafter “full model”). Collinearity of variables was assessed by
calculating correlation coefficients. Given that several variables were highly correlated with each
other, we included only one species level (suborder) and excluded source of data and gear status
from the main-effect model to avoid multiple collinearity (Table S3). The following variables were
included in the final model fitting: number of entanglements, year, suborder, gear, record type, and
jurisdiction. Model fit was evaluated by residual diagnostics and the choice of the final model was
guided by Akaike’s Information Criterion (AIC), by fitting all covariates then simplifying to find
the most parsimonious model based on the AIC (Table S3). GAMMSs were fitted using the ‘mgcv’
(version 1.7-247, (Wood 2006)) of the R software environment (version 3.0.2, R Core Team, 2013).
In the final model the relationship between entanglement rate and year was described by a non-
linear smoothing function, and a fixed effect was included for the data type (incidental
entanglement or bycatch). We treated each jurisdiction as a random intercept to reduce the influence
of bias from differences in reporting between jurisdictions by modelling the ‘average’ trend. We
undertook a separate analysis for years >2000 to assess for model sensitivity to improved reporting

effort.
10
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We also conducted linear regressions between the number of interactions by suborder and year and
used the goodness-of-fit statistic (r?) to provide an indication of the strength of the relationship. To
account for some of the bias in the data, we performed a number of sensitivity tests. We modelled
subsets of the data from 1990 to reduce the influence of bias from differences in reporting, and
again from 2000, to also account for improved effort in recording post-implementation of the EPBC
Act in 1999. We also compared models including and excluding bycatch records given the data
discrepancies.

Standardised entanglement rates for each jurisdiction were derived by dividing the total number of
incidental entanglement records for each jurisdiction by the number of years data was provided. We
could not account for changes in monitoring effort by agencies over time both within and between
jurisdictions, as this information was not available, and instead calculated a relative measure of
reporting rates between regions over time. We compared this with a rate that also included bycatch
records, with Commonwealth fisheries records assigned to the state region where the interaction
occurred, to examine spatial trends in entanglement across Australia from both active and inactive
gear. We repeated this for separate 10-year time periods (1986-1995, 1996-2005, 2006-2015) to

examine temporal trends in reporting rate.

An additional GAMM model was used to assess the influence of fishing effort on temporal bycatch
trends (hereafter “Commonwealth model”). Effort data (annual catch-per-unit-effort, CPUE) were
provided by the Australian Fisheries Management Authority (AFMA) for those fisheries noted as
having cetacean interactions: Commonwealth Trawl Sector of the Commonwealth Southern and
Eastern Scalefish and Shark Fishery (SESSF), Gillnet Hook and Trap Sector of the SESSF,
Northern Prawn Fishery, Small Pelagic Fishery, Western and Eastern Tuna and Billfish Fishery. We
extracted the subset of Commonwealth fisheries bycatch records from the national entanglement
dataset. Fisheries effort data were provided for the same time-series as interaction records (from
2000-2015), by gear type and fishery. We then modelled the temporal trend in CPUE using a
GAMM with catch rates as the log-transformed response variable, a covariate for nominal fishing
effort (log transformed), a random intercept for the fishery and a non-linear smoothing function for

year.

Analysis of mortality rates and intervention success

To evaluate the success of disentanglement operations we performed analyses on data for which
detailed management intervention information has been recorded. We calculated statistics on
disentanglement success and failure and resulting fate of each animal. We then performed

regressions on intervention rate versus mortality rate, at a national level, to see if changes in overall
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mortality could be explained by interventions alone. We obtained statistics by year, and as a
summed total across all years. Because of the high uncertainty in the final fate of individual animals
post-entanglement in fisheries gear, we conducted a sensitivity test on our analyses of intervention

outcomes whereby we assumed all unreleased animals (left still entangled) died.

Analysis of fisheries gear selectivity

We evaluated differences in the selectivity of gear in catching Odontocetes or Mysticetes by
comparing annual and overall catch rates in each gear type and examined how this varied spatially

across Australia.

Results

We collated 1,987 records of cetacean incidental entanglements and bycatch throughout Australian
waters (Table 1), dating from 1887 to 2016, from a range of state, federal and international sources
(Supplementary Table S1). We collated 833 incidental records, and 1154 systematic records from
fisheries bycatch and shark control programs (n=497). Commonwealth bycatch data were provided
by AFMA from 2000 (n=339) and fisheries effort for the same time period. Some recent non-spatial
bycatch summary data were obtained for two state jurisdictions (SA=47; WA=321). Spatial
information was not included for 421 (21% of total) records, therefore these were excluded from the

geographical analyses.

Two-thirds of all records (n=1271) could be attributed to bycatch in commercial fisheries (albeit the
means of reporting varied between systematic records and incidental reports), and over 10% of
floating entanglements (n=213) reported incidentally could also be attributed to active fisheries or
shark control gear. One quarter of incidental records could not be attributed to active gear in

fisheries, and were assumed to be entanglements in derelict gear.

Spatial trends in cetacean interactions with fisheries gear

The major historical hotspots of reported interactions (>20 individual animals based on all
incidental records with spatial information, shark control data, and Commonwealth fisheries
bycatch only) were along the east coast of Australia, as well as smaller areas in the southern
Spencer Gulf and Tasmanian coast and near the state capital Perth on the west coast (Fig. 1a).
Historical coldspots in reported interactions were identified in the Gulf of Carpentaria and Cape

York, the waters off the north-west coast, as well as the south-west coastline of the Great Australian
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Bight (Fig. 1a). By examining the proximity of entanglement hotspots to a remoteness index for
Australia, we observed that areas of no records typically occurred adjacent to terrestrial areas
classified in the most remote category (Figs. 1a,b). The remoteness model revealed a significant
relationship between the location of major cities and entanglements (F = 4.0, p < 0.001; estimated
degrees of freedom, edf = 5.5), with a total of only 152 entanglements reported adjacent to the most
remote regions of Australia. The standardized remoteness index map of residuals showed a
relatively close fit for most regions (Fig. S1), although the model under-predicted values adjacent to
capital cities along the east and west of Australia (Sydney, Perth). Jurisdictions with fewer records

(particularly NT, TAS and VIC) also had more remote coastline than other states.

Numbers of species recorded within each jurisdiction and accuracy of identification varied
considerably, with hotspots of listed species entanglements and bycatch along the east and west
coast of Australia (NSW: n=165, Qld: n=156 and WA: n=162, Fig. 1c). Spatial differences were
observed in the proportion of whales compared to dolphins entangled across Australia (Fig. 1d).
Along the southern coastline, there were more incidents involving toothed whale and dolphin
species, though Victoria reported mostly baleen whale incidental entanglements, and higher

numbers of baleen whales were recorded along the west and east coasts (Fig. 1d).

Spatial aggregation by grid of all records resulting in death or where the animal was still entangled
revealed hotspots of high mortality risk along the eastern Australian coast, where shark net density
is high (Fig. S1, Green et al. 2009). The lower Spencer Gulf in South Australia also showed high
numbers of dead or still entangled animals (Fig. 1e), with analysis showing these were mostly

dolphin bycatch in Commonwealth fisheries.

Species vulnerability and risk to fisheries gear interactions

In total, 27 cetacean species were recorded in entanglements and bycatch (Table 1). Of the 1,987
total records, only 1,300 were identified to a species level (including 164 records of Tursiops spp.).
Almost 30% of reported interactions (n= 586) involved listed threatened or migratory species as per
the IUCN Red List and EPBC Act (9 species, Table 1). There were two recorded incidental
entanglements for blue whales, and 28 for southern right whales, both listed as Endangered under
the EPBC Act, as well as small numbers of Vulnerable snubfin (n=27) or humpback dolphin (n=
15) records largely in nets including those of shark control. Humpback whales (n=368), short-
beaked common dolphins (Delphinus delphis, n=408) and bottlenose dolphins (Tursiops spp.,
n=318) together accounted for over half the total number of records identified down to species
level. Records of unidentified species included at least 42 baleen whales, and more than 480

dolphins. Eight species were recorded only once, including the Antarctic minke (Balaenoptera
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bonaerensis), Bryde’s whale (Balaenoptera edeni) and six toothed whales and dolphins, while
another six species had five or fewer records over the entire time period (Table 1).

Overall, three times the number of toothed whales and dolphins have been reported entangled or
caught in fisheries gear compared to baleen whales. The majority of bycatch and shark control
interactions have involved toothed whales and dolphins, with only 10% (n=110) involving baleen
whales. In contrast, baleen whales have comprised two-thirds of all incidental entanglements
records (excluding bycatch and shark control) over the last 15 years, although total numbers of
incidental entanglements across all years are split almost 50-50 between baleen whales and toothed

whales/dolphins.

Our retrospective risk assessment identified very high risk associated with interactions between net
gear (including shark nets) and three dolphin species (humpback, Indo-Pacific bottlenose, and
short-beaked common dolphins), due to high mortality risk in these gear (Table S3), with high risk
categories also afforded to snubfin dolphin interaction with these gear types (Table 2). The highest
risk to baleen whales assessed was for trap and net gear for interactions with southern right and
humpback whales (Table 2).

Temporal trends in cetacean interactions with fisheries gear

Total reported annual cetacean interactions with fisheries gear have been increasing since reporting
requirements for state agencies began (Fig. 2a). Numbers of reported commercial fisheries
interactions reported since 2000 totaled 634, compared to 522 for the same time period for

incidental entanglements, with reports for both increasing.

Regressions between the number of interactions and year identified greater increasing trends of
dolphin and toothed whale interactions overall (r?= 0.82) compared to baleen whales (r>= 0.45, Fig.
2a). A strong positive relationship between number of records (both incidental and systematic) and
year was shown in the initial full model (F =4.5, p <0.001; edf = 1.9), with large confidence
intervals for pre ~1990 data due to few jurisdictions providing data before this year due to variable
reporting requirements across the nation (Fig. S3a, Table S1). There was high uncertainty in full
model predictions before 1980 (Fig. 2), driven by inconsistent reporting effort, insufficient state
fishery data, and a lack of data prior to 1995 in the north (NT) and the most southern states (VIC
and TAS) where annual counts have remained relatively low since reporting began (Fig. 3, Table
S1). To reduce this uncertainty, we limited the time period of the model to post-1990, enabling
better coverage of incidental data between jurisdictions. Increasing trends in the number of reported
interactions in the best-fit model using data from 1990 (see Table S3) were again observed, with

large increases since 2000 driven by the addition of fisheries bycatch records for some states (F =
14
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0.7, p<0.001; edf = 2.3, Fig. 2a). Comparison between the full model with a model that excluded
fisheries bycatch records also identified similar increasing trends between 1998 and 2011 (F = 7.8,
p <0.001; edf = 5.5), with a decline from 2011 to 2015 (Fig. 2b), and further declines prior to 1997
from a peak in 1994 (Fig. 2b). The number of records for 2016 was lower than in previous years
due to not all data for the most recent years being processed yet, in particular Commonwealth
fisheries and shark control program records (see Table S1).

Examination of data for each region separately identified differences in long-term trends between
jurisdictions and disparate numbers of incidental and systematic records. The largest number of
records came from the north-east (QLD, n=535) and west coast (WA, n=522), together comprising
over half of the records, followed by NSW and SA, which comprised ~15% (n=291) and ~10%
(n=210) of all reported interactions respectively (Table 1). These states all reported increases in
interaction rate since 2005 compared to the previous 10 years (Fig. 3), largely due to the addition of
fisheries bycatch data (with the exception of NSW) and increases in Queensland shark control
interactions. Peaks in reported cetacean interactions occurred predominantly during the Austral
winter, driven by peak baleen whale entanglement during July and August (Fig. 2¢) corresponding
with the coastal migration of humpback whales north to breeding grounds in the tropics. There were

no clear monthly trends for dolphins and toothed whale interactions (Fig. 2c).

Approximately 17% of the total records were bycatch from Commonwealth fisheries. The best-fit
model for the subset of Commonwealth bycatch data showed a decline in entanglements between
2000 and 2006, followed by a steep increase from 2010 to 2015 (F = 0.7, p <0.001; edf = 2.0, Fig.
S3b). Bycatch numbers differed significantly between the 5 fisheries tested (p values from <0.001
to 0.22), though the relationship between log effort and bycatch number was highly significant (p
<0.001). Note, although the Commonwealth data provided the highest quality fishery interaction
data, we used logbook records only, and excluded observer records as they are unreliable for
interaction numbers prior to 2008 (AFMA 2017). Earlier Commonwealth records are therefore
considered to be underestimates, as interactions recorded by observers can be much higher than
those reported in logbooks (Hamer et al. 2008).

We compared interaction rates at 10-yearly time periods for all data and a subset of the records
excluding commercial fisheries bycatch records, to remove bias from inconsistencies in fisheries
data provision across jurisdictions. Average interaction rates for data excluding commercial
fisheries bycatch over all the years were highest for the east coast (17/y for QLD and ~11/y for
NSW), largely driven by high numbers of entanglements in Queensland shark control gear. Due to
intense monitoring of these programs over the years, these programs provide a realistic indication of
reporting effort and long-term change in catch rate across this region (Reid et al. 2011). Reporting

of interactions excluding bycatch have increased since 1986 for most jurisdictions, with changes
15
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particularly evident in states along the east and west coasts (QLD, NSW and WA), where average
reported interaction rates for the last 10 years have been high (25/yr, 15/yr and 11/yr respectively)
(Fig. 3a).

Mortality rates and intervention success

Almost two-thirds (n=1133) of all cetacean interactions with fisheries gear have been fatal, mostly
involving dolphin and toothed whale species (n=1085), with only 9% of baleen whale records
resulting in death (n=46). If we assumed all unreleased animals died, 75% of interactions per year
are fatal on average. The number of mortalities has increased overall in the past 10 years (Fig. 4a),
but this reflects higher numbers of entanglement and bycatch records due to improved recording,
because the overall proportion of lethal interactions has decreased. Approximately 80% of historical
records prior to 2000 resulted in death, the majority of these delphinids (n=252), compared to <50%

on average over the last 5 years (Fig. 4b).

The number of reported interventions has increased three-fold since 2000 (Figs. 4c, S3a). Linear
regression of the proportion of reported fatal interactions with the intervention rate annually
revealed disentanglement procedures may be reducing overall mortality rates for whales and
dolphins (r’= 0.22, Fig. 4c), however numbers of still entangled animals continue to increase, and
ultimately this may also be fatal. The results of our sensitivity test assuming unreleased animals die,
still suggested increased numbers of interventions could explain the reduced rate of mortality over
time, but explanatory power was low (r>=0.10, Fig. S4b). Overall, changes in the proportion of
successful disentanglements over the last 20 years have been slight, although several peaks in the
number of successful disentanglements have occurred since 2000, including two years (2004 and
2016) where more than half the reported entanglements resulted in successful disentanglement (Fig.
4), whether through the work of rescue teams, or because the animals freed themselves. Reports
across all agencies of baleen whales remaining entangled increased nine-fold between 2000 and

2013 from 5 to 45 animals, then reduced to just 11 animals left entangled in 2016.

Of the 833 reported incidental entanglements (excluding bycatch and shark control), almost one-
third of animals remained entangled (Table 3), mostly large baleen whales (n=241). Interventions
for incidental entanglements have been recorded for 193 animals, of which almost 70% have
resulted in successful disentanglement, compared with a small number of fatal or unknown
outcomes (Table 3). One-quarter of interventions (n=50) failed leaving the animal still entangled in
fisheries gear. Reasons for failure included dangerous conditions, the animal evading
disentanglement teams, or only partial disentanglement of gear. Almost all intervention failures

have involved baleen whales (n=41). Only 6% of records noted animals had released themselves
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from fisheries gear (Table 3). There were no interventions for incidental entanglements recorded
before 1990.

Analysis of intervention success for the 1154 systematic records (commercial bycatch and shark
control) revealed disentanglement attempts were made for only 30% of records overall (n=348), due
to the remaining interactions being fatal (Table 3). Over 90% of bycatch and shark control
interactions involved dolphins and toothed whales (n=1014). Of those animals still alive after
entanglement, all but 2 humpback whales were successfully disentangled and released alive,
although reports of post-capture condition varied considerably between animals, ranging from
scarring and severe lacerations to amputated fins and tails. The annual proportion of bycatch and
shark control disentanglements has varied considerably over the last 15 years (0.2 - 0.6). Linear
regressions of mortality rates for commercial fisheries bycatch as a proportion of total
entanglements showed slightly increasing trends since 2000 (r>= 0.26, Fig. S4a), whilst for the same
period decreasing trends in mortality rates as a proportion of total records were observed for shark

control programs (r?= 0.23, Fig. S5b).

Fisheries gear selectivity

Most deaths occurred in nets, predominantly shark control nets (n=356), with over one-quarter (n =
532) of all recorded entanglements from the shark control programs along the east coast of
Australia (QLD and NSW), and these involved predominantly delphinid species. Many mortalities
were also recorded in trawl nets (n=220) and gillnets (n=173). Baleen whales were more likely to
be entangled in traps (lobster, crab, octopus and fish) and ropes (Fig. 5a), whereas odontocete
interactions involved a much broader range of gear (Fig. 5b). Although approximately 40% (n=233)
of entangled threatened or migratory species survived the incident and were successfully released,
the same number were left entangled (n=235), with at least 80 resulting in the animals’ eventual

death. Type of gear involved was not provided for over one-quarter of records.

Geographically the types of gear involved in cetacean interactions have varied across Australia
(Fig. 6). Large numbers of records along the east coast of Australia were primarily due to
interactions with the two shark control programs, with other gear interactions relatively minor
compared with similar latitudes on the west coast where trawl and trap gear are the major forms of
interaction (Fig. 6). For southern Australia, gillnets and commercial purse seine nets were the main
gear responsible for bycatch and entanglements, although there have also been numbers of
interactions with aquaculture gear in Tasmania (Fig. 6). Trawl interactions were also frequent in the

south and north, principally involving dolphin mortalities (Fig. 5b).
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Discussion

This study is the first to present long-term trends in cetacean interactions with fisheries gear, and
was achieved by collating and analysing entanglement data from numerous disparate sources,
including commercial fisheries and incidental records from federal and state jurisdictions across the
whole Australian continent. The almost 2,000 records involving at least 27 species of whales and
dolphins in Australian waters highlights the pervasive, widespread nature of cetacean
entanglements in fisheries gear. It also likely under-represents the magnitude of impact, as data
required to monitor cetacean populations and understand fisheries-related impacts (e.g. population
abundance estimates, fishing effort, spatial bycatch composition and entanglement rates to species-
specific level) were either not provided by state agencies, or have not been consistently collected
historically. Our spatio-temporal analyses provide important information on how cetaceans interact
with active fisheries and derelict gear around Australia, as well as indicating where and when
management particularly by fisheries may be having a positive impact. Despite historical data gaps,
analyses of recent records that reflect improved recording effort highlighted that there are overall
increasing trends in dolphin and whale interactions across Australian waters (Fig. 2). Ongoing
mortality particularly of delphinids suggest that current management efforts have not been enough
to mitigate fatalities of cetaceans in fisheries gear. This supports other observations around the
globe of increasing whale entanglements, for example along the west coast of North America
(NOAA 2016), and ongoing fatalities of dolphins in net gear globally (Atkins et al. 2016; Read et
al. 2006). Importantly, we show that the risk of entangling in active gear around Australia greatly
exceeds that of discarded and derelict gear, with almost three-quarters of records attributed to active
fisheries, irrespective of the reporting method. By using a risk framework to evaluate historical
entanglements and potential impacts on populations, we show even low levels of interaction may be
a cause for concern for vulnerable species such as coastal dolphins and southern right whales, and
this may have important implications for their conservation as well as ongoing management of

fisheries in Australian waters.

A number of factors may be contributing to increasing entanglement trends, including biological
factors, changes in fishing effort, as well as an increase in implementation and enforcement of
reporting by agencies and management authorities, compliance with regulations by fishers (Pikesley
et al. 2012), and increasing public awareness of, and engagement in, reporting of cetacean
entanglements and strandings. Biological factors affecting the location and number of fisheries may
include spatial variability in species richness, the location of critical habitat and aggregating areas
for cetaceans, such as breeding or feeding areas, and migratory corridors, and the distribution and
abundance of cetacean populations. The most common species entangled historically (humpback
whales, bottlenose dolphins, and short-beaked common dolphins) are also the most abundant
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cetacean species in Australian coastal waters (Noad et al. 2011; Ross 2006; Salgado Kent et al.
2012). Despite heavy depletion from whaling, most populations of migratory humpback whales
have recovered strongly, with the east coast Australian population already 98% recovered in 2015
(Jackson et al. 2015; Noad et al. 2016), and west coast Australian populations predicted to reach
pre-whaling levels (~45,000) by around 2020 (Salgado Kent et al. 2012). Increases in entanglement
numbers given burgeoning whale populations are not unexpected (How et al. 2015), but as these
populations are already large, the results of our risk assessment suggest entanglement at current

rates is unlikely to have serious impacts at the population level (Table 2).

Few southern right whales have been reported entangled in Australia (Kemper et al. 2008), but the
population estimate is low (< 4,000) due to slow recovery from 19" century whaling (Carroll et al.
2011). In the North Atlantic, entanglements and vessel strike of the congeneric northern right whale
are major limiting factors for recovery of this endangered species (Pace et al. 2017). For the
Australian species, there is evidence for two distinct populations reflecting high site fidelity in the
south-east and south-west, with the remnant south-east population particularly vulnerable based on
current population estimates and rate of recovery (Carroll et al. 2015). The southern right whale
thus may be particularly vulnerable to local threats such as entanglement (Table 2). Changes to the
southern rock lobster trap fishery in SA, including opening the fishing season year round since 2017
(Linnane et al. 2017), have increased the number of gear and vessels in or near important calving
grounds and migratory routes, and this may result in more right whale entanglements in the future.
Additionally, bycatch and fisheries gear entanglement is just one of many pressures faced by whales
and dolphins globally, with other potential threats including direct take, shipstrike, contaminants,
and habitat degradation (IWC 2001). Baleen whales may be particularly sensitive to warming and
other future climate change impacts given their slow population growth rates, tight synchrony
between life history and water temperatures, and dependency on lower trophic level prey linked
directly to primary productivity (Leaper et al. 2006). Given uncertainties in cumulative pressure
impacts, conservation efforts must focus on reducing immediate local threats to both dolphin and

whale populations to improve resilience.

For small cetaceans, fishing-related mortality is considered the most severe and immediate threat
(Jaiteh et al. 2013; Reeves et al. 2013), with global incidental mortality of small cetaceans estimated
to be in the region of 300,000 animals each year (Read et al. 2003). Some small cetacean species
have been driven towards extinction from unsustainable levels of bycatch (e.g. Vaquita in Mexico
(Taylor et al. 2017); Maui and Hector’s dolphin in New Zealand (Pala 2017; Pichler and Baker
2000)). Our findings support the universality of the high risk of fatal entanglements faced by small
dolphins (Nitta and Henderson 1993), with more than two-thirds of historical interactions involving
delphinids, and >80% of those resulting in death. Toothed whales and dolphins often target the
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same food source as net-gear fisheries, leading to direct interactions between the animals and gear
(Hamer et al. 2008). The numbers of delphinid net fatalities including shark control gear have been
shown elsewhere to impact small cetacean populations (Atkins et al. 2016). Most shark nets along
the Great Barrier Reef coastline of Queensland have now been replaced by drumlines, which have

higher survival rates than nets (Meager and Sumpton 2016; Sumpton et al. 2011).

Mortality rates of Australian humpback and snubfin dolphin shown in this study warrant specific
concern. These two newly-recognised endemic species occur in nearshore coastal environments in
the northern tropics-subtropics (Palmer et al. 2014; Parra and Cagnazzi 2016), and are listed as
Vulnerable by the IUCN Red List (Parra et al. 2017a; Parra et al. 2017b). Coastal dolphins and
porpoises are highly susceptible to human activities and environmental change (Brooks et al. 2017;
Parra et al. 2006). Although we found small numbers of reported interactions overall (n=~27) for
the snubfin and humpback dolphin in Australia, almost 80% of these have resulted in death. Their
coastal distribution combined with small local population sizes (Bejder et al. 2012) is likely to
result in high negative impact even from irregular human-induced mortalities. The ongoing human-
induced fatality of vulnerable dolphin species observed here may be unsustainable and warrants
further investigation into population sizes and viability to determine the impacts of fisheries
interactions, particularly in net and shark control gear. Determining the level of bycatch that avoids
negative population impacts, however, is challenging, and additional methods could provide more
quantitative estimates for data-limited populations, such as reference point estimation and
simulation (Moore et al. 2013). Basic population data on life history or abundance, necessary to
calculate reference points, is lacking for the majority of cetaceans found in Australian waters, thus

our risk assessment provides the best evaluation given available data.

Fishing effort is typically the main factor influencing bycatch (Dans et al. 2003; Weimerskirch et al.
1997). Our findings corroborate this with lower bycatch associated with reduced effort in some
Commonwealth fisheries (e.g. Southern and Eastern Scalefish and Shark Fishery, Fig. S3b).
Although there are less fishers in some regions of Australia than historically (Wilkinson 2013), in
some regions effort may be increasing, such as the South Australian lobster fishery with now year-
round fishing (Linnane et al. 2017). It is likely that the explanatory power of the model for all
entanglement records would improve with the inclusion of state commercial fishery effort data,
given the strong and significant relationship shown between Commonwealth fisheries effort and
bycatch. Fisheries operations may be set to expand in other areas as well, for example salmon
aquaculture in Tasmanian waters (Atkin 2014; Kirkpatrick et al. 2017), increasing the risk of
interactions with dolphins and whales. More remote offshore areas are now being fished (Moore et
al. 2015), shifting the concentration of effort and increasing potential risk to pelagic cetacean
species. The size of recreational fishing boats is also increasing across most states of Australia
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(Lyle et al. 2014; West et al. 2016), and more advanced fishing technology is being used, resulting
in potential increases in the amount of gear in the water, which may increase risk of entanglement
for coastal species. Increases globally in the amount of gear deployed annually may also increase
the potential for entanglements and mortality from the transport of marine rubbish by currents
(Pauly et al. 2002), although our findings suggest the overall risk to cetaceans of entanglement in
inactive or otherwise floating gear across Australia historically has been considerably less than that
of commercial bycatch.

The trends shown in this study likely represent an under-estimate of the true interaction rate, and
true mortality rate, between cetaceans and fishing gear in Australian waters. This is because a large
proportion of injured or dead cetaceans may never be observed and/or recorded, especially
entangled animals moving through remote or offshore areas (Nemiroff et al. 2010) or dead animals
that drift away from the coast or that are eaten by scavengers. Recent investigations of whales along
the US east coast suggest many more animals are entangled than sightings or reporting would
suggest. In the Gulf of Maine, fewer than 10% of entanglements are reported when compared to
analyses of scars on whales in the region (Robbins and Mattila 2004). Furthermore, survival rate of
animals after disentanglement in fisheries gear can be low depending on the species, duration of
time entangled, handling techniques during rescue operations versus whether the species was able
to successfully disentangle themselves, and presence of predators in the water (Mazzuca et al. 1998;
Wells et al. 2008). Stranding records show that animals released from entanglement suffering
trauma or injury may not recover from the interactions, especially if not all gear is completely
removed. We show increasing interventions to release entangled animals may be reducing overall
mortality, with fewer fatal interactions in recent years compared to 20 years ago, however numbers
of still entangled animals continue to increase. There is substantial evidence from the northern
hemisphere that a significant proportion of entanglements of large baleen whales are ultimately fatal
if gear is left on the animal (Cassoff et al. 2011; Knowlton et al. 2012). By re-classifying all
unreleased records as fatal, we show the risk to cetaceans from entanglements may be much higher
than that quantified in this study, with three-quarters of entanglements resulting in death. Despite
the growing number of failed rescue operations observed here, due to the inherent challenges of
locating and disentangling far-ranging mammals at sea, the value of entanglement response must
not be discounted as it may result in the release of important individuals from highly endangered
populations, reduction of prolonged suffering for individual animals, and removal of fishing gear

which would otherwise remain as harmful marine debris in the ocean (Page et al. 2004).

We show density of human populations along the coast may be driving where and how many

entanglements are reported (Figs. 1a, S1). High concentrations of historical incidental records near

densely populated capital cities possibly reflects larger numbers of people both in and around the
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water, leading to higher report rates and greater recreational fishing effort, but also better
monitoring of cetaceans compared to remote regions, due to the presence and location of
conservation agencies, active community groups or whale watching companies (Nemiroff et al.
2010; Norman et al. 2004). Conversely, large geographic gaps in entanglement and bycatch records
shown alongside remote areas (Fig. S1) may be attributable to a lack of fisheries-independent
observers or other surveillance (Fig. 1a); lower or no fishing effort; inaccessibility, or a lower rate
of reporting entanglements, although this would be difficult to quantify. Public sightings of
entanglements in states with more remote regions such as Tasmania are unlikely unless from
fishers’ reports, thus actual interactions may be an order of magnitude higher, Although our
remoteness analysis accounts for some reporting bias, this method does not account for factors such
as the proximity of humpback migration corridors to major population centres and whether more
fishing occurs near major population centres, both of which would drive under-prediction in the

remoteness model.

There were uncertainties and limitations involved in this analysis. Heat maps are undoubtedly
useful for identifying locations of high rates of entanglements or capture in fixed fishing gear, such
as the interaction hotspots identified in this study in shark control gear along the east coast, trap
fisheries in the west (see also How et al. 2015), and aquaculture expansion in Tasmania. Spatial
fisheries bycatch data, however, were not provided by most jurisdictions across Australia and so are
not included in the maps. This means that the true extent of historical fishery-related impacts on
cetaceans is under-estimated. For example, large catches of cetaceans have occurred in Australian
state commercial fisheries, such as >200 delphinids caught in the Pilbara Trawl Fishery over the last
10 years, which extends across the north-west where coldspots were identified, but spatially
referenced bycatch data is unavailable. Similarly, >14,000 small cetaceans were caught as bycatch
in Taiwanese offshore gillnet fisheries during the 1980°s across the northern Arafura and Timor
Seas where coldspots were identified (Harwood and Hembree 1987), but this data was coarse and
lacked fine-scale species information. Furthermore, heat maps may not always be adequate for
guiding entanglement mitigation for far-ranging marine wildlife (Tulloch et al. 2015; Wilson et al.
2006), since initial interactions can occur a long distance from where the entangled animal is finally
sighted and reported (Bilgmann et al. 2011). For instance, an entangled whale found off the east
coast of Australia in an identified entanglement hotspot was trailing gear bearing strong similarities
with gear used in the Patagonian Toothfish Fishery in the Southern Ocean (pers. comm. Doug
Coughran). Thus the region where the entanglement report was made (central coast NSW) may not
represent a priority area for mitigation action in this case, and mitigation might need to focus on the

relevant Antarctic fisheries instead.

Implementation of better fishing practices, including gear modifications, for net gear in particular
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(including trawl, purse seine, and gillnets) may reduce the high rates of dolphin mortalities
observed in this study. Records from sardine purse seine fisheries off SA, within which high levels
of common dolphin bycatch have occurred historically (Bilgmann et al. 2011), highlight the
effectiveness of changing fishing practices on reducing dolphin interactions, whereby fatal
interactions were reduced by >97% (from 377 mortalities to <8) after the introduction of a Code of
Practice (Hamer et al. 2008). In the Commonwealth Northern Prawn Fishery more than 50%
reduction in dolphin and turtle bycatch has been achieved since 1998 as a result of effort reductions
and mandatory use of bycatch reduction devices and turtle excluder devices, in combination with
spatial and temporal closures (AFMA 2013; Fry and Miller 2013). Exclusion grids have also been
highly successful in reducing catches of bottlenose dolphins in the Western Australian Pilbara trawl
fishery (Stephenson and Wells 2008; Wakefield et al. 2014).

The most effective methods of reducing cetacean interactions with fishing gear are those that focus
on preventing the entanglements from occurring in the first place (Leaper 2016; Slooten and
Dawson 2010), which may require long-term multi-agency and multi-jurisdictional solutions
(Derraik 2002; Sheavly and Register 2007). Reduction or elimination of entangling gear out of
areas where high densities of vulnerable species occur, such as through spatial closures or effort
restriction, can be highly efficient in reducing fisheries interactions (Goldsworthy et al. 2010), but
may not always be cost-effective, particularly in areas where high-profit fisheries operate.
Nevertheless, reductions in effort in Commonwealth fisheries (Eastern Tuna and Billfish longline,
Commonwealth Trawl Sector [CTS] of the SESSF) due to fishery restructures may have driven
concomitant reductions in cetacean bycatch between 2006 and 2010 (Tuck et al. 2013), although
this may also reflect implementation of spatial and temporal closures in the CTS (AFMA 2014).
Recent increases in bycatch likely reflect an increased level of boat monitoring in the fishery
through both on-board observer and electronic monitoring (Helidoniotis et al. 2017). In the Gillnet
Hook and Trap sector of the SESSF, a rise in reported dolphin bycatch numbers (from 5 in 2008 to
55 in 2011) led to extensive spatial closures reducing bycatch by two-thirds the following year, and
subsequent successful implementation of a Dolphin Management Strategy in 2014, in which fishers
incur escalating management responses if dolphin bycatch occurs. Although numerous mitigation
measures have been tested and/or implemented globally to reduce risk of capture and mortality of
cetaceans in fishery gear (Read 2008; Reeves et al. 2005), these measures do not always work (e.g.
Harcourt et al. 2014; Pace et al. 2014). High ongoing entanglements of migrating baleen whales in
the Queensland Shark Control Program and of delphinids in the NSW program have not been
mitigated through deployments of acoustic alarms or ‘pingers’, which aim to reduce entanglements
(Dalton et al. 2017; Harcourt et al. 2014). In contrast, use of galvanic time releases by the rock
lobster trap fishery in NSW, which keep ropes submerged in the lower quarter of the water column
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for the majority of the time, may be keeping cetacean interactions with this fishery low (Werner et
al. 2006; Liggins 2018, pers. comm.).

The amount of effort invested into monitoring incidental entanglements around Australia has
improved in many jurisdictions over the last 10-15 years. However, entanglement databases in
Australia are currently managed on a state-by-state basis by separate agencies, without cross-
jurisdictional consistency or cohesiveness in recording information. The comprehensiveness and
accuracy of data collected by each agency on cetacean interactions with fisheries gear thus varies
considerably. In many cases, absence of detail in existing records made analysis challenging. Even
where records of wildlife are maintained, the quality and consistency of many records limits the
ability to compile data in a representative and meaningful way. Furthermore, there is no unified
system across Australia for reporting bycatch, nor is there an independent scientific observer
program to verify the accuracy of bycatch reporting for all commercial fisheries. Given historical
issues of inaccuracies in bycatch reporting by fisheries, our ability to understand and manage
entanglements would improve with implementation of standardised fisheries observer programs

across jurisdictions, including scrutiny of bycatch reporting.

Establishment of a national standardised recording procedure for entanglement incidents and open
access data sharing, including greater transparency of state-based commercial fisheries data, would
in part resolve issues in analysis identified in this study, as well as reduce potential duplication of
data between jurisdictions, and provide better information on outcomes. National and international
databases do exist (Atlas of Living Australia 2014; Australian Marine Mammal Centre 2016), but
information contained therein lack the breadth and depth needed to fully capture trends in changing
pressures on vulnerable species. Information that should be included in any recording of
entanglement incidents to enable better evaluation and assignation of the risk to cetaceans would
include accurate species identification (including photos for retrospective taxonomic checks),
location of reported entanglement and direction of travel of animal, identification of gear and source
(e.g. fishery) wherever possible (necessary to target mitigation), and importantly details of any
management response and the outcome of the response, including whether it was successful or not.
Collation of detailed information on the success of rescue operations is crucial to evaluate their
cost-effectiveness as well as look at welfare issues surrounding these responses. A significant
problem in analysing incidental entanglement data is an inability to identify the gear and
responsible fishery due to a lack of gear identification and/or low level of compliance with
requirements to put identification on gear. Given that more than one-quarter of incidental
entanglement records in this study could not be identified back to the fishery source, improved
initiatives such as collaboration with fishers and fisheries managers on implementing best-practice
methods to reduce gear loss on a state-to-state basis and improve the identification of fishing gear
24



820  debris from entanglements by responders are needed.
821
822  Conclusion

823  This study highlights issues relevant for all regions where cetaceans and fisheries co-exist,

824  including the importance of collecting complete, consistent and accurate long-term cetacean

825  entanglement and bycatch data in order to quantify the magnitude of threatening processes.

826  Cetacean incident records such as these can be a good reflection of the composition of wild

827  cetacean populations and the relevant pressures upon them, helping to pinpoint potential regions or
828  fishery types in need of more effective mitigation. We identify limitations in identifying trends in
829  cetacean interactions with fisheries gear from this data both at a local and national level, due to
830 inconsistencies in data collation methods and effort over time and space, low probability of

831  discovery at sea, and under-reporting. We recommend a national approach that includes

832  standardised recording of incidents between cetaceans and fisheries gear; liaising with fishers and
833  fisheries agencies to identify the source of entanglement; ensuring all tools available are used to
834  assess whether mortalities are linked to fishery interactions, and provision of adequate funding to
835  devise and implement effective mitigation wherever possible. Continued efforts to ensure better
836  accuracy and completeness of entanglement and bycatch data at a national level will improve its
837  value as a tool for monitoring cetacean interaction trends, which can be used to provide important
838 information both now and into the future on the status of threatened cetacean species.
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Figure captions

Figure 1. a) Map of Australia, identifying states and territories (NT = Northern Territory, WA =
Western Australia, SA = South Australia, QLD = Queensland, NSW = New South Wales, VIC =
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Victoria, TAS = Tasmania), and remoteness index on the land, where the darkest shade on land
indicates densely populated areas (major cities), through to the lightest grey which indicates very
remote areas; and hotspots of reported entanglements pooled for: b) all taxa and years, c) listed
threatened or migratory cetacean species, d) difference map of entanglement hotspots identifying
regions of higher baleen whale entanglements (orange) versus toothed whales or dolphins (green),
and e) recorded mortalities from entanglement, with highest number of dead or still entangled
entanglements in dark blue, and low mortality (<=1) in yellow. Hotspots are at a 12 degree

resolution, for all records with spatial data.

Figure 2. Number of entanglements per year for a) toothed whales and dolphins (light grey), baleen
whales (black), and unidentified species (dark grey), pooled, across all jurisdictions; b) showing the
best-fit model for data excluding fisheries bycatch, where the solid line is the smoother from the
final GAMM model and the shaded area represents the 95% confidence intervals, and the rugs on
the x axis represent years where data were available; and c) seasonal differences in the number of
entanglements for toothed whales and dolphins (grey) and baleen whales (black). Note the low

numbers in 2016 reflect incomplete records received for that year.

Figure 3. Average annual entanglement rate for each state/territory (NT = Northern Territory, WA =
Western Australia, SA = South Australia, QLD = Queensland, NSW = New South Wales, VIC =
Victoria, TAS = Tasmania, C’wealth = Commonwealth [Australia]), derived by dividing the
number of reported entanglements by the number of years since data has been regularly collected
(Supp. Table S1), for 1986-1995 (dark grey bars), 1996-2005 (light bars), and 2006-2015 (black
bars), for a) incidental reported entanglements state agency databases and International Whaling
Commission (IWC) records), and b) all records (including Commonwealth fisheries records and

commercial fisheries data where available). Note the different vertical axes.

Figure 4. Fate of cetaceans involved in entanglements, pooled across all jurisdictions, for all data
including incidental and vessel-based records (Commonwealth fisheries records from logbook
entries), showing a) the number of records for fatal entanglements (red squares), disentanglement
(green squares), and still entangled (blue triangles) by year, b) trends in these fates as a proportion
of total entanglements by year from 1990 when reporting effort increased, and c) linear regression
of rate of interventions relative to overall mortality showing increasing numbers of interventions

may be related to reductions in overall mortality.

Figure 5. Number of entanglements relative to gear type between 1990 and 2016 and animals’ fate,
35



for baleen whales (a), and dolphins and toothed whales (b). Records excluded for animals not

identified to suborder (n=31). Note different scales of the y-axis.

Figure 6. Proportion of each gear responsible for cetacean entanglements by state/territory (NT =
Northern Territory, WA = Western Australia, SA = South Australia, QLD = Queensland, NSW =
New South Wales, VIC = Victoria, TAS = Tasmania), for all entanglement data from 1887 to 2016.
Size of the chart is relative to the number of entanglement records for each State.

Table 1. Number of entanglements for each species and jurisdiction, from 1887 to 2016, including
live releases from fisheries, and listing under the IUCN Red List and EPBC Act (NA — Not
Assessed, DD- Data deficient, LC — Least Concern, NT — Near Threatened, VU — Vulnerable, EN —
Endangered; MC — Migratory Cetacean; CE - Cetacean listing only).

Table 2. Ecological risk assessment for species with historical entanglements in fisheries gear in
Australian waters, identifying species at high risk of entanglements (red) versus low risk (green).

See Supplementary Table S3 for inputs into quantitative assessment of entanglement data by gear

type.

Table 3. Management intervention, success, and fate of individual animals
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Tables 1-3
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Table 1

Name Species name IUCN | EPBC | Cwith® | NSW |NT| QIld | SA | TAS | VIC | WA | TOTAL
status | status

MYSTICETI (Baleen whales)
(families Balaenopteridae and Balaenidae)
Antarctic minke whale Balaenoptera bonaerensis DD MC 0 0 0 1 0 0 0 0 1
Blue whale Balaenoptera musculus EN EN, MC 1 0 0 0 0 0 1 0 2
Bryde's whale Balaenoptera edeni DD MC 0 0 0 0 0 0 0 1 1
Common minke whale Balaenoptera acutorostrata LC CE 0 2 0 0 0 0 0 1 3
Humpback whale Megaptera novaeangliae LC |VU,MC 2 159 | 0 | 106 1 9 9 150 436
Pygmy right whale Caperea marginata DD MC 0 0 0 0 1 0 1 0 2
Southern right whale Eubalaena australis LC EN, MC 0 4 0 0 4 5 5 10 28
Unidentified whale 1 0 1| 40 0 0 0 0 42
Mysticeti Total 4 165 1 | 147 6 14 16 | 162 515
ODONTOCETI (Toothed whales and dolphins)
Beaked whales (family Ziphiidae)
Strap-toothed beaked whale Mesoplodon layardii DD CE 0 0 0 0 1 0 0 0 1
Unidentified beaked whale 2 0 0 0 0 0 0 0 2
Toothed whales (families Kogiidae and Physeteridae)
Pygmy sperm whale Kogia breviceps DD CE 0 0 0 0 1 0 0 0 1
Sperm whale Physeter macrocephalus VU MC 35 0 0 0 4 0 0 0 39
Dolphins and small toothed whales (family Delphinidae)
Australian humpback dolphin | Sousa sahulensis VU |VU,MC 0 0 0| 27 0 0 0 0 27
Australian snubfin dolphin Orcaella heinsohni VU |VU,MC 0 0 2 | 13 0 0 0 0 15
Common bottlenose dolphin Tursiops truncates LC CE 4 25 0 7 0 6 0 48 90
False killer whale Pseudorca crassidens DD CE 1 4 0 1 0 0 0 1 7
Indo-Pacific bottlenose dolphin | Tursiops aduncus DD MC* 0 2 0| 18 45 0 3 0 68
Killer whale Orcinus orca DD MC 30 0 0 0 0 0 0 0 30
Long-finned pilot whale Globicephala melas DD CE 0 0 0 0 1 0 0 0 1
Melon-headed whale Peponocephala electra LC CE 5 0 0 0 0 0 0 0 5
Pantropical spotted dolphin Stenella attenuata LC MC 0 0 3 0 0 0 0 0 3
Pygmy Killer whale Feresa attenuata DD CE 1 1 0 0 0 0 0 0 2
Risso's dolphin Grampus griseus DD CE 0 1 0 0 0 0 0 0 1

1 Commonwealth fisheries records from logbook data only
*Arafura/Timor Sea population
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Short-beaked common dolphin | Delphinus delphis LC CE 28 35 0| 178 | 95 16 3 60 415
Short-finned pilot whale Globicephala macrorhynchus DD CE 21 0 0 0 0 0 0 0 21
Southern bottlenose whale Hyperoodon planifrons LC CE 1 0 0 0 0 0 0 0 1
Spinner dolphin Stenella longirostris DD CE 0 0 3| 11 0 0 0 0 14
Striped dolphin Stenella coeruleoalba LC CE 0 0 0 0 0 1 0 0 1
Undifferentiated bottlenose Tursiops spp.

dolphin 0 11 |12 | 52 5 0 1 85 165
Unidentified dolphin 187 33 0| 52 | 51 1 1 157 482
Unidentified pilot whale 0 0 0 0 1 1 0 0 2
Unidentified toothed whale 6 0 0 | 28 0 0 0 0 6
Odontoceti Total 321 112 | 20| 387 | 204 | 25 8 | 351 1428
Unidentified cetacean | 20 14 0 0 0 1 0 9 44
Grand Total 345 291 | 21| 533|210 | 40 | 24 | 522 1987




Table 2.

Shark -
Species Line Net Purse Seine| drumline |Shark - net Trap Trawl

Antarctic Minke Whale

Blue whale

g Bryde's whale

§ Common minke whale

= | Humpback whale
Pygmy right whale
Southern right whale
Common bottlenose dolphin
False Killer whale
Indo-Pacific bottlenose dolphin
Indo-pacific humpback dolphin
Killer whale

= Long-finned pilot whale

§ Melon-headed whale

E Risso's dolphin

O Short-beaked common dolphin

Short-finned pilot whale

Snubfin dolphin

Sperm whale
Spinner dolphin

Strap-toothed beaked whale

Striped dolphin




Table 3.

Alive, Alive, still
disentangled | entangled | Dead Unknown Total
INCIDENTAL/ :
OPPORTUNISTIC Action not recorded/could not be located 0 213 356 19 588
Disentanglement procedure engaged 136 50 6 1 193
Self-release 40 10 2 0 52
Total 176 273 364 20 833
BYCATCH/ Action not recorded 0 0 770 36 806
SYSTEMATIC
Disentanglement procedure engaged 346 2 0 0 348
Total 346 2 770 36 1154
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