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Globally, the bycatch of marine mammals in fisheries represents the greatest source
of human-caused mortality that threatens the sustainability of many populations and
species. The Australian sea lion (Neophoca cinerea) is an endangered species, whose
populations off South Australia (SA) have been subject to bycatch in a demersal gillnet
fishery targeting sharks since the 1960s. A comprehensive assessment was undertaken
of sea lion bycatch mortality that combined independent fishery observer data with
species distribution models (underpinned by satellite tracking, abundance data and
population modeling) to model the relationship between at-sea foraging effort and
bycatch rate. Combined with the distribution of fishing effort, these models enabled
the overall level of bycatch mortality to be estimated by age, sex and subpopulation,
facilitating population viability analyses that indicated most subpopulations were
declining, and subject to unsustainable levels of bycatch mortality. To reduce this
mortality, the Australian Fisheries Management Authority implemented an Australian Sea
Lion Management Strategy that included an independent observer program (ultimately
100% electronic monitoring of gillnet fishing off SA), permanent spatial gillnet closures
around all sea lion breeding sites, bycatch mortality limits that triggered temporal
(18 months) spatial closures when zone-specific bycatch trigger limits were reached,
and incentives for gillnet fishers to switch to an alternate fishing method (longlines).
The Strategy had immediate impacts on the fishery: it resulted in significant reductions
in gillnet fishing effort and on the reported bycatch of sea lions. In the next decade,
there was an estimated 98% reduction in sea lion bycatch mortality from gillnet
interactions and an apparent stabilization of the decline in sea lion pup abundances
at some impacted breeding sites. There was an almost complete transition in the
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fishery from gillnets to longlines, and fishing catches returned to pre-management
levels. The successful implementation of management measures to mitigate sea lion
bycatch mortality in the gillnet fishery off SA was rapid, science informed, adaptive,
comprehensive, and backed by strong compliance and monitoring of the fishery. It
provides an important case study which demonstrates how management measures
can be effectively applied to mitigate bycatch mortality of marine mammals and other
marine protected species.

Keywords: Australian sea lion, bycatch estimation, bycatch mitigation, bycatch management, gillnet fishery,
South Australia

INTRODUCTION

Incidental catch or bycatch in fisheries presents a major threat to
many marine species and is one of the most significant sources
of anthropogenic mortality of marine mammals (Read et al.,
2006; Sims et al., 2008; Lewison et al., 2009; Kovacs et al., 2012;
Komoroske and Lewison, 2015; Peltier et al., 2016, 2021; Gray and
Kennelly, 2018; Luck et al., 2020). Although marine mammals
are known to interact with most fishing gear types, interactions
with gillnets are particularly pervasive and a significant source
of marine mammal mortality (Read et al., 2006; Reeves et al.,
2013). Gillnet fishery interactions pose the principal threat to
many endangered small cetaceans (Brownell et al., 2019; Gulland
et al., 2020; Cisneros-Mata et al., 2021; Owen et al., 2021), and also
threaten many pinniped species (Hamer et al., 2011, 2013; Kovacs
et al., 2012; Cosgrove et al., 2016; Machado et al., 2016; Jounela
et al., 2019; Ramos et al., 2020). Although advances have been
made in mitigating interactions with many gear types (Hamilton
and Baker, 2019), interactions with gillnet fisheries continue
to pose some of the greatest management and conservation
challenges (Read et al., 2006; Reeves et al., 2013).

Australian sea lions (Neophoca cinerea) (ASLs) are
an endangered pinniped, endemic to southern Australia
(Goldsworthy, 2015; Goldsworthy et al., 2021). They are unique
among pinnipeds in having a non-annual breeding cycle
(∼18 months between successive breeding seasons) in which
breeding can occur at any time of the year, breeding seasons last
4 to 9+ months and occur asynchronously across the species
range (i.e., neighboring colonies can breed at different times).
Asynchronous breeding is thought to be maintained by extreme
philopatry and population sub-structuring that effectively makes
most breeding sites subpopulations (Campbell et al., 2008;
Lowther et al., 2012). The non-annual and asynchronous
breeding habit of ASL makes systematic monitoring of
their status and trends in abundance extremely challenging
(Goldsworthy et al., 2021). Despite pup births being spread over
many months, pup counts are still the main method to estimate
the number of pups produced in a breeding season, and for
monitoring changes in the status and trends of ASL populations
(Goldsworthy et al., 2021). Breeding season pup production is a
common measure of abundance in seals, because pups form the
only age-class that is easily identifiable (natal pelage), and most
pups are ashore at the end of a breeding season.

Australian sea lions are demersal foragers that are restricted
to continental shelf waters; a foraging strategy that increases

their likelihood of interacting with demersal gillnet fisheries
(Goldsworthy and Page, 2007). During the early to mid-2000s,
multiple lines of evidence suggested that interactions between
ASLs and the demersal gillnet sector of the Gillnet Hook and
Trap (GHAT) fishery off South Australia (SA) were a significant
threat to the species, including: anecdotal reports of bycatch from
some fishers (Shaughnessy et al., 2003); high incidence of sea
lions entangled in gillnet material (Page et al., 2004); substantial
overlap in fishing effort and sea lion foraging distributions
(Goldsworthy and Page, 2007) and population recovery at a major
breeding site following cessation of the fishery in the region
(Goldsworthy et al., 2014). Furthermore, a recent assessment
of status and trends in abundance of the species has indicated
that populations off SA have declined by 67% over the last four
decades, much of which may be attributable to historic bycatch
in gillnet fisheries (Goldsworthy et al., 2021).

In the late 2000s, a major study was undertaken to assess the
risk to ASL subpopulations from bycatch mortality in the GHAT
fishery. It: (i) assessed interaction rates through a dedicated
fishery observer program; (ii) developed species distribution
models using satellite tracking data; (iii) compiled spatial data on
the distribution of fishing effort and (iv) developed population
models from sea lion surveys and demographic data to assess the
likely impact from different levels of bycatch mortality on the
sustainability of ASL populations (Goldsworthy et al., 2010). The
study found that observed bycatch mortality rates were highly
correlated with estimated sea lion foraging effort (a proxy for
sea lion density at sea), enabling the estimation of the bycatch
mortality that would result from different spatial distributions
and levels of fishing effort. Population viability analyses (PVA)
indicated that most ASL subpopulations off SA were declining
and exposed to unsustainable levels of bycatch mortality. The
study concluded that further declines, subpopulation extinctions
and reductions in sea lion range would be likely unless bycatch
mortality was reduced (Goldsworthy et al., 2010).

In response to these findings, the Australian Fisheries
Management Authority (AFMA) introduced the Australian
Sea Lion Management Strategy in June 2010 (Australian
Fisheries Management Authority, 2010). Most of the core
management measures in the Strategy were developed and
refined in stages between 2010 and 2012 and included the
introduction of an independent observer program, permanent
spatial gillnet closures around all sea lion breeding sites,
bycatch mortality limits that triggered temporal spatial
closures, and incentives to switch to alternate fishing
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methods (longlines). The objectives of these measures
were directed toward enabling the recovery of the species
including all subpopulations (Australian Fisheries Management
Authority, 2010). The Strategy has now been in place for
over a decade, but its success in mitigating sea lion bycatch
and enabling the recovery of affected populations has
not been assessed.

The objectives of our study were to: (i) provide an
overview of the methods used to estimate seal lion bycatch
mortality in the GHAT fishery in the late 2000s and
revise species distribution models and estimates of bycatch
mortality and impacts on populations using updated
abundance information; (ii) detail the chronology of bycatch
mitigation measures developed and implemented as part
of the ASL Management Strategy between 2010 and 2012;
(iii) assess changes in fishing effort, bycatch mortality and
the size of the sea lion population since the introduction
of mitigation measures and (iv) evaluate the success of
the ASL Management Strategy in reducing bycatch and
enabling the recovery of sea lion populations. The steps
of estimating sea lion bycatch and population impacts,
implementation of bycatch management measures, and
evaluation following management, are presented below in
chronological order.

ESTIMATING SEA LION BYCATCH AND
POPULATION IMPACTS

Fishery Background
The fishery for shark in southern Australia extends back to early
European settlement in the 1800s and was enhanced during
the Second World War (Kailola et al., 1993). At that time the
fishery targeted school shark (Galeorhinus galeus) with longlines.
In 1964, monofilament gillnet was introduced and by the early
1970s gillnetting was the main fishing method (Kailola et al.,
1993; Larcombe and McLoughlin, 2007). Catch and effort records
exist for this fishery in SA and adjacent Commonwealth waters
since at least 1973, with catch of school shark peaking in 1987.
The fishery now targets gummy shark (Mustelus antarcticus) and
over the last decade and a half there have been efforts to reduce
the catch of school shark to allow its stocks to rebuild (Australian
Fisheries Management Authority, 2015b).

In 2001, an Offshore Constitutional Settlement (OCS)
transferred State management of school and gummy shark
in coastal waters (extending out to 3 nautical miles offshore,
excluding internal waters in bays and inlets) to AFMA (Larcombe
and McLoughlin, 2007). It is managed as part of the GHAT
fishery. The gillnet sector of the GHAT fishery is restricted to
depths shallower than 183 m.

Bycatch Assessment Approach
Bycatch rate (numbers of animals caught per unit of fishing
effort) is a common metric used to estimate the level of bycatch to
which a species is subjected (Sims et al., 2008; Moore et al., 2021).
Bycatch models may be improved, however, by incorporating
geographic information on species distribution at sea (e.g.,

species distribution models) and distribution of fishing effort,
as bycatch rates are often highly heterogeneous. ASLs are good
candidate species for this approach because they are a non-
migratory, breed colonially, undertake regular foraging trips to
sea and show strong philopatry to natal breeding sites (Campbell,
2003; Kirkwood and Goldsworthy, 2013). Furthermore, ASL
display a high degree of faithfulness to foraging locations and
foraging modes, with individuals settling on a mode of foraging
at a very young age (Lowther et al., 2011, 2012, 2013). ASLs
are demersal foragers and dive continuously to the seabed
throughout foraging trips (Kirkwood and Goldsworthy, 2013).

The assessment of bycatch impacts on ASLs from the gillnet
fishery off SA integrated data on subpopulation abundance (the
size and status of individual breeding sites/subpopulations can be
estimated from the number of pups born per breeding season
and demographic data, Goldsworthy et al., 2021) and foraging
data (satellite telemetry and diving data) to develop at-sea species
distribution models (SDMs), with most data obtained between
2000 and 2009 (Supplementary Tables 1, 2). Bycatch rates were
estimated from a sample of observed gillnet hauls (2006–2008,
see Hamer et al., 2013) and were then modeled in relation to
ASL foraging effort at the location of the observed hauls, derived
from the SDMs. This bycatch-rate estimation model was then
applied to estimate the expected yearly bycatch that would have
occurred from the spatial distribution of fishing effort between
2006 and 2009 (inclusive). Population viability analyses (PVA)
then assessed bycatch impacts on the sustainability of individual
subpopulations (see schematic in Figure 1).

Population Model Development
Subpopulation Pup Production
Information on the location and size (pup production) of ASL
breeding sites (subpopulations) within SA waters in 2010 was
based on Goldsworthy et al. (2010), with some modifications
including: removal of eight locations that are now recognized
not to be breeding sites [Bunda 1, 2, 4, Point Fowler (Camel
Foot Bay), Dorothee Island, North Islet, Cave and Black Points];
the addition of nine recently identified breeding sites (Bunda 09,
152, 155, Cap, Rocky (South), Little Hummock and Williams
Islands, Curta Rocks and the Western Isles), and revision of pup
production estimates for Nuyts Reef due to poor earlier surveys
(combined pup production revised from 15 to 112) (Goldsworthy
et al., 2021). This has increased the estimated ASL pup production
in SA in 2010 from 3,107 pups to 3,271 (5% increase) (see
Supplementary Table 1 and Supplementary Figure 1). Details
on survey methodologies are presented in Goldsworthy et al.
(2021).

Estimating the Size and Age Structure of Australian
Sea Lion Subpopulations
The size of individual ASL subpopulations including the number
of females and males was based on life-tables developed from
demographic data collected at the Seal Bay subpopulation on
Kangaroo Island (Goldsworthy et al., 2020). Age-specific survival
estimates at Seal Bay were based upon the resight/return rates
of 1,855 pups, microchipped across 11 consecutive breeding
seasons between 2003 and 2018 (Goldsworthy et al., 2020).
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FIGURE 1 | Schematic representation of the various components of data used, and the steps undertaken to develop the suite of models (population, species
distribution and bycatch rate estimation models) used to estimate the bycatch mortality of ASL and its impact on population sustainability.

Capture-history matrices were constructed from the re-sight
histories of individual sea lions over eleven cohorts. Re-sights
were grouped into 32, 6-month intervals (Summer/Autumn:
December to May and Winter/Spring: June to November).
Capture-history matrices were used as input files for the capture–
mark–recapture (CMR) program MARK (White and Burnham,
1999) to estimate survival and capture probabilities. As there were
limited data for animals older than 12 years, age-specific survival
estimates were restricted to animals < 12. RMark estimates of
mean survival were fitted to a fourth order polynomial model,
assuming a maximum longevity of 26 years for females and
21.5 years for males (McIntosh, 2007; Goldsworthy et al., 2020;
Supplementary Table 3).

Species Distribution Model Development
Satellite Telemetry Data
Satellite telemetry data from 210 instrumented ASLs provided
the raw data from which the spatial distribution of foraging
effort was modeled (Supplementary Table 2). These included
157 adult females from 17 subpopulations, 31 adult males from
8 subpopulations and 22 juveniles from 4 subpopulations. Data
amounted to 3,321 individual foraging trips (foraging trips are
discrete at-sea events between protracted periods ashore): 2,334
from adult females, 566 from adult males and 421 from juveniles
(Supplementary Table 2). Pup foraging was not included in
the analysis. Although the foraging abilities of pups develop
markedly from 6 to 18 months (Fowler et al., 2006; Lowther and
Goldsworthy, 2012), information about the distribution of their
foraging effort is limited. Telemetry data were derived from both
ARGOS linked platform transmitting terminals (PTTs), and fully

archival or archival/ARGOS linked GPS tags. A total of 100,934
satellite-derived locations were available for analysis.

Filtering and Analysis of Time Spent in Areas
Platform transmitting terminal satellite location data were
obtained through CLS ARGOS (Toulouse, France). The location-
class Z positions were omitted due to the magnitude of their error
(Sterling and Ream, 2004), leaving location classes B, A, 0, 1,
2, 3 for subsequent analyses. For GPS telemetry units, location
data were solved either using the LocSolve (Wildlife Computers,
Redmond, WA, United States) or Sirtrack (Havelock North,
New Zealand) software packages. The R statistical software
(version 2.8.1, R Development Core Team, R Foundation for
Statistical Computing, Vienna) and the Trip package (M. D.
Sumner, University of Tasmania, Hobart) were used to apply
a speed filter as described by McConnell et al. (1992) to
remove erroneous positions. The maximum horizontal speed
considered possible was 11.0 km/h. In order to remove all time
on land and restrict subsequent analyses to data on foraging
trips only, the departure and arrival times, and locations of
successive foraging trips were calculated following the methods
detailed by Goldsworthy et al. (2009).

To determine key areas used during foraging trips, a grid of
cells (1.5 km × 1.5 km, i.e., 2.25 km2) was developed using the
Trip package, and the amount of time that each sea lion spent
within each cell was calculated assuming a constant horizontal
speed between successive filtered locations and interpolated new
positions every 15 min. Numbers of original and interpolated
positions located within these cells were summed and assigned to
the central node. To ensure that different deployment durations
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recorded for different sea lions did not bias comparisons, the
amount of time spent in each cell was converted to a proportion
of the total time spent at sea for each individual, subpopulation
and or juvenile/adult (female/male) group (see examples in
Supplementary Figure 2).

Model Development
The spatial distribution of foraging effort of ASL subpopulations
throughout SA was estimated using statistical models. Alternate
approaches using general linear models and generalized additive
models were trialed but could not capture the over-dispersed
nature of the observations and resulted in unrealistic truncations
at natural limits to foraging distance and foraging depth.

Continental shelf and slope waters in SA were overlaid with
a 1 km × 1 km grid and the distance from each subpopulation
site to each node in the array was calculated. The depth at each
cell node was calculated using bathymetric data from GeoScience
Australia. For each subpopulation, the time spent at distance and
depth from the subpopulation site was examined using density
plots created within R. The fits of these density plots to the normal
probability function

f (x;µ, σ) =
1
√

2πσ
e
−

(
(x−µ)2

2σ2

)
,

and the gamma probability density function,

f
(
x; k, θ

)
= xk−1 e

−x
θ

θk0(k)
,

were examined using the MASS package. The means (µ) and
standard deviations (σ) were calculated for normal probability
distributions, while the shape (k) and scale (θ) functions were
determined for gamma distributions. The x variable represented
either distance (km) or depth (m). Where distance or depth
distributions appeared to be bimodal, mixed models of two
normal or gamma distributions were fitted using maximum
likelihood in R (MASS package). Where there was support for
two separate distributions, means and standard deviations were
estimated for each and the proportion that each distribution
contributed to the overall foraging distribution was calculated.

The probability of an animal from a given subpopulation
foraging in a particular cell was modeled as a continuous variable
on the range [0, 1]. The probabilities were calculated as the joint
probability (i.e., product) of distance and depth (using the means
and standard deviations, or shape and scale functions for the
normal or gamma probability functions, respectively), based on
the distance of the node from the subpopulation and its depth,
after standardizing each onto the range [0,1]. For adult females,
subpopulation models were used where tracking data from more
than two individuals were available. For all other subpopulations,
a combined model (all females) was used to estimate foraging
distribution. For adult males, pooled models were used to
estimate the foraging distributions for subpopulations in the
western Eyre Peninsula (West), Spencer Gulf and Gulf St Vincent
(Gulf), and Kangaroo Island regions (KI). Because data for
juveniles were limited, a pooled model for all subpopulations
was used. Models for depth and distance were assumed to be

independent. Each foraging model was constrained by the upper
limits of the observed distance and depth in the data on which
it was based, and coastal distance data were corrected to exclude
over-land routes.

Estimates of the proportion of time spent at sea by adult
females (0.517), adult males (0.580) and juveniles (0.471) were
based on those calculated by Goldsworthy and Page (2007).
Total foraging effort (seal days/year) was estimated as the
product of the number of individual sea lions in each age stage
and sex (Supplementary Table 3), the proportion of time at
sea and the number of days in a year. The distribution of
foraging effort was apportioned to each subpopulation based
on the proportion of pup production (relative to total SA pup
production, Supplementary Table 1), the number of individual
seals from each age stage and gender, and the proportion of time
they spent at sea. This enabled the estimation of total foraging
effort (seal days/year) for each subpopulation and its adult female,
male and juvenile components. The product of the adult female,
adult male and juvenile foraging probabilities at each node for
each subpopulation, and their total foraging effort, provided the
enumeration of the estimated spatial distribution of foraging
effort (seal days/year). For any 1 km × 1 km node in the array,
this enabled the estimation of total ASL foraging effort and the
proportion of that effort attributable to females and males from
any subpopulation.

To estimate the amount of time ASLs could be vulnerable
to bycatch in gillnets, which are set on the seabed and extend
only 3–4 m up into the water column, the seals’ diving behaviors
were assessed to determine how long they spent in this bottom
phase of each dive. ASLs typically maintain a relatively constant
bottom time duration independent of depth by increasing the
duration of dives (Costa and Gales, 2003). However, as descent,
ascent and inter-dive intervals increase with greater bottom
depths, bottom time may decrease. To account for the potential
effect of depth on bottom time, we examined data files from
time-depth recorder (TDR, MK-7 TDRs Wildlife Computers,
Redmond, WA, United States) deployments for 11 adult female
and four adult male ASLs. These were analyzed using Instrument
Helper (Version 1.0.0.5, Wildlife Computers) to derive dive
depth, duration, bottom time (set as the time spent deeper than
80% of the maximum depth of each dive) and inter-dive interval.
Percent bottom time in each dive cycle was then calculated as the
duration of bottom time, divided by the dive duration plus the
previous inter-dive interval. The effect of depth (log transformed)
on percent bottom time (complementary log-log transformed)
was examined using generalized linear mixed-effects models
(GLMMs), using the lme4 package in R. A function describing
how the proportion of bottom time varied with depth was
derived and applied to each node within the foraging distribution
model to provide an estimate of the total bottom (i.e., demersal
foraging) time. For any 1 km × 1 km node in the array, this
enabled the estimation of total ASL demersal foraging effort
during which sea lions were at risk from interactions with set
gillnets. As with overall foraging effort estimates, the proportion
of demersal foraging effort attributable to females and males from
any subpopulation for any node could be estimated. Foraging
effort models were visualized and then interpolated (triangular
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FIGURE 2 | Heat map representing the spatial distribution of gillnet fishing effort off SA, between 2006 and 2009 (inclusive, i.e., 4 years), with average annual effort
provided (net-sets, km, and km.hrs) (A); species distribution model (heat map) of ASL demersal foraging effort off SA based on estimated abundance in 2010,
showing the location of 48 breeding sites (green circles) (B). Bathymetry lines are indicated from light to dark blue (200, 500, 1000, 2000 m).

method) and plotted using MapInfo Pro AdvancedTM (Version
2019.3, Pitney Bowes Software Inc.).

Model Output
The SDM of the ASL population off SA emphasizes the
importance of shallow coastal waters adjacent to breeding
sites, and that the species’ foraging effort is restricted to shelf
waters (Figure 2). Details on the parameters of the normal
and gamma probability density functions used to model the
distributions of foraging effort, their assessment and evaluation,
are detailed in Goldsworthy et al. (2010).

Bycatch Impact Assessment
Independent Fishery Observer Program
Independent observers accompanied shark gillnet vessels in SA
shelf waters on ten trips between February 2006 and January
2008, with most trips undertaken between August and March
(Hamer et al., 2013). Observations were made from slightly
outboard of the gunwale to obtain an unimpeded view of the net
ascending vertically through the upper water column and onto
the net roller during net-hauls. This ensured that any sea lions
that could drop out of the net as it came out of the water were
recorded. Records were made of the time and location of each of
the 234 hauls, and the presence of drowned ASLs. Where possible,
the sex and age class of ASLs were recorded (Hamer et al., 2013).

Bycatch Rate Estimation Model
The latitude and longitude of net-sets were plotted onto the
species distribution model of ASL foraging effort, and the
foraging effort for each net-set was extracted using the point-
inspection feature in MapInfoTM. Observer data were then sorted
from least to most ASL demersal foraging effort days, and
then successive ranges (bins) in demersal foraging effort were
examined in terms of the number of ASL bycatch mortalities and
total fishing effort. Bycatch mortality rates for each successive bin
were then calculated in terms of net-set length (seals/km net-set)

and net-set length× soak-time duration (seals/km.hr net-set). An
unsupervised discretization approach examined different binning
options based on bins of equal length (range in demersal foraging
effort) or equal frequency (number of observed net-sets). Many
of these produced bin ranges or sample sizes that were too small
or did not contain bycatch mortality and hence precluded a
valid bycatch-rate calculation. Because of the low number of
observations at areas of high sea lion foraging effort, binning
based on equal sample sizes produced better model fits. Models
to examine how bycatch rate per unit of fishing effort varied in
response to sea lion demersal foraging effort were examined using
linear regressions.

Bycatch Estimation
Bycatch was estimated using two approaches. The first multiplied
the bycatch rates derived directly from the observer data by the
total fishing effort to provide a simple approximation of total
bycatch. For the second approach, we estimated ASL bycatch by
using the estimation model to predict bycatch rates for values of
demersal foraging effort estimated for each net-set location, and
then multiplied these rates by total fishing effort at that location.

The foraging distribution models of adult females, adult males
and juveniles enabled the total foraging effort at each node to be
apportioned by sex and subpopulation. From this it was possible
to estimate bycatch of each component for each subpopulation.
Based on the ASL life-table (Supplementary Table 3) and the
number of foraging days of juvenile, adult female and adult male
sea lions (Table 1), total female and male bycatch at any node
was calculated as the total adult female, or male bycatch plus the
proportion of juvenile bycatch estimated to be female (0.4141), or
male (0.5859), respectively.

To estimate ASL bycatch using the bycatch rate estimation
model, the location of each net-set was required. However, prior
to 2006, fishers only recorded catch and effort data within 1◦ × 1◦
blocks. In 2006, latitude and longitude recording of catch and
effort was mandated by AFMA. As such, the level of historic

Frontiers in Marine Science | www.frontiersin.org 6 February 2022 | Volume 9 | Article 799102

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-799102 February 10, 2022 Time: 16:25 # 7

Goldsworthy et al. Sea Lion Gillnet Fishery Bycatch

TABLE 1 | Estimates of the number of juvenile, adult female and adult male ASL in the SA population and the proportion of time spent at sea and onshore based on
satellite tracking data and their estimated overall total foraging and demersal foraging effort (seal days/yr).

ASL age/sex Estimated no. Proportion of time Foraging effort (days/yr) Demersal foraging effort (days/yr)

At sea Onshore

Juvenile 3,358 0.471 0.529 577,599 412,008

Adult female 3,582 0.517 0.483 676,158 357,440

Adult male 2,508 0.580 0.420 531,109 308,598

9,448 1,784,866 1,078,046

bycatch was estimated based on fishing effort data for the period
from the beginning of 2006–2009 inclusive (i.e., 4 years).

For this study, catch and effort data reported by latitude and
longitude (to the nearest minute) were provided by AFMA. Effort
data was reported in meters of net-set, and the duration of net-
sets (soak-time, in minutes) was estimated based on the recorded
time difference between the commencement of net-set to the
commencement of net-haul.

Bycatch Impact on Population Viability
Population viability analyses incorporating Leslie matrix data
for the Seal Bay subpopulation (Supplementary Table 4;
Goldsworthy et al., 2020) were used to model changes in the
abundance of all ASL subpopulations in SA through time,
using the RAMAS R© Metapop software (Version 3.0, Applied
Biomathematics, Setauket, New York; Akçakaya, 1998). Only the
female part of each subpopulation was modeled, so the estimated
numbers in the first stage (pups) equaled half of the estimated
pup production (assuming 1:1 sex-ratio at birth, Supplementary
Table 1). Final stage survival rates were set to zero, with a
standard deviation of 0.01 for all stage survival and fecundity
estimates to provide a measure of environmental stochasticity
(Akçakaya, 1998).

Density-independent PVAs were used to investigate the
potential impacts of different levels of bycatch on ASL
subpopulations. Individual subpopulations were modeled
separately and assumed to be closed (i.e., no immigration or
emigration). For ASLs, there is good evidence to support this
assumption, with population genetic data indicating that the
species demonstrates one of the highest levels of population
subdivision among pinnipeds, with very high levels of mtDNA
haplotype fixation among subpopulations (Campbell, 2003;
Campbell et al., 2008; Lowther et al., 2012). These findings
suggest that ASL females display extreme levels of philopatry,
with little or no interchange of females among breeding
colonies. Demographic stochasticity was simulated within
RAMAS R© Metapop, by sampling the number of survivors from
a binomial distribution and pups from a Poisson distribution
(Akçakaya, 1998).

PVAs were also used to investigate the potential implication of
additional bycatch mortality on the status of each subpopulation.
Conditional harvests within the population management feature
of RAMAS R© Metapop simulated the impacts of different levels
of fishery bycatch, defined as the proportion of the total number
of females aged > 1.5 years in a subpopulation removed
per breeding season (1.5 years). Conditional harvests select

only whole (integer) animals and select them from across
all ages > 1.5 years, relative to their abundance within the
subpopulation at the beginning of each modeled time step.

As the underlying rates of intrinsic growth are unknown for
most ASL subpopulations, the implications of different bycatch
rates were estimated for four intrinsic growth rates: 0%, 1%, 2%
and 3% per breeding season. The different population growth
models were simulated by adjusting relative survival levels
and then calculating the resultant population trajectory (100
replicates of 34 breeding cycles, or 49.5 years).

Population viability analyses were used to predict the impact
of different bycatch levels on future pup production. Non-
pup stages were excluded from population totals at each time
step to provide a time-series of estimated pup production for
each simulation, because pup production is the principal metric
used to estimate the status and trends in abundance of ASL
populations (Goldsworthy et al., 2021). These were expressed as
the exponential rate of increase (r), calculated from the slope of
the exponential regression of pup numbers over time (breeding
cycles); it was expressed as a percentage using the formula (er –
1)× 100.

Results of Bycatch and Population
Impact Assessment
Overlap in Spatial Distribution of Gillnet Fishing Effort
and Australian Sea Lion Foraging Effort
Annual fishing effort in the gillnet sector of the GHAT fishery
off SA increased from around 3,000–12,000 km of net-set per
year between 1973 and 1983, then to 43,000 km net-set in 1987.
Fishing effort then decreased annually to about 23,000 km net-
set in 1993 then increased to just over 32,000 km net-set in
1998. Annual fishing effort reduced in 2000 and remained at
about 19,000 km net-set through to 2010, before declining to
∼3,000 km net-set to the end of June 2021 (most of this east of
139◦ longitude, i.e., outside of the ASL Management zones, see
below) (Supplementary Figure 3).

The average annual fishing effort in the gillnet sector of the
GHAT fishery off SA between 1 January 2006 and 31 December
2009 (4 years) was 4,971 sets (range 4,467–5,612), 17,682 km
net-set (range 16,442–20,401) and 104,086 km.hr (range 92,213–
121,258) (Figure 2A). Length of net-sets ranged between 1.0 and
6.2 km, with the most common lengths being 4.2 km (78%),
1.8 km (9%), 3.5 km (4%) and 2.4 km (3%). Soak-times averaged
5.8 h (sd = 2.6, range 0–24.0) and the net length times duration
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TABLE 2 | Summary of the independent observer data collected in the shark
gillnet GHAT fishery between February 2006 and February 2008.

Observation Number Bycatch rates

ASL bycatch 12

Fishing trips 10 1.2 seals/trip

Observer days 146 0.082 seals/day

Net-sets 234 0.051 seals/net-set

km 944 0.013 seals/km

km.hrs 5,794 0.002 seals/km.hr

gave an average of 20.9 km.hrs per net-set (sd = 11.4, range 0.1–
102.0).

Based on estimates of ASL pup production in 2010 (3,271), the
total SA population size was 12,719, including 3,358 juveniles,
3,582 adult females, and 2,508 adult males (Table 1 and
Supplementary Table 3). The total seal lion foraging effort was
estimated to be 1,784,866 seal days/yr, or 1,078,046 demersal seal
days/yr (Table 1). There was almost complete spatial overlap in
gillnet fishing effort and sea lion foraging effort off SA in the
mid-late 2000s (Figure 2). The main exceptions are the absence
of fishing effort in the two gulfs and some of the coastal bays.
These near coastal areas became closed to the fishery in 2001
when management of the school and gummy shark fishery was
transferred from the State to the Commonwealth (Larcombe and
McLoughlin, 2007). The very high degree of overlap in the gillnet
fishing and sea lion foraging efforts is also apparent when effort is
compared relative to depth and the minimum distance from ASL
subpopulations (Supplementary Figure 4).

Observer Data
Observer data were collected over 146 sea days on ten trips
(Table 2). A total of 994 km of net was observed hauled during
234 net-sets (Hamer et al., 2013), which equated to 19% of
the total gillnet fishing effort over the 2-year program, or 37%
of mean annual fishing effort. Twelve ASL bycatch mortalities
were recorded; 10 (83%) of the dead sea lions dropped-out
of the gillnet before or on contacting the net roller, as they
ascended from the water (Hamer et al., 2013). The two (17%)
dead sea lions that made it onto the deck of the vessel were
small juveniles (one female, one male). Eleven of the 12 sea
lions could be sexed, nine were female (6 adult, 3 juvenile) two
were male (1 adult, 1 juvenile) and one juvenile was unable
to be sexed (Hamer et al., 2013). The bycatch mortality rates
based on the pooled observer data equated to 0.0513 seals/net-
set, 0.0127 seals/km and 0.0021 seals/km.hr net-set (Table 2).
Although the observer effort was largely collected from fishing
activity off the western and lower Eyre Peninsula (Figure 3), the
distribution of observer data relative to fishing depth and ASL
foraging effort was representative of that of the broader fishery
(Supplementary Figure 5).

Bycatch Rate Estimation Model
Using the species distribution model, sea lion foraging effort was
estimated at the locations of the 234 independently observed net-
sets (Figure 3). The expectation was that sea lion bycatch per unit
of fishing effort would increase with increasing demersal foraging

effort (the probability of encountering sea lions) (Figure 3).
Because the percentage of net-sets observed was low and there
was a large variation in underlying demersal foraging effort (0–
44 d), individual observed net-sets were binned by increasing
foraging effort. Five models were compared, with bin size ranging
from four to eight (Table 3). The sample size (number of net-
sets observed) within each bin was approximately equal for each
model. Bycatch rate (seals/km and seals/km.hr) was significantly
related to the underlying likelihood of encountering sea lions
(demersal foraging effort) for all models (Table 3), was strongly
linear and there was support for models with regression lines
passing through the origin (Figure 3). This enabled the slopes of
all models to be easily compared (Table 3). Model fits to variable
bin numbers and sample sizes were examined, with the optimum
derived from a 5-bin model (Table 3 and Figure 3). The statistical
strength of these relationships supports the use of linear models
to estimate the likely level of sea lion bycatch that would result
from any level of fishing effort for any location.

The 1 km × 1 km array of ASL foraging effort contained
258,235 nodes where demersal foraging effort was> 0 (maximum
value 687 seal days/year). Demersal foraging effort at the
locations of the 234 observed net-sets ranged from 0–44 seal
days/year, with only 1.3% of the 1 km × 1 km array nodes
exceeding 44 seal days/yr. As no data were available to determine
if the rates of sea lion bycatch per unit of fishing effort were the
same as those described above in regions with > 44 seal days/yr,
an upper limit of demersal foraging effort was set to the mean
and± 95% CL for 44 seal days/yr. This approximation will likely
under-estimate the bycatch mortality rate in areas of very high
ASL demersal foraging effort.

Estimated Sea Lion Bycatch
Based on vessel-observed ASL bycatch rates and the average
level of fishing effort prior to bycatch mitigation efforts (2006–
2009 inclusive), the annual bycatch mortality of ASLs in
the gillnet (GHAT) fishery off SA was estimated to be 225
based on a bycatch rate of 0.0127 seals per km net-set, and
216 based on a bycatch rate of 0.0021 seals per km.hr net-
set (Table 4).

Based on the spatial distribution of fishing effort between
2006 and 2009, and the km.hr net-set model, the average annual
ASL bycatch using the bycatch rate estimation method was 242
(209–278 ± 95% CL, Table 4). Annual and per-breeding cycle
bycatch estimates for the km net-set models were about 18%
higher than the km.hr net-set models. Bycatch estimates using
the latter models are expected to be more accurate, given that
the risk of bycatch is a function of both the net-set length and
soak-time duration. Female ASLs accounted for 51% of the total
estimated bycatch mortality, with an estimated bycatch of 125
(108–143, ± 95% CL) annually, or 182 (157–209) per breeding
cycle (Table 4).

Bycatch Impact on Population
Sustainability
Based on the ASL life-table with stable (0%) intrinsic growth,
natural mortality of females > 1.5 years of age is 17.5% per
18 month breeding cycle. With the addition of the estimated
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FIGURE 3 | Distribution of observed net-sets (open circles) in the gillnet sector of the GHAT fishery off SA relative to the species distribution model of ASL demersal
foraging effort (A). Colony locations (green circles) and the expected relationship between the probability of encountering sea lions and the bycatch rate per unit of
fishing effort are indicated. (B) Linear model of the observed bycatch rate per unit of fishing effort and estimated ASL demersal foraging effort for the optimal 5-bin
model (B1-B5), including box-plots to illustrate the sample size (observed net-sets) and foraging effort range differences of successive bins (blue circles are the data
points underpinning the regression, 95% CL shaded).

level of female bycatch mortality (based on fishing effort between
2006 and 2009, inclusive), these rates increase by 3.6% (3.1–
4.1%,± 95% CL) to 21.0% (20.5–21.6%,± 95% CL), representing
a 20.5% (17.6–23.5%,± 95% CL) increase above natural mortality
levels in a stable population.

Between 2006 and 2009 (inclusive), an average of 2.6% (2.2–
3.0% ± 95% CL, range 0–9.2%) of females (>1.5 years) in each
subpopulation was estimated to have been lost to gillnet bycatch
mortality per breeding cycle, assuming stable population growth.

Estimated impacts of bycatch on each subpopulation under
different intrinsic growth scenarios (0, 1, 2, and 3%/year) vary
markedly, with those off West Coast and southern Eyre Peninsula
and in the Kangaroo Island region, expected to have the greatest
rates of decline (Figure 4). Subpopulations within Spencer
Gulf were least impacted as there was limited overlap between
foraging distributions and fishing effort. Under the stable (0%)
growth scenario, 92% of subpopulations were estimated to be
in decline, including all subpopulations that overlapped with

the fishery, with average growth rates of −3.5%/year (−4.1 to
−2.4% ± 95% CL, range −20.1 to 0.0%). With a 1% growth
scenario, 52% of subpopulations were estimated to be in decline,
with average growth rates of −1.8%/year (−2.4 to −0.9% ± 95%
CL, range −18.9 to 1.0%). With a 2% growth scenario, 40% of
subpopulations were estimated to be in decline, with average
growth rates of−0.1%/year (−0.6 to 0.6%± 95% CL, range−16.3
to 2.0%). With a 3% growth scenario, 13% of subpopulations were
estimated to be in decline, with average growth rates of 1.5%/year
(1.1–1.9 to %± 95% CL, range−9.4 to 3.0%) (Figure 4).

IMPLEMENTATION OF BYCATCH
MANAGEMENT MEASURES

A timeline of the key bycatch mitigation and management actions
implemented as part of the ASL Management Strategy between
2010 and 2013 by AFMA is presented in Box 1.
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TABLE 3 | Statistical and model coefficient outputs for alternate bycatch estimation models based on the number of data bins and their expression in terms of fishing
effort (km and km.hrs).

Model Seals/km net-set/demersal foraging effort Seals/km.hr net-set/demersal foraging effort

Slope −95%CL +95% CL P r2 Slope −95%CL +95% CL P r2

4-bin 0.00253 0.00148 0.00359 <0.05 0.95 0.00042 0.00025 0.00060 <0.05 0.95

5-bin 0.00289 0.00176 0.00402 <0.01 0.93 0.00048 0.00029 0.00062 <0.001 0.93

6-bin 0.00287 0.00182 0.00392 <0.01 0.91 0.00045 0.00029 0.00062 <0.001 0.91

7-bin 0.00265 0.00214 0.00316 <0.001 0.96 0.00042 0.00034 0.00050 <0.001 0.97

8-bin 0.00278 0.00206 0.00351 <0.001 0.93 0.00044 0.00032 0.00055 <0.001 0.92

Mean 0.00275 0.00148 0.00402 0.00044 0.00025 0.00062

Opt. bin 0.00313 0.00251 0.00375 <0.001 0.98 0.00045 0.00039 0.00052 <0.001 0.99

Comparison of the slope coefficients (±95% CL), significance (P) and r2 are presented, as is the mean slope coefficients of the 4-8-bin models (±95% CL). Opt. bin is the
optimal bycatch rate estimation model derived from a 5-bin model with variable sample size (see Figure 3).

TABLE 4 | Estimated ASL bycatch mortality in the gillnet sector of the GHAT
fishery off SA based on observed rates of bycatch calculated from seals/km
net-set (0.0127) and seals/km.hr (0.0021); and based on bycatch rate estimation
(seal/km net-set and seals/km.hr), net-length (km) and
net-length × soak time (km.hrs).

Method Estimated bycatch mortalities

Annual bycatch Breeding cycle bycatch

Observer-based (km) 225 337

Observer-based (km.hr) 216 323

Model-based (km) Females 147 (117–176) 214 (171–256)

Males 139 (111–167) 203 (162–243)

Total ASL 286 (229–343) 417 (334–500)

Model-based (km.hr) Females 125 (108–143) 182 (157–209)

Males 118 (102–135) 172 (148–197)

Total ASL 242 (209–278) 353 (306–406)

Bycatch mortality based on bycatch rate estimation relates to the actual distribution
and level of fishing effort between 1 January 2006 and 31 December 2009.
Bycatch mortalities have been estimated on an annual and per breeding cycle
(1.5 year) basis.

Prior to the release of a report in April 2010 detailing
unsustainable levels of ASL bycatch in the gillnet sector of
the GHAT (Goldsworthy et al., 2010), AFMA undertook
an observer program off SA (July 2009 to June 2010) that
included sea lion specific observer protocols (100% of net-
hauls observed to check for drop-outs). This included 108 sea
days and 109 net-hauls (Australian Fisheries Management
Authority, 2010). In December 2009 the gillnet fishing
industry also introduced voluntary gillnet closures, 4 nm
(7.3 km) in radius around all 48 known ASL breeding
sites in SA (Australian Fisheries Management Authority,
2010).

In June 2010, AFMA implemented the ASL Management
Strategy (Box 1). Key elements included increased independent
observer coverage set at 11% of net sets within each of
seven management zones (A-G) and formalizing the 4 nm
fishery closures around all ASL colonies in SA (Baseline
Closures), increasing the radius of closures to 6 nm
(11.1 km) and 8 nm (14.8 km) around a number of ASL

breeding sites estimated to be exposed to higher levels
of bycatch mortality in the fishery (Goldsworthy et al.,
2010) and additional 4 nm strip closures along the Bunda
Cliffs and south coast of Kangaroo Island (Australian
Fisheries Management Authority, 2010; Box 1). To reduce
the incidence of bycatch in the areas open to the fishery,
AFMA introduced bycatch mortality limits across each of
the seven management zones that would trigger temporal
spatial closures for the remainder of the financial year
when zone-specific bycatch trigger limits were reached.
Zone bycatch trigger limits ranged from 3–6 ASL per season
with an overall trigger limit of 15 ASL for all of SA, based
on 11% observer coverage. If 15 or more ASL mortalities
were observed in a season, the remaining areas of the
fishery would be closed until the end of the fishing season
(Australian Fisheries Management Authority, 2010).

In May 2011, in response to under-reporting of marine
mammal interactions by some fishers, AFMA introduced its Sea
lion Temporary Order 1 (TO1). It increased observer coverage
to 100% within an “Australian Seal Lion Management Zone”
(SA coastal waters between 129◦ and 139◦ east longitude),
either using on-board observers or electronic monitoring systems
(EMS) that were being introduced into the fishery at the
time. With observer effort increasing from 11 to 100%, the
per zone observed trigger limits were increased to 3–16 ASL
per season, with an overall trigger of 52 females or 104
ASL in total. The radius of some gillnet fishing closures
around sea lion breeding sites were increased to 11 nm
(20.4 km), including extension of the Bunda Cliffs and Kangaroo
Island strip closures. In addition, TO1 gave affected fishers
the option to switch to hooks (demersal longlines) in areas
closed to gillnets, with 10% (rather than 100%) observer
coverage (Box 1).

In September 2011, following 49 dolphin interactions
in the previous 12 months, AFMA enacted a Dolphin
Temporary Order which introduced a dolphin gillnet
closure (27,239 km2) between Kangaroo Island and Cape
Jaffa (see location in Box 1). A Dolphin Observer Zone was
introduced in waters adjacent to the closed area that required
100% observer effort when using gillnets (Box 1). As with
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FIGURE 4 | Estimated ASL subpopulation growth rates (±95% CL) based on the estimated bycatch mortalities resulting from the distribution of fishing effort in the
gillnet GHAT fishery off SA from 2006 to 2009 (inclusive). Subpopulation growth rates are estimated for 34 breeding cycles (∼50 years) for four different intrinsic
annual growth-rate scenarios (0, 1, 2, and 3%). Four regions are identified: West Coast, Southern Eyre Peninsula, Spencer Gulf and Kangaroo Island.

TO1, affected fishers were given the option to switch to
longlines in gillnet closures, with 10% observer coverage. In
November 2011, a second Sea lion Temporary Order (TO2)
commenced that effectively extended the ASL gillnet fishery
closures and required 100% observer coverage from TO1
until April 2013.

Following consultation with marine mammal experts and
other stakeholders, AFMA introduced several changes to the
bycatch trigger limits and management zones in January 2012.
These included a marked reduction in the per zone bycatch
trigger limits to 1–5 ASL per fishing season with an overall trigger
limit of 15 ASL, and with zones closed for 18 months from the
time the trigger limit was reached (instead of for the remainder of
the fishing season). In addition, two zone boundaries (B/C, C/D)
were modified to be almost perpendicular to the coast (Box 1).
Following these management changes and the bycatch mortality
of seven ASL over a 4-month period, three zone closures were
triggered: Zone A (1 ASL death; closed Feb 2012, reopened May
2013); Zone B (3 ASL deaths; closed Mar 2012, reopened Aug
2013) and Zone D (1 ASL death; closed Apr 2012, reopened Aug
2013). Single ASL bycatch mortalities were reported for Zone C
(trigger limit of 2 ASL) and Zone E (trigger limit of 2 ASL), with
their zone trigger limits reset to zero in May 2012.

In April 2013, AFMA extended the TO1 gillnet fishing
closures and added new radial closures around two newly
detected ASL breeding sites at Cap and Rocky (South)
Islands. Since then, two management zones were triggered
and subjected to temporal closures: Zone C (2 ASL deaths;
closed Jan 2016, reopened Jun 2017) and Zone D (1 ASL
death; closed Sep 2017, reopened Mar 2019) (Box 1).
The permanent spatial closures to gillnet fishing off SA

introduced between 2010 and 2013 covered a combined area
of 18,500 km2 (Australian Fisheries Management Authority,
2015a).

EVALUATING SUCCESS OF THE
AUSTRALIAN SEA LION MANAGEMENT
STRATEGY

Impact of Management Actions on
Fishing Effort and Estimated Australian
Sea Lion Bycatch Mortality
Using the methods developed to quantify ASL bycatch mortality
(section “Estimating Sea Lion Bycatch and Population Impacts”),
fishing effort data from 1 January 2006 to 30 June 2021 were
used to estimate changes in ASL bycatch in the gillnet sector of
the GHAT fishery off SA (i.e., estimating ASL demersal foraging
effort for each net-set location, and with net soak time, applying
the bycatch rate estimation model to estimate sea lion bycatch
mortality) and concomitant changes in effort of the gillnet and
the longline fisheries.

The introduction of management measures to mitigate ASL
bycatch (largely through the ASL Management Strategy) had
immediate effect on gillnet fishing effort and ASL bycatch
mortality (Figure 5). Within 2 years of the implementation of the
ASL Management Strategy, gillnet fishing effort had reduced by
80%, and ASL bycatch mortality had declined by an estimated
84% (Figure 5). By June 2021, gillnet fishing effort had declined
by 95% off SA (and by 98% within the ASL Management
Zone), and estimated ASL bycatch mortality had declined by
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BOX 1 | A schematic of the key bycatch mitigation and management actions implemented as part of the ASL Management Strategy between 2010 and 2013.

98% from pre-bycatch management levels. Concomitant with
the management restrictions on gillnets, the use of demersal
longlines increased fivefold over pre-bycatch management levels

(Figure 5). Despite these marked changes in fishing effort
and gear type, the catch of the main target species (gummy
shark) taken within the ASL Management Zone was similar in

Frontiers in Marine Science | www.frontiersin.org 12 February 2022 | Volume 9 | Article 799102

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-799102 February 10, 2022 Time: 16:25 # 13

Goldsworthy et al. Sea Lion Gillnet Fishery Bycatch

FIGURE 5 | Changes in gillnet and longline fishing effort and estimated ASL
bycatch relative to average pre-management levels (2006–2009, inclusive) in
the GHAT fishery off South Australia. Time periods are highlighted for before
and after implementation of bycatch management.

2020/21 to that in 2009/10, the year prior to the implementation
of the ASL Management Strategy (264,342 and 265,038 kg,
respectively). Over this time, the portion of the catch taken by
gillnets declined from 96 to 2%, while the portion of the catch
taken using demersal longlines increased from 4 to 98%.

Impact of Management Actions on
Australian Sea Lion Bycatch
Reported interactions with seals in the GHAT fishery off SA
since the introduction of 100% monitoring of fishing effort in
2011 (by observers, electronic monitoring and vessel logbooks)
declined consistently (Figure 6). The species of seals recorded
interacting with fishing activity by fishers in their logbooks,
or recorded through EM is not always reliable, but it is likely
that most were ASL. In 2011 and 2012, a total of 11 and 10
interactions were recorded, respectively, and following the 18-
month closures of three ASL Management Zones in 2012, only
one seal interaction was reported. When these three zones re-
opened, seal interactions increased to eight in 2014, and steadily
declined thereafter.

Impact of Management Actions on
Change in Sea Lion Abundance
Although the ratio of pups to total population varies in relation
to a pinniped’s population status (declining, stable, increasing),
monitoring changes in pup numbers over time still provides
an valid index of change in population growth (Berkson and
DeMaster, 1985). The data on pup abundance for ASL breeding
sites off SA is patchy, with time-series data only available
for a subset of breeding sites and for variable time periods
(Goldsworthy et al., 2021). To assess if there has been a change
in population abundance prior to and following the introduction
of bycatch mitigation measures in the GHAT fishery off SA,
we compared the total pup abundance from a subset of 12
ASL breeding sites from the area of the fishery (Spencer Gulf
populations excluded) that had been surveyed in each of three

FIGURE 6 | Changes in the total pup abundance from 12 monitored ASL
breeding sites in the area of the GHAT fishery off South Australia across three
main survey periods: the mid-2000s (2004–2006), mid-2010s (2014–2015)
and the late 2010s (2019–2020). Data for a subset of these sites on the west
coast of the Eyre Peninsula (West Coast sites) are also presented. Both data
sets are fitted to a second order polynomial. The reported number of
interactions with seals in the GHAT fishery off SA since the introduction of
100% monitoring of fishing effort (2011) (by observers, electronic monitoring
and vessel logbooks) are also presented.

main surveys conducted in the mid-2000s (2004–2006), the mid-
2010s (2014–2015) and the late 2010s (2019–2020). Total pup
numbers declined by 26.6% between the mid-2000s and mid-
2010s. This decline appeared to have been arrested by 2020, with a
1.5% increase in pup numbers between 2015 and 2020 (Figure 6).
The strongest indication that the decline had been arrested came
from the west-coast Eyre Peninsula breeding sites that made up
most (75%) of the monitored breeding sites. These sites showed a
34.5% decline between the mid-2000s and mid-2010s (701–459)
then increased by 5.2% up to 2020 (Figure 6).

DISCUSSION

Estimating Pre-management Bycatch
and Its Impact on Australian Sea Lion
Populations
This study confirms previous reports indicating that high
levels of bycatch mortality of ASL occurred in the demersal
gillnet sector of the GHAT fishery off SA, prior to the
introduction of management measures to mitigate bycatch in
2010 (Goldsworthy et al., 2010; Hamer et al., 2013). The level
of bycatch mortality impacting most subpopulations then was
likely to be unsustainable and may have led to subpopulation
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extinctions and reductions in sea lion range unless the bycatch
mortality was reduced.

This study provides a unique and comprehensive assessment
of bycatch impact that combined independent observer data
with species distribution models (underpinned by extensive
satellite tracking, abundance data and population modeling),
enabling the relationship between sea lion foraging effort and
observed bycatch rate to be modeled. These models allowed
sea lion bycatch to be estimated across the fishery, the
impacts on subpopulations to be assessed, and the potential
benefit of alternate management options (gillnet fishing closures,
redistribution of fishing effort) to be evaluated (Goldsworthy
et al., 2010). Results were clear and compelling and drove prompt
management action. The approach provides a good example of
how spatial analyses of marine megafauna movement data can be
used to inform marine spatial management (Sequeira et al., 2019).
Although species distribution models have been used previously
to identify potential bycatch hotspots (Thorne et al., 2019), this
study is unique in demonstrating that foraging effort (encounter
probability) correlates with bycatch rate. Moreover, the results
enabled the development of bycatch rate estimation models that
were used to estimate bycatch across the fishery, and inform
management options (Goldsworthy et al., 2010).

Spatial analyses indicated almost complete overlap between
the distributions of ASL foraging and gillnet fishing effort with
most of the pre-management fishing effort occurring within
the depth and distance limits of foraging sea lions. The only
subpopulations where overlap was likely to be low were in
southern Spencer Gulf, which was closed to the GHAT fishery in
2000. Using the bycatch rate estimation model, average annual
bycatch mortality of sea lions in the late-2000s, using updated
population data, was estimated to be 242 (209- 278); very similar
to that estimated by Goldsworthy et al. (2010) (256 sea lion per
year, 187–347). These values are about 12–18% higher than those
obtained using a simple multiplication of vessel-observed bycatch
rates with total fishing effort and are likely to be more accurate
because they consider the spatial heterogeneity in interaction
probability. They are also about 15% greater than the estimate of
Hamer et al. (2013) (193–227 per year) based on fishing effort off
SA between 2000 and 2008. Bycatch mortality was estimated to
increase total mortality (natural + bycatch mortality) by ∼20%
(assuming stable intrinsic growth), and to have contributed
significantly to the decline in many ASL subpopulations (e.g.,
40–92% of subpopulations in decline with intrinsic growth rates
ranging from 0–2%/year).

The impacts of bycatch mortality on the sustainability of
ASL populations off SA have likely been substantial, given
the levels of historic gillnet fishing effort and the absence of
management regulations to reduce bycatch for almost 50 years
since gillnets were introduced into the fishery in 1964 (Kailola
et al., 1993; Larcombe and McLoughlin, 2007). Total fishing effort
in the late 1980s and early 1990s was more than double the
mean fishing effort between 2000 and 2010 when bycatch of
ASL (pre-management) was assessed (Supplementary Figure 3).
The distribution of ASL abundance across the species’ range
is notably uneven, with small subpopulations next to medium
and larger sites and no apparent spatial pattern (Goldsworthy

et al., 2021). This marked within-region heterogeneity in the size
and trends in subpopulations likely reflects variability in natural
and anthropogenic factors at a local scale (Goldsworthy et al.,
2021). Pronounced inter-site and inter-individual differences in
foraging strategies, identified from tracking studies (Lowther and
Goldsworthy, 2011) potentially facilitate the shaping of within-
region differences in population dynamics. Vulnerability to
bycatch mortality is tightly coupled to the foraging distributions
of individual sea lions. As such, subpopulations and individual
sea lions with foraging distributions that closely match the
distribution of fishing effort are likely to have been highly selected
against over multiple decades of interactions with the gillnet
fishery, potentially shaping the uneven distribution of abundance
and the prevalence of small and declining subpopulations
(Goldsworthy et al., 2021). Evidence from this study suggests
that sequential depletion of ASL subpopulations from bycatch
mortality in the gillnet fishery is likely to have contributed
significantly to the marked (>60%) decline in the species
abundance over the last 40 years, and to their Endangered status
(Goldsworthy, 2015; Goldsworthy et al., 2021). Our analyses
support the assessment of Goldsworthy et al. (2020) that historic
(pre-management) bycatch in the gillnet fishery could explain an
up to 7%/year decline in ASL numbers off SA.

As significant as historic (pre-management) bycatch levels
have likely been, our analyses probably underestimated the
magnitude of bycatch mortality in the gillnet fishery and its
impacts on ASL populations. Our observer program recorded 10
of the 12 (83%) observed sea lion bycatch mortalities to drop out
of the gillnet before reaching the net roller and deck. Based on
this, fewer than 20% of bycaught animals could reach the deck of
fishing vessels. The body size of ASLs caught in gillnets is likely to
be the main factor determining the likelihood of dropping out, as
the two animals observed to reach the deck were small juveniles.
It is likely that an additional portion of bycaught sea lions drop
out below the surface as the net tension increases during hauling
operations. These would be undetectable to an observer on the
vessel. The extent of sub-surface drop-outs, or cryptic mortality
is unknown but its contribution to overall bycatch mortality
could be significant. If cryptic bycatch contributed an additional
5–10% bycatch mortality, the implication for the sustainability
of ASL populations would be substantial. A number of studies
have attempted to estimate cryptic bycatch mortality of marine
mammals, mostly of small cetaceans (Moore et al., 2021). Cryptic
sources of fishing mortality are not just an issue for marine
mammal bycatch and its estimation can be very challenging
(Gilman et al., 2013).

Key Management Actions
Following the release of a report detailing unsustainable levels
of ASL bycatch in the gillnet sector of the GHAT off SA
(Goldsworthy et al., 2010), AFMA’s implementation of the ASL
Management Strategy had immediate impacts on the fishery.
It resulted in significant reductions in fishing effort (especially
in proximity to sea lion breeding sites) and on the reported
bycatch mortality of sea lions. In the decade since these
measures were introduced, there has been an almost complete
transition to alternate fishing gear (gillnets to longlines), a
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reduction in the numbers of reported ASL interactions and an
apparent stabilization in pup abundances of some impacted ASL
populations. Key elements of the ASL Management Strategy that
have reduced the bycatch of ASLs are discussed below.

Independent Observer Program
The comprehensive observer program developed through the
ASL Management Strategy has arguably underpinned the success
of the other measures introduced to reduce the bycatch mortality
of ASLs. Following introduction of the Strategy, independent
observer coverage was set at 11% of net sets within each
of seven ASL Management Zones (A-G) but was increased
to 100% in May 2011 following under-reporting of marine
mammal interactions by some fishers. Observer coverage was met
initially by on-board observers or using electronic monitoring
systems, but from July 2015, electronic monitoring became
mandatory (Australian Fisheries Management Authority, 2015a).
AFMA independently reviewed all footage from vessels using
gillnets in the ASL Management Zone, and between 2011 and
2015 detected no cases where a fisher failed to report an
ASL interaction (Australian Fisheries Management Authority,
2015a). The introduction of electronic monitoring across a
number of AFMA managed fisheries has led to a significant
increase in logbook reporting of protected species interactions,
including ASLs and dolphins in the GHAT fishery (Emery
et al., 2019). Under Australia’s Environment Protection and
Biodiversity Conservation Act 1999 (EPBC Act), all interactions
with protected (EPBC Act–listed) species must be reported in
fishery logbooks.

Spatial Fishing Closures
A combination of permanent and temporal spatial fishing
closures was the core mitigation strategy to reduce ASL bycatch
mortality. The intent of permanent gillnet fishing closures was
to remove fishing effort from areas of high sea lion foraging
effort where the impacts on subpopulation sustainability were
potentially greatest. Permanent gillnet fishery closures were
introduced around all SA ASL breeding sites in 2010, with further
increases introduced in 2011 and 2013 (Australian Fisheries
Management Authority, 2015a). The different sizes of permanent
closures were based on the combination of bycatch risk
(estimated number of mortalities), subpopulation vulnerability
(extinction risk) and size (extra protection to larger breeding
sites) (Goldsworthy et al., 2010; Australian Fisheries Management
Authority, 2015a). As central-place foragers, breeding sites
represent core locations where sea lions return to rest between
foraging trips. As such, the areas around breeding sites are
continually traversed by animals departing and returning from
foraging trips and represent areas with the greatest risk of bycatch
from any fishing effort. Placing permanent gillnet fishing closures
around all breeding sites greatly reduced the risks of bycatch from
these high-density areas.

In contrast to permanent spatial closures, temporal closures
were applied to areas open to gillnet fishing within the ASL
Management Zone, with the intent to reduce sea lion bycatch
mortality to within sustainable limits. An upper bycatch limit,
or trigger limit was set for each of seven zones, as well as an

overall bycatch limit. The temporal closure duration when a zone
trigger limit was reached was originally set for the remainder of
the fishing season (irrespective of when a trigger was reached),
but in 2012 it was increased to 18 months (the breeding cycle
duration of ASLs) (Australian Fisheries Management Authority,
2015a). AFMA determined that a bycatch rate of 1.5% of sea lion
females per breeding cycle would be sufficiently precautionary
and applied this to the total female population within each
zone. However, noting the large number of small and genetically
isolated breeding sites, and that for most (80% of ASL sites)
a single female bycatch mortality would exceed the 1.5% limit
(if applied to subpopulations), AFMA recognized the need
to manage bycatch mortality at the subpopulation level and
introduced more precautionary zone trigger limits (1–5 sea lions
per zone) (Australian Fisheries Management Authority, 2015a).
These arrangements came into effect in January 2012, reducing
the overall annual trigger from 52 to 15 sea lions, and most
zone triggers to just 1–2 sea lions per fishing season. Following
the bycatch mortality of seven ASL over a 4-month period,
three zones were closed by April 2012. This management action
had immediate effect in markedly reducing gillnet fishing effort,
driving the transition to alternate fishing gear, and reducing ASL
bycatch mortality.

Gear Switching
Recognizing the impact on fishers from the large permanent and
temporal gillnet closures on their capacity to catch their shark
quota, AFMA provided incentives for fishers to switch fishing
gear. This included the ability to fish with shark hooks (bottom-
set longlines) inside both permanent and temporal gillnet
closures and to do so with just 10% observer coverage (Australian
Fisheries Management Authority, 2015a). In the decade following
introduction of the Strategy, there was a progressive decline in
gillnet fishing effort from within the ASL Management Zone
and an increase in longline effort. By the 2020/21 fishing season,
longlines accounted for 98% of the gummy shark catch within
the ASL Management Zone, and catch levels were back to pre-
management levels. Although nine interactions between seals
(including fur seals) and longline fishers were recorded off SA
between 2011 and 2018, only one was recorded as fatal (a
fur seal) and in all three encounters with ASL the animals
were reported alive.

Despite the apparent success of gear switching, it created
significant challenges for fishers. Some continued to use gillnets
in fishing grounds outside of the ASL Management Zone,
including Bass Strait. Fishers who switched to longlines have
faced increased costs associated with purchasing or modifying
their vessels, setting up new gear, buying bait and hiring
additional crew to assist with baiting and setting/hauling gear.
Furthermore, between 2005 and 2015, an Australian Government
voluntary fishing concession buyback scheme resulted in a
27% reduction in the number of vessels fishing for shark off
SA (Australian Fisheries Management Authority, 2015a). The
impacts and cost associated with adapting to changes from the
ASL Management Strategy, likely influenced the decision of some
fishers to take a buyback and exit the fishery. There have also been
stock sustainability concerns that have arisen with the transition
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from a more selective (gillnet) to less selective (longline) fishing
method, as well some interactions with seabirds (shearwaters and
albatross) that AFMA continue to monitor (Knuckey et al., 2014;
Australian Fisheries Management Authority, 2015a).

Implications of the Australian Sea Lion
Management Strategy for Australian Sea
Lion Recovery
Australian Fisheries Management Authority’s ASL Management
Strategy was implemented to address Wildlife Trade Operations
(WTO) requirements set on the gillnet sector of the GHAT
fishery under Part 13A of Australia’s EPBC Act, with similar
requirements now listed under Part 13 (Protected Species)
(Department of Agriculture Water and the Environment, 2019).
Recent assessment of the Southern and Eastern Scalefish and
Shark Fishery, which the GHAT fishery forms part of, requires
“AFMA to continue to: (a) maintain management measures
clearly directed toward limiting the impact of fishing activity
on Australian Sea Lions to levels which will assist in enabling
the recovery of the species, including all subpopulations, and
(b) monitor and review the adequacy of its Australian Sea Lion
management measures, in consultation with marine mammal
experts.” Results from this study suggest that the Strategy has
been highly successful in significantly reducing ASL bycatch
mortality resulting from gillnet fishing, through a combination
of measures that included a comprehensive observer program,
permanent and temporal fishing closures with bycatch trigger
limits, and incentives to switch gear that resulted in an almost
total transition from gillnets to longlines in the ASL Management
Zone. These measures have directly led to an estimated 98%
reduction in ASL bycatch from gillnet interactions. There are
potential residual risks from cryptic mortality that remain
uncertain but given low gillnet fishing effort in the ASL
Management Zone, these risks are likely to be low. Ongoing
assessment of the level and spatial distribution of gillnet
effort is warranted.

Although there has been comprehensive monitoring of how
management measures have reduced the mortality of ASL
through AFMA’s electronic monitoring program (with 100%
review of footage from gillnet fishers in the ASL Management
Zone), there has been no systematic monitoring of changes in
abundance of ASL subpopulations to assess if these management
measures have enabled recovery of the “species, including all
subpopulations.” Some population monitoring has occurred
since the introduction of the ASL Management Strategy, but it has
largely been opportunistic (Goldsworthy et al., 2021). Although
pup abundance trends from some affected subpopulations
detailed in this study suggest that declines have slowed and
possibly halted, consistent and long-term monitoring is required
to demonstrate that the fishery is meeting its requirements under
Part 13 of the EPBC Act.

A recent study suggested that the minimum time to
detect at least a 5% increase in pup abundance, with
modest recovery rates (∼1%/year), following a hypothetical
management action to eliminate bycatch mortality was 6 years
(Goldsworthy et al., 2020). This period is consistent with the

age of recruitment in ASL, where most females have their
first pup at age six (although some not until 10.5 years).
However, the actual time required to detect a recovery is
uncertain, and would be influenced by multiple factors including
the frequency, timing, and precision of surveys, as well as
seasonal and stochastic environmental factors that affect pup
production within any breeding season and the underlying
intrinsic growth rate (Goldsworthy et al., 2020). Taking these
factors into account, it may take 1–2 decades to be confident
that a recovery has or has not occurred. Given this long
period, it is important for current management strategies that
aim to limit fishery impacts on ASL to remain in place,
and for systematic monitoring of ASL populations to be
implemented and continued. The extent to which mitigation
of gillnet fishery bycatch mortality by AFMA has addressed
broader ASL conservation concerns for the population off
SA, such as those detailed in the species recovery plan
(Department of Sustainability Environment Water Population
and Communities, 2013), can only be evaluated with further
monitoring of populations.

There are two other sectors in Australia that manage demersal
gillnet fisheries that potentially interact with ASL populations.
The large mesh gillnet component of the Marine Scalefish Fishery
managed by the SA Government, and the Temperate Demersal
Gillnet and Demersal Longline Fishery managed by the Western
Australian (WA) Government. The SA and WA Governments are
also required to limit gillnet fishery impacts on sea lions under
Part 13 of the EPBC Act, but they have done this differently to the
Australian Government (AFMA). SA fishers are not permitted
to target gummy or school shark, and instead use large-mesh
gillnets to target whaler sharks (Carcharhinus brachyurus and
C. obscurus). The gillnet catch is small (<6 t between 2013
and 2018) with longlines accounting for ∼90% of recent catch
(Steer et al., 2020). To address potential interactions between
the fishery and sea lions, the Department of Primary Industry
and Regions SA introduced large-mesh net effort-triggers in
2016 that could invoke fishery area closures, but no trigger
limits have been reached since implementation (Department of
Primary Industries and Regions South Australia, 2019). There
are presently no restrictions on using this gear type in any of the
AFMA ASL permanent closures, many of which occur within SA
State waters, and there is no independent observer program in the
fishery to monitor interactions with sea lions.

In WA, the Temperate Demersal Gillnet and Demersal
Longline Fishery operates in continental shelf waters off the
south and lower west coasts and utilizes similar vessels and gear
to that used in the gillnet sector of the GHAT fishery, with
about 820 t of sharks and rays landed in 2017/18, mostly using
gillnets (Braccini and Blay, 2020). In 2018, the WA Department of
Primary Industries and Regional Development introduced gillnet
exclusion zones (6–33 km radial gillnet closures) around 33 ASL
breeding sites covering a total of 17,300 km2 (Department of
Primary Industries and Regional Development, 2021). However,
given the absence of vessel monitoring systems (independent
observer coverage or electronic monitoring), management
measures to reduce sea lion bycatch in the areas fished (e.g.,
bycatch trigger limits) and monitoring of ASL populations, there
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is no capacity to assess the degree to which gillnet closures are
reducing the incidence of sea lion bycatch or assess if their
populations are recovering.

Based on our assessment, without sea lion bycatch trigger
limits and a comprehensive independent monitoring program,
the introduction of permanent gillnet closures on their own are
unlikely to reduce the bycatch mortality of ASL to sustainable
levels. As such, there is a very significant risk that the current
management measures in WA are inadequate and are not
preventing further declines in its ASL populations. The absence
of baseline data on ASL populations off the south coast of
WA and the need for ongoing monitoring has been recognized
(Goldsworthy et al., 2021). There is an urgent need to introduce
further mitigation and monitoring measures in WA demersal
gillnet fisheries to limit their impacts on sea lion populations.
Greater consistency and coordination in how each fishing sector
limits the impact of gillnet fisheries on ASLs, meets its Part
13 requirements and monitors the effectiveness of management
measures would improve the conservation outcomes for sea lions.

Global Implications
Globally, the bycatch of marine mammals in gillnet fisheries
poses one of the most significant sources of anthropogenic
mortality, and one of the most challenging to manage (Read
et al., 2006; Reeves et al., 2013). With many fishing gear types,
the bycatch of marine mammals can be reduced through gear
modification and/or changes to fishing practices and behaviors,
but these approaches have typically been less successful in
gillnet fisheries (FAO, 2021). Efforts to reduce the incidence of
bycatch in gillnet fisheries using acoustic deterrents or alerting
devices have generally had limited success, with some notable
exceptions (Dawson et al., 2013; Kratzer et al., 2021). The greatest
success in reducing the bycatch of marine mammals in gillnet
fisheries has come from management measures that either limit
or restrict gillnet effort (through spatial and temporal closures)
or remove it entirely by switching to alternate fishing methods
(Berninsone et al., 2020; FAO, 2021). This approach was taken
in the gillnet sector of the GHAT fishery off SA, where a
combination of permanent and temporary spatial closures linked
to bycatch trigger limits, and the switching from gillnets to
longline fishing methods, has seen a marked reduction in sea lion
bycatch mortality.

The assessment of the impact of bycatch mortality on ASL
in gillnet fisheries off SA, followed by a science-informed
adaptive management processes, has arguably set an important
precedent both nationally and internationally. Not only has
bycatch mortality been reduced to levels that should enable sea
lion populations to recover, a decade on from the introduction
of management measures fishing catches have returned to
pre-management levels. In the context of managing marine
mammal bycatch globally, it is an extraordinary outcome, and
as such, provides an important case study which will hopefully
demonstrate how measures could be applied elsewhere to
effectively manage the leading source of anthropogenic mortality
of marine mammals and other marine protected species.
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