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Conservation management of wildlife species should be underpinned by knowledge
of their distribution and abundance, as well as impacts of human activities on their
populations and habitats. Common dolphins (Delphinus delphis) are subject to incidental
capture in a range of Australia’s commercial fisheries including gill netting, purse seining
and mid-water trawling. The impact these fishery interactions have on common dolphin
populations is uncertain, as estimates of abundance are lacking, particularly for the
segments of the populations at risk of bycatch and in greater need of protection.
Here we used double-observer platform aerial surveys and mark-recapture distance
sampling methods to estimate the abundance of common dolphins in 2011 over an
area of 42,438 km2 in central South Australia, where incidental mortality of common
dolphins due to fisheries bycatch is the highest. We also used the potential biological
removal (PBR) method to estimate sustainable levels of human-caused mortality for
this segment of the population. The estimated abundance of common dolphins was
21,733 (CV = 0.25; 95% CI = 13,809–34,203) in austral summer/autumn and 26,504 in
winter/spring (CV = 0.19; 95% CI = 19,488–36,046). Annual PBR estimates, assuming
a conservative maximum population growth rate of Rmax = 0.02 and a recovery
factor of Fr = 0.5 for species of unknown conservation status, ranged from 189
(summer/autumn) to 239 dolphins (winter/spring), and from 378 (summer/autumn) to
478 dolphins (winter/spring) with an Rmax = 0.04. Our results indicate that common
dolphins are an abundant dolphin species in waters over the central South Australian
continental shelf (up to 100 m deep). Based on the 2011 abundance estimates of this
species, the highest estimated bycatch of common dolphins (423 mortalities in 2004/05)
in the southern Australian region exceeded the precautionary PBR estimates for this
population segment. Recent bycatch levels appear to be below PBR estimates, but
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low observer coverage and underreporting of dolphin mortalities by fishers means that
estimates of dolphin bycatch rates are not robust. The effects of cumulative human
impacts on common dolphins are not well understood, and thus we recommend a
precautionary management approach to manage common dolphin bycatch based on
local abundance estimates.

Keywords: dolphins, Delphinus delphis, aerial survey, distance sampling, fishery interactions, bycatch, potential
biological removal, conservation

INTRODUCTION

Understanding the impacts of fisheries bycatch on marine
megafauna species is one of the biggest challenges facing their
conservation and management. Cetacean mortality in fishing
gear is a global conservation issue, particularly for small
odontocetes (Read et al., 2006; Reeves et al., 2013; Brownell
et al., 2019). Unsustainable bycatch in local fisheries caused the
extinction of the Yangtze River dolphin or baiji (Lipotes vexillifer)
(Turvey et al., 2007), and is rapidly driving the vaquita (Phocoena
sinus), one of the most endangered mammals in the world,
toward the same fate (Taylor et al., 2017; Jaramillo-Legorreta
et al., 2019). The development of effective conservation and
management measures to address impacts of bycatch relies on
our ability to identify affected population(s), monitor population
trends, and determine sustainable levels of incidental mortality
(Harwood, 1999; Milner-Gulland and Akçakaya, 2001).

Evaluating the sustainability of marine mammal bycatch is
difficult as robust data on population size and cumulative bycatch
are often unavailable. Impacts of bycatch mortality in fisheries
must be addressed with respect to the population or stock
(i.e., a demographically independent biological population) being
affected and its size. However, obtaining robust and unbiased
estimates of abundance of marine mammals remains challenging
due to the large geographic expanses that often characterize their
distribution and the many factors that introduce detection bias
(Marsh and Sinclair, 1989; Taylor et al., 2007; Buckland et al.,
2015). Furthermore, bycatch of marine mammals is not evenly
distributed across a population or species geographical range
but concentrated in particular hotspots (Lewison et al., 2014;
Tulloch et al., 2020). Such concentrated mortality can lead to
the fragmentation of populations, reduction in annual survival
and population growth rates, genetic diversity and gene flow
among fragments; local extinctions of detected or undetected
populations; and cascading ecological changes on the structure
and function of marine ecosystems (Pichler and Baker, 2000;
Lewison et al., 2004; Heppell et al., 2005). Therefore, careful
consideration needs to be given to the estimation of the levels
of impact that the populations can sustain in regard to: (i) the
spatial scale at which human-caused mortality occurs, (ii) the area
used to estimate abundance in relation to the population’s range,
and (iii) the potential limitations of the method depending on the
biological scenario at hand. As a precautionary approach, it has
been recommended that in the absence of wide scale abundance
estimates for a marine mammal population or stock, and where
human-caused mortality is concentrated over a portion of a
stock’s range, calculations of sustainable levels of human-caused

mortality be allocated to the geographic region occupied by
that stock, until a range-wide abundance estimate for the stock
is possible (NMFS, 2005; Moore and Merrick, 2011). Such an
approach has been used to evaluate sustainable levels of human-
caused mortality on a wide diversity of marine mammals (e.g.,
López et al., 2003; Marsh et al., 2004; Slooten and Dawson, 2008;
Cagnazzi et al., 2013; Parra and Cagnazzi, 2016).

In Australian waters, dolphins are susceptible to bycatch
from a range of commercial fisheries including gill netting,
purse seining and mid-water trawling (Shaughnessy et al., 2003;
Tulloch et al., 2020). Among the species most heavily impacted
are bottlenose dolphins (Tursiops spp.) off Western Australia
(Allen et al., 2014), spinner dolphins (Stenella longirostris)
off northern Australia (Harwood and Hembree, 1987), and
common dolphins (Delphinus delphis) off southern Australia
(Hamer et al., 2008). Although there is considerable concern
about the effect that fisheries interactions may have on the
respective populations of these species, very little is known
about their distribution, demography, and cumulative incidental
mortality across fisheries and jurisdictions to assess population
consequences of bycatch mortality.

All cetaceans in Australian waters are protected under
the Australian Environment Protection and Biodiversity
Conservation Act 1999 (EPBC Act), and commercial fisheries
must report interactions that result in their death or injury.
Commercial fisheries operating within the Australian Fishing
Zone (extending from 3 to 200 nautical miles off the coast)
are managed by the Commonwealth government’s Australian
Fisheries Management Authority (AFMA). State and territory
governments have the responsibility of administering Australia’s
fisheries within three nautical miles from the coastline. Australia’s
Commonwealth, state and territory governments receive advice
on the assessment and management of bycatch by advisory
committees including a wide variety of stakeholder groups
(industry, policy, conservation, state and territory governments,
recreational and research).

Incidental bycatch of common dolphins in southern Australia
is known to occur in the South Australian Sardine Fishery
(SASF) (Hamer et al., 2008), the Gillnet Hook and Trap (GHAT)
sector of the Southern and Eastern Scalefish and Shark Fishery
(SESSF) (AFMA, 2011), and the mid-water trawl sector of the
Small Pelagic Fishery (SPF) (DEH, 2006). Among these fisheries,
the SASF, which operates mainly in state waters adjacent to
the state of South Australia, has recorded the highest number
of common dolphin mortalities (Table 1). An initial fisheries
observer program of the SASF in 2004/05 revealed an estimated
1728 common dolphins encircled and 377 dolphin mortalities
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across the fishing fleet over a 7-month period (Hamer et al.,
2008). Further extrapolation from observer data covering 3.9%
of the total net-sets in 2004/05 financial year, indicated that
a total of 449 net-set events resulted in common dolphin
encirclements and 423 dolphin mortalities occurred in the fishery
during this time (Table 1; Ward et al., 2018). As a result, a
Code of Practice (CoP) for mitigating interactions with common
dolphins was developed by the South Australia Sardine Industry
Association in collaboration with the South Australian Research
and Development Institute (Hamer et al., 2008; Ward et al., 2018).
The CoP involves avoidance and delay procedures designed
to reduce dolphin encirclements and release procedures to
minimize dolphin mortalities. Extrapolation from observer data
(3.9 to 25.2% net sets observed per annum) collected between
2004/05 and 2014/15 suggested that since the implementation
of the CoP, total dolphin encirclements and mortality have
been reduced by 87 and 97%, respectively (Ward et al., 2018).
However, in 2018/19 the estimated common dolphin mortality
increased to 113, the highest reported since 2004/05 (Table 1;
Goldsworthy et al., 2019). Since its inception, concerns about the
long-term efficacy of the CoP, including low observer coverage
and undereporting of common dolphin mortalities by fishers
(Bilgmann et al., 2009), have led to continued independent
monitoring of the SASF through fishery logbooks and an observer
program to estimate the magnitude of ongoing interactions
(Ward et al., 2018).

The GHAT fishery operates in Commonwealth waters from
the New South Wales/Victorian border westward to the South
Australian/Western Australian border, including the waters
around Tasmania. Although this gillnet fishery has been
operating since the 1970s, high bycatch rates of dolphins in
the GHAT only became known to AFMA in 2010 (AFMA,
2011). A total of 52 dolphin interactions were reported between
September 2010 and September 2011, with 50 leading to
mortalities, of which 38 were common dolphins (AFMA, 2012).
The interactions mainly occurred south of the Coorong off
South Australia in the area from Kangaroo Island to Cape
Jaffa (the Coorong Zone). This region was then temporarily
closed to gillnet fishing by AFMA to mitigate interactions, with
gillnet fishing in adjacent waters requiring 100% monitoring
by observers or electronic monitoring systems (AFMA, 2013).
AFMA subsequently implemented its Gillnet Dolphin Mitigation
Strategy, which permitted fishing with gillnets in the Coorong
Zone when operating in accordance with a suite of new
measures. These measures included monitoring and reporting
of dolphin interactions, implementation of a dolphin mitigation
plan, and adherence to performance criteria and escalating
management responses to ensure fishing operations do not
continue unchecked if dolphin bycatch occurred (AFMA, 2014).
As a result, dolphin interactions in the fishery decreased to
<30 (range: 9–29) between 2012 and 2015, but increased to
35–67 (with at least 12–22 identified as common dolphins)
between 2016 and 2019 (Table 1; AFMA, 2020). AFMA
introduced the second stage of its mitigation strategy in 2017
(updated in 2019) which applies to all gillnet fishing in the
SESSF and established the South Australian Dolphin Zone
(i.e., recognizing all South Australian waters as high risk for

dolphin interactions) (AFMA, 2019a). Electronic monitoring
continued to be mandatory with temporary closures for fishers
with six or more dolphin interactions in a review period,
rather than closing zones for the entire gillnet fishery (AFMA,
2019a).

The SPF fishery operates typically in Commonwealth waters
and extends from the Queensland/New South Wales border,
around southern Australia, to north of Perth in Western
Australia. Dolphin interactions in mid-water trawling of the
SPF were first noted in 2004/05, when 25 dolphin mortalities
(unidentified species, likely common dolphins, D. delphis, or
common bottlenose dolphins, Tursiops truncatus) occurred off
Tasmania in the western zone of the fishery (Table 1; SEWPaC.,
2012). In response, AFMA introduced a mitigation framework
including a Dolphin Mitigation Strategy, Bycatch and Discard
Work Plan, bycatch reduction devices, electronic monitoring
across all trawl vessels, mandatory Vessel Management Plans, and
temporary closures for individual fishers with six or more dolphin
interactions in a review period (DEE, 2018; AFMA, 2019b). From
2005 to 2014 no dolphin interactions were recorded, but a total of
25 common dolphin mortalities were reported between 2015 and
2019 (Table 1; AFMA, 2020).

While acknowledging the efforts made by the fishing industry
in conjunction with the fisheries management authorities to
reduce mortalities of common dolphins caused by fishing
activities, these fisheries continue to have interactions, and the
population-level impacts of bycatch on common dolphins are
unknown due to the lack of information on dolphin demographic
data in the region. In all, the few studies conducted on
common dolphins in South Australia emphasize the urgent
need for population demographic studies toward the assessment,
reduction and mitigation of fisheries interactions (Kemper and
Gibbs, 2001; Bilgmann et al., 2008, 2014; Hamer et al., 2008;
Mackay et al., 2016). In the absence of abundance estimates, it is
difficult to assess the potential demographic impacts of bycatch
on local dolphin population(s) and to determine sustainable
levels of bycatch.

Genetic studies of common dolphins have found that
Australasian common dolphins exhibit complex patterns
of hierarchical metapopulation structure with nested
subpopulations within regional populations (Bilgmann et al.,
2014; Barceló et al., 2021). The most recent study using a
powerful genome-wide dataset identified three highly distinct
and genetically diverse regional populations of common dolphins
with low migration rates (2–9%) across Australasia, represented
by the southern coast of Australia, the east coast of Australia,
and Tasmania and New Zealand combined (Barceló et al., 2021).
Within the southern coast of Australia regional population,
two to four local subpopulations were identified with moderate
migration rates (11%) between adjacent subpopulations (Barceló
et al., 2021). Fisheries-caused mortality of common dolphins in
the southern coast of Australia regional population is highest in
the SASF fishery, whose fishing areas are in the Spencer Gulf,
Gulf St. Vincent, Investigator Strait, and central shelf waters
of South Australia. All mortalities and most encirclements of
common dolphins in the SASF have been reported for this region
(Ward et al., 2018).
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TABLE 1 | Annual bycatch estimates of common dolphins (Delphinus delphis) from observer programs in the South Australian Sardine Fishery (SASF), the Gillnet Hook
and Trap (GHAT) sector of the Southern and Eastern Scalefish and Shark Fishery and the mid-water trawl sector of the Small Pelagic Fishery (SPF) off southern Australia.

Yeara Bycatch estimate (dolphin mortalities) % Observer coverage References

SASF GHATb SPF SASFd GHATe SPFf

2005 423 − 25 (UN)c − 3.9 − SEWPaC. (2012), Ward et al. (2018)

2006 20 − − 8.5 − Ward et al. (2018)

2007 78 − − 8.6 − Ward et al. (2018)

2008 60 − − 21.2 − Ward et al. (2018)

2009 19 − − 25.2 − Ward et al. (2010)

2010 8 − − 23.5 − Ward et al. (2010)

2011 22 50 (38) − 8.8 10–100 10–20 Ward et al. (2011), AFMA (2012)

2012 15 17 (UN) 0 6.3 10–100 10–20 Ward et al. (2012), AFMA (2020)

2013 10 8 (UN) 0 9.7 10–100 10–20 Ward et al. (2013), AFMA (2020)

2014 0 17 (UN) 0 10.2 10–100 10–20 Ward et al. (2015a), AFMA (2020)

2015 19 27 (6) 9 10.7 10–100 10–20 Ward et al. (2015b), AFMA (2020)

2016 9 35 (22) 0 10.6 10–100 10–20 Mackay and Goldsworthy (2016), AFMA (2020)

2017 2 63 (20) 0 12 10–100 10–20 Mackay and Goldsworthy (2017), AFMA (2020)

2018 0 52 (26) 3 11.8 10–100 10–20 Goldsworthy (2018), AFMA (2020)

2019 113 28 (12) 13 12.4 10–100 10–20 Goldsworthy et al. (2019); AFMA (2020)

Total 798 297 (124) 50 (25)

aFor the SASF, bycatch correspond to financial years (i.e., 2005 = July 2004 to June 2005).
bNot all dolphin bycatch in this fishery is identified to species; the number in parentheses indicates the number of dolphins identified as common dolphins. UN, unknown
number of common dolphins.
c Identification of the species is inconclusive but expected to be either common dolphins or bottlenose dolphins (Tursiops spp.).
dThe unit of effort for observer coverage in the SASF until 2012–13 was percentage of total nights fished observed. Since then, the unit of effort for observer coverage
has been the percentage of total net-sets observed.
eObserver coverage in the GHAT is measured as a percentage of the total gillnet hauls observed. Boats operating off South Australia’s Australian Sea Lion Management
Zones are subject to 100% observer coverage, while boats operating outside this area are subject to 10% observer coverage.
f The baseline observer coverage for the SPF is of at least 10% of fishing effort for purse seine and 20% for mid-water trawl.

Here we use double-observer aerial surveys and mark-
recapture distance sampling methods to estimate the density
and abundance of common dolphins inhabiting Spencer Gulf,
Gulf St. Vincent, Investigator Strait and central shelf waters of
central South Australia, where bycatch interactions and mortality
of these dolphins in the SASF are concentrated. We also estimate
sustainable levels of human-caused mortality using the potential
biological removal (PBR) method.

MATERIALS AND METHODS

Survey Design and Data Collection
Aerial surveys of common dolphins were conducted in the austral
summer/autumn (March to June) and winter/spring (August
to October) of 2011 over the core SASF purse seine fishing
area in central South Australia including Spencer Gulf, Gulf St.
Vincent, Investigator Strait and central shelf waters (Figure 1).
The timing of the survey was planned to capture seasonality of
dolphin distribution and abundance, to cover the high (March
to June) and low season (August to October) of the SASF, and
to coincide with the time of highest dolphin encirclements and
mortalities reported in the SASF (March to June) (Ward et al.,
2018). The study area was subdivided into four strata based on
aircraft flying range and the availability of refueling and landing
locations within the study area. We used automated survey design
algorithms (Strindberg and Buckland, 2004) implemented in the

software program DISTANCE (Thomas et al., 2009) to design a
systematic line transect survey with regular line spacing within
each survey stratum, and with a random start point to allow
for homogeneous coverage probability over the selected area.
The survey design consisted of parallel line transects aligned
systematically and spaced 7–8 km apart (Figure 1). Gulf St.
Vincent and Spencer Gulf (Stratum 2 and 3) were surveyed with
transects aligned east-west extending from coast to coast, and
central shelf waters and Investigator Strait (stratum 1 and 4)
with transects aligned north-south, covering up to the 100 m
depth isobath or the northern coast of Kangaroo Island. Transect
orientation, east-west and north-south, was chosen to allow for
transects to be approximately perpendicular to the coast in each
stratum, thus facilitate sampling across different water depths
and habitat types.

We conducted surveys from a Partenavia twin-engine, six-
seat, high-wing aircraft commonly used in aerial surveys of
cetaceans (e.g., Slooten et al., 2004; Panigada et al., 2011;
Salgado Kent et al., 2012; Bilgmann et al., 2018). All survey
lines were flown at a speed of 100 knots (185.2 km/h), at an
altitude of 500 feet (152.4 m) and in good sighting conditions
(i.e., winds < 15 knots and Beaufort Sea state ≤ 3). Surveys
were conducted in “passing mode” (i.e., survey effort was not
suspended to deviate from the transect line when a sighting
was made), except when species identification or school size
were uncertain. In these cases, survey effort was suspended
to circle the animals, make further observations, and take
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FIGURE 1 | Map of the study area indicating the four aerial survey strata (numbers in bold), transect line layout (red lines). Black lines indicate the coastline, the
divisions between strata, and for the southern section of stratum 1 the 100 m depth contour of the Australian continental shelf.

digital photographs to confirm species identification and school
size. A school was defined as individuals that were within a
100 m radius of each other and traveling in the same direction
or exhibiting the same behavioral state. Survey effort then
resumed at the same location where line transect effort was
suspended. Transects were flown once in summer/autumn, and
once in winter/spring.

Line transect surveys were conducted using double-observer
methods with independent observation platforms at the middle
and rear of the aircraft. The survey team consisted of six people:
the pilot and data recorder in the cockpit, two observers, one
on either side of the aircraft, sitting in the middle seats, just
behind the cockpit, and two observers sitting in the rear on
either side of the aircraft. Mid and rear-seat observers searched
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independently of each other and were visually (with a curtain)
and acoustically (wearing headphones) isolated from each other
while on effort. The mid-seat observers had bubble windows that
allowed them to view the track line directly below the aircraft,
while rear observers had flat windows that allowed them to view
down to a 65-degree declination angle. The observers and the
data recorder communicated via aviation headsets connected
to two intercoms, so that the rear observers could be isolated
acoustically from the mid-seat observers while on effort. Each
intercom was connected to a separate track of a two-track digital
voice recorder. This arrangement allowed both mid- and rear-
seat observer data to be recorded independently. The observers
recorded declination angles to dolphin sightings when abeam
using inclinometers (Suunto PM-5/360PC) and collected data
on species identification, school sizes and sighting conditions
including Beaufort sea state, turbidity, cloud cover and glare
severity (Supplementary Table 1). The data recorder entered
survey effort data, sighting conditions (at the commencement
of each transect leg and whenever any of these values changed),
and all sighting data called by the mid seat observers, together
with time stamp signals of position from a GPS system. All
observers were trained in how to search for dolphins, correctly
identifying the species of interest, estimating school size, and
accurately measuring declination angles. Sightings with uncertain
or unknown species identification, declination angles and or
school sizes were not considered for analysis.

Data were entered and stored in a handheld computer, with
integrated GPS, using the software CYBERTRACKER1, and a
sequence developed specifically for dolphin aerial surveys. For
analysis, declination angles to dolphin sightings recorded by
the observers were converted to their respective perpendicular
distance of the animal to the transect line using formulae which
take into account the curvature of the earth (Lerczak and
Hobbs, 1998). For sightings of dolphin schools, the approximate
center of the school was used to measure the declination angle
and therefore the perpendicular distance was representative of
the distance from the approximate center of the school to
the transect line.

Data Analysis
Estimates of abundance of common dolphins in summer/autumn
and winter/spring were derived for each survey stratum using
mark-recapture distance sampling (MRDS) methods (Laake and
Borchers, 2004; Borchers et al., 2006) implemented in the
DISTANCE software, version 7.1 (Thomas et al., 2010). Aerial
surveys of cetaceans are subject to visibility bias, because animals
may be submerged and therefore not available for detection
(‘availability bias’), and they may be available for detection but
the observers fail to detect them (‘perception bias’) (Marsh
and Sinclair, 1989; Buckland et al., 2015). Perception bias can
be accounted for by MRDS applied to data collected using
double-observer line transect methods. In this analysis, the two
observers in the mid seats of the plane were considered to be
one platform (observer 1), and the two observers in the rear
seats were considered as a second platform (observer 2). Dolphin
detections by either observer serve as a set of trials for the other,

1http://www.cybertracker.org

in which one observer either succeeds to detect or ‘recapture’
the same animals as the other, or they fail. Sightings detected
by both rear and mid-seat observers (duplicates) were assigned
based on: (i) similarity in in the timing of both observations
(±10 s), (ii) side of the aircraft that the observation was
made, (iii) species identified, (iv) similarity in the distance from
the track line (±30 m), and (v) resemblance in school sizes
(±5 individuals) (Buckland et al., 2015; Panigada et al., 2017).
When perpendicular distances and school sizes differed between
duplicates, the average distance and school size of the duplicate
pair was used for analysis (Burt et al., 2014). Analysis of the
sightings made by observer 1 and 2 on the same side of the
aircraft allows the estimation of the proportion of dolphin schools
that were missed by observers, the probability of detection on
the transect line, and the shape of the detection function away
from the transect line as a function of perpendicular distance.
We acknowledge that a probabilistic method to identify duplicate
observations in MRDS has been proposed, but it has not been
applied widely and still relies on an arbitrary definition of
sighting discrepancy as the basis of the probabilistic analysis
(Hamilton et al., 2018).

Although observers were acting independently, variables
that affect detection probability of the target species (e.g.,
school size, Beaufort sea state) will usually affect the detection
probabilities of both observers (Borchers et al., 2006). Thus
detections by observers are not entirely independent, resulting
in unmodelled heterogeneity in detection probability, which
may lead to a positive bias in the estimated probability of
detection and a negative bias in abundance estimates (Burt
et al., 2014; Buckland et al., 2015). To account for this
unmodelled heterogeneity, we used a point independence
MRDS model to estimate detection probability (Laake and
Borchers, 2004; Borchers et al., 2006). Point independence MRDS
models are designed to deal with unmodelled heterogeneity
by estimating two detection functions, a multiple covariate
distance sampling (DS) detection function for detections pooled
across platforms (mid and rear-seat observers), and a mark-
recapture (MR) detection function to estimate the probability
of detection on the transect line (i.e., at distance zero,
Burt et al., 2014).

Mark-recapture distance sampling models were fitted using
various permutations of both the half-normal and hazard-rate
functional forms, and covariates (i.e., perpendicular distance,
school size, Beaufort sea state, turbidity, cloud cover, glare
severity, and side of the plane) thought to affect the scale
of the detection function of the distance sampling and mark-
recapture model components. Following distance sampling
guidelines (Buckland et al., 2015), the data for summer/autumn
and winter/spring aerial surveys were right truncated at a
perpendicular distance of 900 m as very few observations
were made past this distance. The 65-degree declination angle
limiting the rear observers’ field of view (due to the lack of
bubble windows), equates to a distance of 71 m from the
transect line, thus this was set as our left truncation distance
on each side of the plane (Slooten et al., 2004; Bilgmann et al.,
2019; Sucunza et al., 2020). Sightings made by front and rear
observers over the same region (after truncation) were used for
MRDS analyses. We used a forward stepping procedure based
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on minimum Akaike Information Criterion (AIC) for model
selection (Buckland et al., 2015).

The abundance of individual animals in each stratum (N̂i) was
estimated as (Buckland et al., 2015):

N̂i =
AiniSi

2LiESW g(0)
,

where Ai is the size of stratum i, ni is the total number of schools
sighted in stratum i, Si is the average school size in stratum i, Li is
the total length of transect line surveyed in stratum i, ESW is the
effective half strip width, and g(0) is the estimated probability of
detecting a school directly on the transect line. The variance of the
density and abundance estimates was calculated based on Innes
et al. (2002).

Correcting for Availability Bias
Mark-recapture distance sampling addresses perception bias but
is not able to correct for availability bias. To adjust abundance
estimates for availability bias, we estimated the proportion of
time that dolphins were visible at or just below the water surface
(Barlow, 1988; Laake et al., 1997; Slooten et al., 2004; Heide-
Jørgensen et al., 2010). Here we used a helicopter survey approach
modified from Slooten et al. (2004) to conduct 19 focal follows
of common dolphin schools in the study area during 8–9 of
February 2012. Focal follows were conducted at the same altitude
(152.4 m) that the plane surveys were flown, and in similar
distances from the shore and water clarity conditions than those
encountered during the aerial survey. Once we sighted a school
of dolphins from the helicopter, the school was circled for 10–
15 min, and an observer recorded the amount of time the
dolphins were visible (at or just below the water surface) and
not visible (too far below the surface to be seen) between dives
using the CyberTracker data application on a handheld computer
with integrated GPS. We estimated that the average proportion of
time common dolphin schools were visible from the air was 0.94
(CV = 0.11) (Bilgmann et al., 2018). Thus, abundance estimates
were corrected to account for availability bias(N̂Ci) using (Heide-
Jørgensen et al., 2010):

N̂Ci =
N̂i

â(0)

where â(0) is the estimated proportion of time dolphins are
available for detection at or just below the water surface. The
coefficient of variation (CV) of N̂Ci was calculated as (Heide-
Jørgensen et al., 2010):

CV
(

N̂Ci

)
=

√
CV2

(
N̂i

)
+ CV2 (â (0)

)
Estimating Potential Biological Removal
One of the most widely used approaches to assess/manage
bycatch of marine mammal and other long-lived marine
vertebrates is to calculate the maximum number of animals, not
including natural mortalities, that may be removed from a marine
mammal stock while allowing that stock to reach or maintain
its optimum sustainable population (the Potential Biological

Removal, PBR, Wade, 1998). The PBR method aims to ensure
that human-caused mortality is below levels that could lead to
population depletion while considering uncertainty and potential
biases in the available information. We calculated the PBR using
the following formula:

PBR = Nmin × 0.5Rmax×Fr,

where Nmin is the 20th percentile of the estimated population size,
Rmax the maximum theoretical or estimated annual population
growth rate of the population in question, and Fr is a recovery
factor between 0.1 and 1.0 that allocates a fraction of expected
net production toward population growth and accounts for
uncertainties in Rmax, Nmin, or errors in the determination
of stock boundaries that might prevent population recovery
(Wade, 1998).

Nmin was estimated as the lower percentile of a log-normal
distribution as:

Nmin =
N̂

exp

(
Z

√
ln
(

1+ CV
(

N̂
)2
)) ,

Where N̂ is the total population estimate selected for the
analysis, CV is the coefficient of variation and Z is the standard
normal deviate corresponding to a specific percentile, fixed at
0.842 for the 20th percentile (Wade, 1998).

As no estimates of the maximum annual population growth
rates are available for common dolphins in South Australia,
we set Rmax at 0.04 and 0.02. The value of Rmax = 0.04 is
considered to be a standard value for cetaceans, particularly
delphinids, which show maximum population growth rates
in the order of 2 to 4% per year (Perrin and Reilly, 1984;
Wade, 1998). A maximum growth rate of 4.5 ± 0.09%
per year has been estimated for common dolphins in the
Eastern North Atlantic where the species is subject to bycatch
in several fisheries (Mannocci et al., 2012). We also used
Rmax = 0.02 as a conservative approach to account for potential
reduced maximum productivity rates in the dolphin population
caused by factors during and post dolphin encirclements or
other unidentified factors. These include encirclements causing
mother-calf separations (Archer et al., 2001), declines in numbers
of calves (Wade et al., 2007), and high fetal mortalities (Perrin,
1968), all of which are known population-level effects. These
are likely major contributors to the lack of recovery of two
closely related delphinid populations with similar ecology in
the tuna purse seine fishery of the Eastern Tropical Pacific
(Wade et al., 2007). Lastly, to derive PBR estimates we used
recovery factors (Fr) values expected for endangered species
or stocks known to be declining (Fr = 0.1), species of
unknown conservation status (Fr = 0.5), and for species not
at risk (Fr = 1) (Wade, 1998; Taylor et al., 2000). At species
level, common dolphins are currently listed globally as Least
Concern by the IUCN (Hammond et al., 2008), but as Data
Deficient by The Action Plan for Australian Mammals 2012
(Woinarski et al., 2014).
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RESULTS

Survey Effort and Sightings
A total of 5,234.9 km of transect line was flown during the
summer/autumn surveys and 5,284 km during the winter/spring,
covering an area of 42,437.8 km2 (Table 2). Common
dolphins were sighted in both seasons and in all strata,
except during summer/autumn in Gulf St. Vincent (stratum 3)
(Figure 2). We sighted a total of 223 common dolphin schools
during summer/autumn and 584 schools during winter/spring,
of which 147 and 401 were unique sightings (i.e., not
duplicates), respectively (Table 2). School sizes varied from 1
to 100, with larger groups sighted during the summer/autumn
(mean ± SD = 17.4 ± 19.9) than in the winter/spring period
(mean± SD = 7.6± 9.8) (Table 2).

Abundance and Density Estimates
After right truncation at 900 m and left truncation at 71 m,
sightings were reduced to n = 120 and n = 337 for the
summer/autumn and winter/spring period, respectively. The
hazard-rate key function had a lower AIC than the half-
normal key function for both summer/autumn and winter/spring
surveys, and thus was selected for subsequent abundance
estimation with distance sampling models (Supplementary
Table 1). The average detection probability at the track-line [i.e.,
g(0)] for both mid and rear-seat observers was 0.89 (CV = 0.04)
in summer/autumn and 0.72 (CV = 0.06) in winter/spring
(Figure 3). The pooled probability of detection (i.e., that
at least one observer in the double-platform configuration
would see a sighting if it was on the track line) was 0.99
(CV = 0.01) in summer/autumn and 0.91 (CV = 0.03) in
winter/spring (Figure 3).

The best MRDS model for the summer/autumn on the basis
of AIC, involved a DS model with a hazard-rate key function
scaled with covariates perpendicular distance + Beaufort sea
state + turbidity + cloud cover + glare + side of the
plane, and a MR model specified with perpendicular distance
+ cloud cover (Supplementary Table 2). The MRDS model
with the lowest AIC for the winter/spring period included a
DS model with a hazard-rate key function and perpendicular
distance + Beaufort sea state + school size + cloud cover
+ glare + side of the plane as explanatory covariates,
and a mark-recapture model including the same covariates
(Supplementary Table 2).

Estimated abundance of common dolphins based on the
selected models and corrected for availability and perception
bias over the whole study area was 21,733 (CV = 0.25;
95% CI = 13,809–34,203) for summer/autumn and 26,504 for
winter/spring (CV = 0.19; 95% CI = 19,488–36,046) (Table 3).
Abundance and density estimates of common dolphins were
highest in central continental shelf waters and lowest in Gulf
St. Vincent across both seasons (Table 3). Except for the
Investigator Strait, all strata showed higher abundance and
density estimates of common dolphins during winter/spring
than in summer/autumn (Table 3). Despite these differences,
confidence intervals of abundance and density estimates for most
survey regions and the overall study area overlapped broadly
between seasons (Table 3).

Estimates of Potential Biological
Removal
Estimates of the annual PBR of common dolphins in the
study area, assuming a conservative maximum population
growth rate of Rmax = 0.02 and a recovery factor of
Fr = 0.5 for species of unknown conservation status, ranged

TABLE 2 | Summary of aerial survey effort in 2011 in central South Australia by season and stratum (CSW, Central shelf waters; SG, Spencer Gulf; GSV, Gulf St. Vincent;
IS, Investigator Strait), number of common dolphin (Delphinus delphis) schools sighted (before truncation) by mid (observer 1) and rear (observer 2) platforms, and
estimates of school sizes.

Season Stratum Area (km2) No.
Transects

Effort (km) Number of
sightings

observer 1

Number of
sightings

observer 2

Number of
unique

sightings

School Size

n Mean SD Range

Summer/Autumn CSW 9,042.2 21 1,103.7 54 28 58 45 16.1 21.0 1–100

(March to June) SG 21,026.8 32 2,612.6 43 29 47 34 17.0 22.1 1–90

GSV 5,103.6 15 636.3 0 0 0

IS 7,265.2 18 882.2 38 31 42 38 19.5 16.8 1–70

Overall 42,437.8 86 5,234.9 135 88 147 117 17.4 19.9 1–100

Winter/Spring CSW 9,042.2 21 1,100. 3 186 119 202 197 9.9 12.0 1–70

(August to September) SG 21,026.8 32 2,613.7 133 72 145 144 5.2 6.3 1–45

GSV 5,103.6 16 693.2 11 10 12 12 5.8 7.2 1–22

IS 7,265.2 18 876.8 32 21 42 42 5.5 6.3 1–30

Overall 42,437.8 87 5,284.0 362 222 401 395 7.6 9.8 1–70

The number of unique sightings is the number of sightings seen by observer 1 plus the number seen by observer 2, minus duplicates. Note that the effort between the
aerial surveys in summer/autumn and winter/spring differed slightly. The reasons for this are (1) a transect could not be flown during summer/autumn due to airport traffic
control and (2) some transects vary in length as altitude had to be increased either at end or beginning of the transect due to flying regulations near residential areas
along the coastline.
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FIGURE 2 | Map showing the distribution of common dolphin (Delphinus delphis) schools sighted (unique sightings, no truncation) in summer/autumn (yellow dots)
and winter/spring (red dots) of 2011 during aerial line transect surveys in central South Australia.

from 189 (summer/autumn) to 239 dolphins (winter/spring)
(Table 4). Using a maximum rate of population increase of
Rmax = 0.04 and an Fr = 0.5 resulted in annual PBR estimates
of 378 (summer/autumn) and 478 dolphins (winter/spring)

(Table 4). Assuming a recovery factor for species at risk
(Fr = 0.1) resulted in PBR estimates of less than 100
individuals/year in both seasons, regardless of population growth
rate (Table 4).
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FIGURE 3 | Detection function plots for the 2011 aerial survey of common dolphins (Delphinus delphis) in central South Australia in summer/autumn (A–C) and
winter/spring (D–F). Points (circles) are the probability of detection for each sighting given its perpendicular distance and other covariate values. Lines are the fitted
models. (A,D) Observer 1 detections (mid-seat observers); (B,E) observer 2 detections (rear-seat observers); and (C,F) pooled detections. Data were left truncated
at 71 m (to adjust for obstructed view of the transect line) and right truncated at 900 m (to remove outliers at long distances).
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TABLE 3 | Estimates of abundance and density of common dolphins (Delphinus delphis) from the 2011 summer/autumn and winter/spring aerial surveys in central
South Australia.

Season Stratum Area (km2) Abundance Estimate CV 95% CI Density (dolphins/km2) 95% CI

Summer/Autumn CSW 9,042.2 8,874 0.37 4,370–18,022 0.98 0.48–1.99

SG 21,026.8 6,294 0.42 2,871–13,801 0.30 0.14–0.66

GSV 5,103.6 − − − − −

IS 7,265.2 6,564 0.39 3,114–13,836 0.90 0.43–1.90

Overall 42,437.8 21,733 0.25 13,809–34,203 0.51 0.33–0.81

Winter/Spring CSW 9,042.2 15,968 0.24 10,241–24,899 1.77 1.13–2.75

SG 21,026.8 7,299 0.25 4,648–11,463 0.35 0.22–0.55

GSV 5,103.6 701 0.65 201–2,443 0.14 0.04–0.48

IS 7,265.2 2,535 0.30 1,447–4,444 0.35 0.20–0.61

Overall 42,437.8 26,504 0.19 19,488–36,046 0.62 0.46–0.85

Estimates are corrected for availability and perception bias. CV, Coefficient of variation; CI, Confidence interval.

TABLE 4 | Estimates of abundance
(
N̂
)
, coefficient of variation (CV), 20th Percentile of abundance (Nmin) and the maximum number of common dolphins (Delphinus

delphis) that may be removed sustainably (Potential Biological Removal, PBR) from central South Australia under different recovery factors (Fr ) and maximum population
growth rates (Rmax ).

Season N̂ CV Nmin PBR Estimates

Fr Rmax = 0.02 Rmax = 0.04

Summer/Autumn 21,733 0.25 18,910 0.1 38 76

0.5 189 378

1 378 756

Winter/Spring 26,504 0.19 23,919 0.1 48 96

0.5 239 478

1 478 957

Estimates are based on abundance estimates derived from double platform aerial surveys conducted in central South Australia in summer/autumn and
winter/spring of 2011.

DISCUSSION

Common dolphins in South Australian waters are subject to
incidental bycatch in the purse seine and gillnet fisheries. Within
this region, most of the dolphin entanglements and mortalities
occur in the SASF core fishing area in central South Australian
waters including Spencer Gulf, Gulf St. Vincent, Investigator
Strait, and adjacent central shelf waters (Ward et al., 2018). The
impact and sustainability of these and other fisheries-related
mortalities on common dolphins in this region is uncertain
without an estimate of common dolphin abundance. This study
shows that common dolphins are a relatively abundant species
in central South Australian waters, with estimates ranging
from 21,733 (CV = 0.25) to 26,504 (CV = 0.19) individuals
in summer/autumn and in winter/spring, respectively. Annual
PBR estimates varied from tens of individuals considering a
conservative Rmax of 0.02 and Fr of 0.1 for species at risk or in
decline, to hundreds of animals if we assume an Rmax of 0.04 and
an Fr of 0.5 or 1 for species of unknown conservation status or not
at risk, respectively.

Abundance estimates from visual aerial surveys of cetaceans
are typically negatively biased due to availability and perception
bias, and unmodelled heterogeneity in detection probability
(Marsh and Sinclair, 1989; Buckland et al., 2015). Additionally,
measurement errors (e.g., species misidentification, or

mis-measurement of declination angles and school sizes), and
animal movement in response to the observer, or independently
of the observer, can cause biases in abundance estimates
(Borchers et al., 2010; Glennie et al., 2015). Using aerial-line
transect surveys with a double-observer platform and mark-
recapture distance sampling analyses, we were able to derive
relatively precise estimates with CVs close to ≤ 20% (Buckland
et al., 2001), while correcting for availability and perception
bias. Furthermore, we incorporated covariates (Supplementary
Table 1) other than distance from the line into the detection
function models, which are known to have a significant effect on
detectability of cetaceans at the surface, and result in unmodelled
heterogeneity in detection probability (Holt and Cologne, 1987;
Barlow, 2015). Aerial surveys generally do not cause dolphins
to move toward or away from the transect line given the high
flight altitude, and dolphin travel speed being slower than
the survey platform, thus independent animal movement and
responsive movement are unlikely to have caused bias to our
abundance estimates (Dawson et al., 2008; Buckland et al.,
2015). Double counting of dolphin schools due to movement
of animals through the study area across the survey period is
possible, but only has a minimal effect on abundance estimates
(Buckland et al., 2001).

Erroneous estimation of dolphin school sizes during surveys
can lead to biased estimation of abundance (Hamilton et al., 2018;
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Gerrodette et al., 2019). During our aerial surveys, whenever
school size was uncertain while on transect, a circle-back
procedure was followed to obtain more accurate school size
estimates. In addition, sightings with uncertain or missing school
sizes were not considered for analyses. The schools of common
dolphins we encountered were generally small (summer/autumn:
mean± SD = 17.4± 19.9, winter/spring: mean± SD = 7.6± 9.8),
thus facilitating school size estimation. Therefore, we consider
that the error in observer estimates of school size was likely to
be negligible and thus caused little bias in abundance estimation.
Lastly, we trained field personnel to collect and record high
quality data and minimize measurement error. Therefore, we
believe our abundance estimates are robust and represent a solid
baseline of the number of common dolphins within the study area
at the time the surveys were undertaken.

Abundance and density estimates for common dolphins
indicate that this species is the most abundant delphinid
species in central South Australia. The abundance and density
of the other delphinid sighted regularly in the study area,
the bottlenose dolphin (Tursiops sp.), was estimated at 3,493
(CV = 0.21; 95% CI = 2,327–5,244, density = 0.08 dolphins/km2)
in summer/autumn, and 3,213 (CV = 0.20; 95% CI = 2,151–4,801,
density = 0.08 dolphins/km2) in winter/spring of 2011 (Bilgmann
et al., 2019). The only other estimate of abundance of common
dolphins available at a large scale (over 10,000 km2) in Australia
is for waters off the western Eyre Peninsula (29,822 km2),
located to the west and adjacent to our study area (Bilgmann
et al., 2018). Using a single platform aerial survey and distance
sampling methodology (without a mark-recapture component),
the abundance of common dolphins off the western Eyre
Peninsula was estimated to be 20,214 individuals (CV = 0.31,
density = 0.67 dolphins/km2, using multiple covariate distance
sampling) and 21,884 individuals (CV = 0.28, density = 0.73
dolphins/km2, using conventional distance sampling) (Bilgmann
et al., 2018). Together these estimates indicate that waters over the
South Australian continental shelf up to 100 m depth represent an
important habitat for common dolphins, and that these dolphins
are likely one of the most abundant large mesopredator species
in this ecosystem.

Globally, common dolphins are an abundant species that
feed on a variety of fish and cephalopods in coastal and
oceanic areas. Estimates of abundance in the order of millions
have been reported for the Eastern Tropical Pacific (19.6
million km2) in 2006 (3,127,203, CV = 0.26, density = 0.15
dolphins/km2) (Gerrodette et al., 2008), and the California
Current Ecosystem (1.14 million km2) along the United States
West Coast in 2014 (1,427,576, CV = 0.25, density = 1.25
dolphins/km2) (Barlow, 2016), and tens of thousands for the
United States Atlantic coast (463,000 km2) in 2011 (N = 67,191,
CV = 0.29, density = 0.14 dolphins/km2) (Palka, 2012), European
Atlantic shelf waters (1.37 million km2) in 2005 (N = 56,221,
CV = 0.23, density = 0.041 dolphins/km2) (Hammond et al.,
2013), and the southwestern Mediterranean sea (19,189 km2)
between 2000 and 2004 (N = 19,428, CV = 0.18, density = 1.01
dolphins/km2) (Cañadas and Hammond, 2008). Across these
areas, concentrations of common dolphins are often found in
association with highly productive upwelling regions where prey

is abundant (Ballance et al., 2006; Jefferson et al., 2009; Giralt
Paradell et al., 2019).

The southern continental shelves of Australia host one of the
largest seasonal coastal upwelling systems on earth referred to
as the Great South Australian Coastal Upwelling System (Kämpf
et al., 2004; Kämpf, 2015). This upwelling system occurs during
the austral summer/autumn months (December to April) and
consists of four upwelling centers (off southern Eyre Peninsula,
off southwestern Kangaroo Island, along the Bonney Coast, and
off the western Tasmanian shelf) spanning ∼1,500 km (∼ from
133 to 146◦E longitude) along South Australia, Victoria and
Tasmania (Kämpf et al., 2004; Kämpf, 2015). These upwelling
centers are hotspots of primary productivity and support a large
biomass of sardines (Sardinops sagax) and anchovies (Engraulis
australis) (Dimmlich et al., 2004; Ward et al., 2006), which are
known prey of common dolphins in South Australia (Gibbs,
2011) and elsewhere (Meynier et al., 2008; Marçalo et al., 2018).
Thus, as in other areas of the Atlantic and Pacific Oceans, the high
abundance and density of common dolphins in South Australia
is likely driven by local oceanographic currents and upwelling
events that allow for seasonal high densities of small pelagic fish.

Estimates of common dolphin abundance and density
in central South Australian waters tended to be higher in
winter/spring than in summer/autumn, but the confidence
intervals overlapped broadly making it difficult to assess if this
seasonal difference was of biological significance or not. It is
possible that differences in seasonal abundance estimates reflect
seasonal movements or immigration influxes of individuals
from neighboring areas adjacent to our study site. Moderate
migration rates (3–11%) have been detected between different
subpopulations across southern Australia (Bilgmann et al., 2014;
Barceló et al., 2021) and at least on one occasion, individuals
from the Australian east coast (Pacific Ocean) stock were
detected in the study region (Bilgmann et al., 2014). Seasonal
fluctuations in abundance and movement of common dolphins
have been reported for the Western and Eastern North Atlantic
(Gowans and Whitehead, 1995; Luca et al., 2009), the Eastern
Tropical Pacific (Kerri and Susan, 2006), off the south-east
coast of southern Africa (Cockcroft and Peddemors, 1990),
and the north-western Bay of Plenty, New Zealand (Neumann,
2001). These changes in abundance and movements appear
to be associated with fluctuations in sea-surface temperature,
upwellings, and ultimately prey availability. Productivity in the
study region in central South Australian waters tends to be low
during winter, but then increases during the austral summer–
autumn season due to coastal upwelling at several locations
along the coast (Kämpf et al., 2004; Kämpf, 2015). Further
systematic surveys within and beyond our study area are needed
across seasons to establish if there is truly a significant seasonal
shift in abundance as a result of immigration or movements
of common dolphins. Regardless, the high number of common
dolphins present in the area across seasons likely reflects the high
abundance of prey present year-round. Although catch rates of
sardines peak in March to June (∼ 23,000 tons in 2011) in South
Australia, sardines are still caught in relatively large amounts
in winter/spring (August to September: ∼1,000 tons in 2011)
(Ward et al., 2017).
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The only currently existing abundance estimate for common
dolphins over the core fishing area of the SASF in central
South Australian waters is the one provided here for 2011. If
common dolphin abundance in 2011 was similar to 2004/5,
when dolphin bycatch was the highest recorded in the
SASF (423 dolphin mortalities), all PBR estimates, with the
exception of those assuming a maximum population growth
rate of Rmax = 0.04 and a recovery factor of Fr = 0.1 for
species not at risk, suggest that common dolphin mortality
in this fishery alone was likely unsustainable. However, if
reported common dolphin mortalities in the SASF fishery
after 2004/05 (0–113 dolphin mortalities) are a true account
of the total numbers of dolphins incidentally killed, and
no residual dolphin mortality exists from encirclements, the
industry Code of Practice (CoP) appears to be effective at
reducing dolphin mortality. More recent bycatch levels from
the SASF alone fall below most of the PBR estimates based
on the 2011 estimated abundance. Reported common dolphin
mortalities in the GHAT (0–26) and the SPF (0–9 dolphin
mortalities) fisheries since 2012 indicate that the cumulative
incidental common dolphin mortality across the fisheries
affecting southern Australia would also be below (the 2011
abundance-based) PBR estimates.

Despite the apparent effectiveness of the range of measures
that have been introduced in the SASF, GHAT and SPF fisheries
across the years to minimize dolphin interactions, uneven
observer coverage among vessels, months and regions, and most
importantly, underreporting of dolphin mortalities by fishers
in the absence of an observer, remain key challenges to fully
understanding the magnitude and effects of fisheries bycatch. For
example, the reporting of dolphin mortality rates in the SASF in
2018–2019 (observer coverage = 12.4%), was 99 times higher for
net-sets with observers compared to those without (Goldsworthy
et al., 2019), an extremely high discrepancy that highlights the
importance of observer programs and increased coverage levels.
Underreporting of dolphin interactions by fishers in logbook
records is a common problem across most impacted dolphin
populations and regions (Lewison et al., 2004; Read et al., 2006;
Allen et al., 2014). While well designed observer programs may
provide the most robust measure of marine mammal bycatch,
they may also underestimate bycatch, as many small entangled
marine mammals such as dolphins may drop out of fishing gear
(e.g., gillnets) or go undetected by fishers or observers while
fishing gear is being retrieved (Lewison et al., 2004; Read et al.,
2006). This is particularly a problem for electronic monitoring
systems, but can also occur when a human observer is on board.
Currently, a minimum of 10% of the SASF, GHAT, and SPF
fishing activities, respectively, are independently reviewed or
observed, either by using electronic monitoring or an observer
on board (Ward et al., 2018; AFMA, 2019a,b). This relatively
low coverage, combined with the ongoing underreporting of
dolphin interactions by fishers, means that estimates of dolphin
bycatch rates are not robust. Thus, it is imperative that the
SASF, GHAT and SPF observer programs continue to operate
while reassessing the observer coverage needed (including the
percentages viewed from electronic monitoring) to ensure
accurate reporting of dolphin mortalities, help reduce future

interactions, and aid management and the future conservation
status of this species in the region.

It is important to note that the PBR estimates provided
here refer to a segment of this regional population from which
common dolphins are mainly taken, and do not apply to its
entire range which extends across the southern Australian coast
(Barceló et al., 2021). If anthropogenic mortality mainly occurs
in a portion of a population or stock’s geographic range, as
is the case in our study, the advice is to avoid extrapolating
abundance estimates from the surveyed area to unsurveyed areas
to estimate range-wide PBRs, and base PBR calculations on
abundance estimates corresponding to the area where human
caused mortality is concentrated (Moore and Merrick, 2011).
Extrapolation of density estimates into unsurveyed areas can lead
to highly biased abundance estimates (and thus PBR estimates),
because relationships between species densities and covariates are
mostly unknown in extrapolated areas (Mannocci et al., 2017).
Future surveys covering the full geographic extent of the southern
coast of Australia regional population are needed to resolve
uncertainty in abundance and obtain range wide PBR estimates.

Understanding the effects of cumulative human impacts is
key to assess risk to wildlife populations and guide effective
protection and management measures. Small cetaceans are
vulnerable to a range of human-induced mortality and have
a limited capacity for population recovery due to their slow
life histories and reproduction (late sexual maturity, long
interbirth intervals, extensive maternal care and high longevity).
Comparing PBR numbers with those of fisheries bycatch alone
gives a false sense of security that these numbers can safely
be removed without potentially leading to population declines.
Thus, when comparing PBR numbers to those of fisheries bycatch
mortality, it is important to also consider other sources of
anthropogenic mortality including those that are non-fishery
related as cumulative threats can lead to reduced fitness and
population declines.

Apart from fisheries interactions, anthropogenic threats to
common dolphins in South Australian waters span a wide range
of stressors, including over-exploitation of prey resources, water
pollution, diseases, urban and industrial habitat degradation and
climate change (Kemper et al., 2016; Robbins et al., 2017). For
example, modeling has shown that extreme epizootic events and
climate change disturbance scenarios with high frequency and
intensity have the biggest influence on population trends of
bottlenose dolphins in Spencer Gulf and Gulf St. Vincent (Reed
et al., 2020), and these are likely to also pose a threat to common
dolphins. Furthermore, there has been no assessment of the
potential long-term impacts (e.g., enhanced stress levels, mother-
calf separations) that fisheries interactions (e.g., encirclement
and release operations in purse seine nets) may have on
dolphins, and how this may impact reproductive success and
survival rates in the affected populations (Archer et al., 2004;
Edwards, 2006; Wade et al., 2007; Cramer et al., 2008). Annual
dolphin mortalities due to these stressors are unknown, but
if these mortalities are of a large magnitude, they could, in
conjunction with incidental mortality in fisheries, reach or
overpass PBR levels presented here. Given the common dolphin’s
high abundance in central South Australia and upper trophic
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level, they have the potential to affect the structure and function
of local marine ecosystems through direct predation, predation
risks and behaviorally mediated indirect interactions (Kiszka
et al., 2015), and their decline could lead to a trophic cascade
(Goldsworthy et al., 2013). Therefore, knowledge of the effects
of cumulative stressors on their distribution and population
dynamics are required to aid the future conservation status
of these species in the region. The abundance and potential
biological removal estimates presented here offer a starting point
for fisheries authorities to develop precautionary measures to
manage bycatch impacts on common dolphins based on local
abundance estimates (e.g., by setting local limits on bycatch that
allow for incremental progress toward limiting mortality for the
total population, Curtis et al., 2015). Further research on the
range-wide abundance and cumulative human-caused mortality
of common dolphins in southern Australia should facilitate wider
application of findings across the species range.
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