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The speartooth shark Glyphis glyphis is a Critically Endangered whaler shark known
from a few tropical river systems in northern Australia and Papua New Guinea. There
is limited genetic exchange in populations residing in northern Australian rivers that are
greater than 100 km apart. In Queensland, the species is only found in the Wenlock
and Ducie River that flow into Port Musgrave. Juveniles are confined to upstream
reaches of these rivers with seasonal downstream movement related to freshwater
influx. This region also supports commercial and recreational fisheries including crab
pot and gillnet fisheries. Being obligate ram-ventilators, entrapment in crab pots results
in mortality of bycaught speartooth sharks after a few hours. Following anecdotal
reports of juvenile speartooth sharks being captured in crab pots, we investigated
catch rates in crab pots experimentally and examined commercial fishing effort in
the Wenlock and Ducie River from logbook data. Twenty four juvenile (55-80 cm
TL) speartooth sharks were captured in experimental crab pots in the Ducie River
and Tentpole Creek (a tributary of the Wenlock River) with catch rates high; up to
0.82 (+1.86 SD) sharks pot~! day~'. Experimental catch rates in crab pots varied
between rivers and with distance upstream and were highest in areas of highest
shark density based on detection of acoustically tagged sharks over 7 years and line
fishing catch per unit effort data. Although commercial crab effort varies spatially and
temporally in relation to current catch rates and market demands, consistent monthly
overlap with juvenile speartooth shark core distribution occurred throughout the year.
Using CPUE data multiplied by fishing effort in Tentpole Creek, we estimate that in
November alone, between 51 and 279 speartooth sharks are potentially captured in
years with high fishing effort. Bycatch of juvenile speartooth sharks in commercial and
recreational crab pots poses a significant threat to this genetically isolated and small
population. Urgent management intervention to drastically reduce bycatch mortality
either through gear modifications or spatial closures are required to ensure the viability
of this population.
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INTRODUCTION

Bycatch is the unintentional capture of non-target species during
fishing as a result of low selectivity in fishing gear. It is a
significant challenge to fishers and fishery managers around the
globe (Suuronen et al., 2012) with approximately 10.8% of global
fisheries catch classified as bycatch and the majority discarded
back into the ocean (Perez Roda et al.,, 2019). Levels of discards
are highly uncertain with under-reporting/no reporting an issue,
that is exacerbated with threatened endangered and protected
species due to rarity and or negative consequences for the fishery
(Gray and Kennelly, 2018). Bycatch of threatened endangered
and protected species in commercial fishing is a global issue
with species such as sea birds, marine mammals, turtles,
elasmobranchs, sea snakes and teleosts receiving considerable
attention (Lewison et al,, 2014; Oliver et al., 2015; Gray and
Kennelly, 2018). There is evidence that bycatch may directly
result in population declines and increase extinction risk of
some species (Woodley and ELavigne, 1993; Dorcas et al,
2007; Campbell et al., 2008; Hatfield et al, 2011). Globally,
there is a lack of data on bycatch of threatened endangered
and protected species, with Gray and Kennelly (2018) noting
that more effort is required to quantify interactions and
reduce mortality.

Bycatch is a major threat to elasmobranch populations
(Davies et al., 2009) with Perez Roda et al. (2019) estimating
that approximately 10 million sharks were discarded annually.
Elasmobranch populations are particularly susceptible to
overfishing with Dulvy et al. (2014) estimating that one-
quarter of all species are regarded as threatened by overfishing.
Elasmobranch bycatch in pot fisheries has been reported in
some studies (Brock et al., 2007; Ondes et al, 2018). Most
elasmobranch species reported as bycatch in these fisheries rely
on buccal pumping for respiration and as a result of this, survive
for long periods in pots with the majority released alive.

Pots (also known as traps or creels) are widely used for
catching crab, lobster, and some shrimp species (Miller, 1990).
Pots are generally assumed to be more environmentally friendly
fishing gear due to their associated low energy use (compared
with towed mobile fishing gear), minimal habitat impact (e.g.,
Eno et al,, 2001; Coleman et al., 2013), high selectivity (in terms
of species and size) and a relatively high rate of bycatch survival
(Jennings and Kaiser, 1998; Furevik et al., 2008). However, the
capture and mortality of highly endangered species in pots can
cause population declines even when only a few individuals are
captured. Lobster, crab, and fish pots increase extinction risk in
terrapins, sea lions, and sea otters (Dorcas et al., 2007; Campbell
et al., 2008; Hatfield et al., 2011).

Speartooth Sharks

River sharks (Glyphis spp.) are known from a few rivers and
coastal areas in northern Australia (Pillans et al., 2009) and
coastal areas of Papua New Guinea (White et al, 2015). In
Australia, there are two species, the speartooth shark Glyphis
glyphis and the northern river shark G. garricki. There is strong
evidence of female philopatry in speartooth sharks that results
in population structuring even between populations in river

systems in the Northern Territory that are <150 km apart
(Feutry et al., 2015, 2017). In Queensland, the speartooth shark
was originally described from the Bizant River, however the
species is presumed extirpated from that system (Pillans et al.,
2009) and is now only known from the Wenlock and Ducie
River that flow into Port Musgrave. This “Wenlock River”
population is completely genetically isolated from other known
populations in the Northern Territory and Papua New Guinea
(Feutry et al., 2017) and therefore represents the only known
population in Queensland. Juvenile speartooth sharks in the
Wenlock River have been shown to have specific habitat
requirements and move downstream in response to increasing
environmental flows during the monsoon and upstream once
freshwater influx slows (Lyon et al, 2017). The Speartooth
shark is listed as threatened “Critically Endangered” under
Australian Commonwealth legislation (Environment Protection
and Biodiversity Conservation Act, 1999; EPBC Act). In
Australia, species listed under EPBC legislation are not allowed
to be retained and all interactions with fisheries must be reported
in fisheries logbooks.

Mud Crab Fishery

In Queensland, mud crabs (genus Scylla) are captured in either
round or rectangular trawl-mesh (nylon) collapsible traps or
rectangular wire mesh crab pots, with most commercial operators
using round trawl mesh pots with four side entrances. Pots
are usually deployed for up to 24 h before being re-baited or
moved. In Queensland, the mud crab fishery is characterised
by both intense effort and high catches, with the harvest
greater than all other Australian mud crab fisheries combined
(DAF, 2021). The commercial catch in 2017 was estimated
at 863 tonnes with approximately 37,000 fishing days per
year (DAF, 2021). There is also significant recreational harvest
in Queensland with an estimated 339 tonnes taken in 2013;
approximately 25% of the commercial harvest in that year
(DAF, 2021).

Anecdotal information from recreational fishers targeting
mud crabs with crab pots in the Wenlock River suggests
that juvenile speartooth sharks are captured as bycatch (Lyon
et al., 2017; Pillans, Pers. Obs.). While recreational fishers are
not required to report their catches, commercial operators are
required to report interactions with species of conservation
interest (SOCI) within designated logbooks. There are no records
of speartooth sharks in SOCI logbook data within the commercial
mud crab fishery (Walton and Jacobsen, 2019). however, based on
evidence of juvenile speartooth sharks within recreational crab
pots the species was included in the risk assessment for the crab
fisheries in Queensland (Walton and Jacobsen, 2020) where it
was classified as high risk with a recommendation to improve
data on interactions with both the commercial and recreational
crab fishery and identify mechanisms to minimise speartooth
shark interactions.

Given the lack of reporting and observer coverage in the
Wenlock and Ducie River, we set out to quantify the catch rates of
speartooth sharks in crab pots of the same configuration and set
location of commercial and recreational crab pots and quantify
commercial and recreational fishing effort in relation to the
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spatial distribution of juvenile speartooth sharks in the Wenlock
and Ducie River. The specific objectives of this research were:

(1) Determine whether speartooth sharks enter crab pots used
by commercial fishers.

(2) Examine the influence of pot type using four configurations
used by commercial and recreational fishers.

(3) Examine the influence of distance upstream on catch rates
of speartooth sharks in the wet and dry season.

(4) Examine the extent of overlap between the core
distribution of speartooth sharks and spatial data of
commercial and recreational fishing effort.

(5) Estimate expected catches of speartooth sharks using
CPUE data for the months and sections of river where
data were available.

As experimental CPUE data was gathered only in November
and March, and from specific regions of the river system, we
chose not to extrapolate to other months and or sections of river
where data was not available.

MATERIALS AND METHODS
Study Site

The Wenlock and the Ducie River drain into Port Musgrave, a
coastal embayment in the eastern Gulf of Carpentaria (Figure 1).
There is limited anthropogenic activity within the catchment
with freshwater influx during the annual monsoon and hydro-
ecological flows fed by perennial sandstone and bauxite springs
(Leblanc et al., 2015). Commercial and recreational fishing
occurs in the tidal reaches of both rivers and bauxite mining
and mining exploration leases overlap with both catchments
(accessed 21/7/21).!

Vemco acoustic receivers (VR2ZW and VR2AR) were deployed
in Port Musgrave (n = 6) and in the main branch and tributaries
of the Wenlock (n = 24) and Ducie River (n = 7). The majority
of receivers were deployed permanently between August 2013
and December 2020 with seven receivers added to the array
in November 2018 to improve coverage of Tentpole Creek and
the upper reaches of the Ducie River. In the Wenlock River, 14
receivers spanned 64 km of river and were placed approximately
5 km apart with at least two receivers every 10 km. In Tentpole
creek, 10 receivers spanned 27 km of river with up to five receivers
per 10 km (Figure 1). In the Ducie River, receivers spanned
45 km with fewer receivers due to lower catch rates of speartooth
sharks in this system.

Tagging

Most sharks previously captured in crab pots were less than
92 cm TL and Lyon et al. (2017) demonstrated differences in
movement of speartooth sharks based on size. Since we were
primarily interested in the distribution of these small size classes,
we investigated the spatial distribution of sharks estimated to
be less than 2 years old (~92 cm TL) using acoustic telemetry.
This distribution information enabled estimation of the degree of

Thttps://georesglobe.information.qld.gov.au

overlap between juvenile sharks and commercial and recreational
fishing operations. Speartooth sharks were captured with rod and
line between 15 and 55 km from the mouth of the Wenlock
and Ducie River. We used 5/0 circle hooks attached to ~20 cm
of plastic coated wire and 15 kg braided line. Animals without
any external signs of injury and in good condition were tagged
internally with a Vemco V13 (age-zero) or V16 (age-one) acoustic
tag. The ping frequency was 60 s with V13 and V16 tags having
a battery life of 3 and 10 years, respectively. Tagging methods
were identical to those described by Lyon et al. (2017) and carried
out under CSIRO animal ethics permits (CSIRO AEC # A2/2016;
2017-04; 2020-22).

Tagged animals were assigned an age-class of either 0 or 1
based on their length and presence of umbilical scars. Based on
the presence of open umbilical scars, speartooth sharks are born
between September and mid-November (Pillans, unpublished
data). Using recapture data of neonates tagged in November-
December and recaptured up to 12 months later, average
(£SD) annual growth of neonates in their first year was 16
(£8) cm year_1 (CSIRO, unpublished data). Using this data
combined with presence/absence of umbilical scars, we assigned
animals to either age-zero (54.0-80.0 cm TL) or age-one (80.1-
92.0 cm TL). Most age-zero animals (85%) were tagged in
November/December and had an umbilical scar. The remaining
age-zero animals were captured in April, May, June, or August
and were assigned an age class based on their month and length
at capture. The majority (75%) of animals assigned to age one
were captured in November-December and had no umbilical
scar and were less than 92 cm TL. The remaining animals were
tagged in May, July, and August and assigned based on month
and length at capture.

To estimate if animals were age 0-1 or 1-2 when detected we
assigned all sharks a birth date of 15 October in the year they were
born. Their age when detected is then a product of their estimated
age when tagged and the number of days since born. For example,
for a shark tagged in November 2014 and classified as an age zero
(0-1 year old), this individual would be assigned to age class zero
until 15 October 2015 and age class one (1-2 year old) until 15
October 2016. This enabled us to assign each individual with an
estimated age of detection and only sharks aged between 0 and
2 years old were included in the analysis.

Animals without any external signs of injury and in good
condition were tagged internally with a Vemco V13 (age-zero)
or V16 (age-one) acoustic tag.

Movement of Tagged Sharks

Tagged sharks were monitored by acoustic receivers between
4 August 2013 and 6 December 2020. The distance of each
receiver from the mouth of the Wenlock (—12.041S, 141.937E)
or Ducie River (—12.037S, 141.989E) was calculated in ArcGIS
10.1 (ESRI) using satellite imagery of the region. Distance outside
the Wenlock or Ducie River mouth (into Port Musgrave) was
calculated by calculating the shortest pathway by water to the
receiver/s. Mean daily distance upstream for each individual
was calculated from the detection of sharks on receivers at
known distance from the mouth of the Wenlock or Ducie.
Distance upstream relates to the mouth of the respective
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FIGURE 1 | Location of 37 acoustic receivers in the Wenlock and Ducie River, Tentpole Creek and Port Musgrave. Arrows and distance upstream (kilometres from
the mouth) the Wenlock and Ducie River is shown. The distance upstream in Tentpole Creek (from the mouth of the Wenlock River) is also shown with “T” in

parenthesis after distance.

river in which the detection occurred. Daily river flow data
for the Wenlock River were obtained from the Queensland
Government Department of Natural Resources and Mines water
gauge located at Moreton Station (station 027015; S12.45°,
E142.64°), approximately 170 km upstream of the Mouth of
the Wenlock River.

Relative Density of Sharks Between
Rivers and Tributaries

Line fishing surveys for speartooth sharks have been conducted
annually in November-December since 2013. Catch per
unit effort (CPUE) of speartooth sharks less than 2 year
old was used to compare relative abundance of sharks in
Tentpole Creek and the Wenlock and Ducie River and
enable comparisons with CPUE of sharks captured using crab
pots. Seasonal differences in relative density of speartooth
sharks between rivers and tributaries was examined by
comparing the number of acoustically tagged sharks (<2 year
old) detected per month by receivers in Tentpole Creek
and the Wenlock and Ducie River between August 2013
and December 2020.

Catch Rates of Speartooth Sharks in

Pots

Round collapsible, trawl mesh crab pots of the type employed by
commercial operators were obtained from a commercial supplier
(Supplementary Figure 1A). Pots were 90 cm in diameter, 45 cm
high and covered with 45 mm square trawl mesh and had four

side entrances. Commercial operators in the Wenlock and Ducie
River use a combination of mesh bait bags or bait held within
containers made from 90 mm PVC tube and approximately 10-
15 cm long with end caps and ~20 x 10 mm holes throughout.
Mesh bags are sewn into the bottom of the crab pot and enable
the crab to physically consume the bait whereas bait within PVC
tubes cannot be accessed by crabs and holes in the PVC allow
scent to permeate. Some fishers also used a ~15 mm length of
90 mm diameter PVC tube sewn into the bottom of the pot
that is intended as an escape vent for small crabs and sharks.
We incorporated PVC bait holders, mesh bait holders and PVC
escape vents into 50 crab pots resulting in four pot configurations.
The number in parenthesis represents the number of each
configuration that we had to deploy.

(1) Mesh bait bag, no escape vent (n = 12).

(2) Mesh bait bag, PVC escape vent (n = 13).
(3) PVC bait holder, PVC escape vent (n = 12).
(4) PVC bait holder, no escape vent (n = 13).

Crab pots were baited with a combination of mullet (Mugil
spp.), catfish (Arius spp.), and blue salmon (Eleutheronema
tetradactylum) that were cut into pieces. Pots were set
approximately 200 m apart parallel to the bank on both sides
of the river in water depth ranging from 1 to 6 m. Pots were
checked at least once every 2 h with any sharks measured and
sexed before being released. Crabs were measured and released
on the final check of the day when pots where removed. The
location of each pot was recorded with GPS that enabled each
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set to be assigned to the stretch of river that corresponded
to a distance upstream from the river mouth. Catch rates of
speartooth sharks (sharks per hour) in each 10 km stretch or
river was calculated for the Wenlock River, Tentpole Creek, and
the Ducie River.

Commercial and Recreation Fishing
Effort

Data on commercial fishing effort was obtained courtesy of
the State of Queensland, Australia through the Department of
Agriculture and Fisheries. Logbook data (catch and effort) was
provided at six nautical mile resolution for the entire catchment
of the Ducie and Wenlock River and Port Musgrave from 1993
to 2020. Effort data was provided as number of pot lifts per
day with each pot lift equivalent to approximately 24 h of
soak (fishing) time. To enable comparison with experimental
crab pot in each 10 km stretch of river commercial effort
was calculated in each 10 km stretch from the mouth of
the Wenlock and Ducie River. Estimates of effort at 10 km
increments upstream of the mouth of the Wenlock and
Ducie River was calculated by determining the proportion
of each six nautical mile grid cell that covered each 10 km
stretch of river. Some 6 nm grids covered more than one
10 km stretch. To estimate fishing effort in 10 km sections
of river (from the mouth to 60 km upstream in the Wenlock
River, Tentpole creek, and Ducie River), we multiplied effort
in that grid by the proportion of each 10 km stretch it
covered. For example, if there were 100 pots in a six
nautical mile grid that encompassed 80% of the 10-20 km
and 20% of the 20-30 km stretch of river, effort in the
10-20 and 20-30 km stretch was estimated at 80 and 20
pots, respectively.

Recreational Crab Fishing Effort

To estimate effort, in April 2017, November 2017, November
2018, November 2019, and March 2020, all commercial and
recreational crab pots in the Wenlock and Ducie River (and
their tributaries) were counted by driving from the mouth to
65 km upstream. Pots on both sides of the river were counted
using two vessels. The location of each pot and whether it was
a commercial or recreational pot was recorded. Commercial
crab and recreational crab pots were identified by markings on
the float. Commercial operators have their licence symbol on
the float whereas recreational fishers must have their name and
address on the float.

Estimates of Speartooth Sharks
Captured in Commercial and

Recreational Crab Pots

Total monthly effort in each 10 km stretch of river was used
to estimate bycatch of speartooth shark catches in each year
(1993-2020). Since our estimates of CPUE were only from
November and March we have only attempted to estimate catches
in these months. No sharks were captured in March, so we only
estimated bycatch CPUE in November. For bycatch estimates in

commercial pots we used:

Catch = (CPUE for i — th section of river)

x  (total monthly pot lifts in section i)

We used both the mean CPUE in that stretch of river (all pot
types combined) as well the mean CPUE of pots with a PVC
bait container (pot type 3 and 4). Commercial operators use a
variety of pot configurations, however, PVC bait holders were
used by at least two commercial operators. For bycatch estimates
in recreational pots, we multiplied the mean, minimum and
maximum observed effort (number of pots) in each 10 km stretch
of river in November by the corresponding CPUE. Recreational
fishers primarily used mesh bait bags so we used the mean
CPUE of pots with mesh bait bags to estimate catches. CPUE
in commercial and recreational pots was not standardised as pot
types were very similar.

If no speartooth sharks were captured in our experimental
sets within a section of river, we assumed CPUE was zero
and our estimated catch in either commercial or recreational
pots for that stretch of river was zero. Our estimates are
therefore a highly conservative minimum estimate of catch
rates and we did not attempt to extrapolate catches beyond
the months or sections of river that we captured sharks in
experimental sets.

Overlap of Commercial Fishery With
Speartooth Distribution

To investigate long term overlap of the commercial fishery
with speartooth shark distribution we plotted the average daily
distance upstream for 224 speartooth sharks estimated to be less
than 2 years that were tagged and monitored by receivers in
the Wenlock and Ducie River and tributaries between 2013 and
2020. Commercial fishing effort (pot lifts) was calculated for each
10 km stretch of river in each month between 2013 and 2020. The
fishing effort in the 10 km stretch of river that sharks occupied
during that month/year was plotted to get an estimate of fishing
effort within the core distribution of sharks in that month. For
example, in April 2013, tagged speartooth sharks were on average
30-40 km upstream and in that month in that section of river,
1,360 pot lifts were reported.

RESULTS

Space Use of Tagged Sharks

Between 1 August 2013 and 6 December 2020, 224 juvenile
speartooth sharks assumed to be less than 2 years old were
tagged and monitored by an array of receivers. Sharks were
tagged 15-55 km upstream in the Wenlock and Ducie River and
Tentpole Creek (Figure 1). Sharks ranged in size from 52 to
91 cm TL with average size of 68.4 (£8.9) cm TL. There was
no difference in size of males and females (Two Sample T-test,
p = 0.54) and the sex ratio was 1:1.05 (M:F). There were 408,919
detections of tagged sharks on 37 receivers ranging from ~6 km
seaward of the Wenlock River mouth (in Port Musgrave) to
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62 km upstream in the Wenlock River and 45 km upstream in
the Ducie River.

The mean daily distance upstream for sharks estimated
to be between 0 and 2 years in Tentpole Creek and the
Wenlock and Ducie River as well as mean daily flow [cumecs
(m*> s71)] in the Wenlock River is shown in Figure 2A.
Only two sharks were tagged in the Ducie River, resulting
in fewer detections although some sharks tagged in Tentpole
Creek and the Wenlock River were detected in the Ducie
River during periods of high flow. During periods of no
flow, sharks were between 40 and 50 km upstream. During
the annual wet season with high flow events greater than
200 cumecs between January and April, sharks moved rapidly
downstream with animals recorded in Port Musgrave (up to
6 km seaward of the Wenlock and Ducie River Mouth). Between
January to May and depending on the strength and duration of
flow, sharks were 10-40 km upstream (Figure 2A) with rapid
movement downstream and upstream corresponding to increase
and decrease in flow. Tentpole Creek flows into Wenlock River
34 km upstream of the Mouth, resulting in animals not being
detected in Tentpole during periods of high flow when animals
move downstream. During the crab pot experiment period in
November 2019, tagged sharks were 40-52 km upstream whereas
during the March 2020 survey, sharks were 10-25 km upstream.
Experimental crab pot effort overlapped core shark distribution
during the surveys and was highest in the regions of highest
use (Figure 2B).

Relative Density of Sharks

Relative density of juvenile speartooth sharks was highest in
Tentpole Creek during the late dry season with experimental
line fishing CPUE 4.5 times greater than the Wenlock River
and 11.3 times greater than the Ducie River (Figure 3A).
Similarly, from May to January, up to four times more sharks
were detected on receivers in Tentpole Creek and with more
animals detected in the Wenlock River between February and
April (Figure 3B).

Fishery Independent Catch per Unit
Effort of Speartooth Sharks in Crab Pots

During the dry season (November 2019), crab pots were set 20—
60 km upstream in the Wenlock River, Tentpole Creek, and
the Ducie River with a combined soak time of 1301 h and
more effort in Tentpole Creek and the Wenlock River than the
Ducie River (Table 1). In the wet season (March 2020), crab
pots were set 0-40 km upstream in the Wenlock and Ducie
River with a total soak time of 1944.3 h and more effort in
the Wenlock River than the Ducie River (Table 1). There was a
high degree of overlap between distribution of tagged sharks and
experimental fishing effort in both November 2019 and March
2020 surveys (Figures 2A,B).

No speartooth sharks were captured during the wet season
surveys. In November 2019, 24 speartooth sharks were captured
in crab pots set in Tentpole Creek and the Ducie River. One
shark was captured 40-50 km upstream in the Ducie River and 23
sharks were captured 40-60 km upstream in Tentpole Creek. No

sharks were captured in the Wenlock River in November 2019.
Average size of sharks captured in the crab pots was 65.4 cm
TL (£8.1 SD) with equal number of males and females and no
difference in the size of sexes (Two sample T-test, p = 0.45). One
shark was classified as being between 1 and 2 years old based on
size and lack of umbilical scar when captured in November 2019.
All other sharks had open umbilical scars and were classified
as <1 year old.

There were significant differences in the catch rates of
speartooth sharks (sharks pot~! 24 h~!) in the river and
tributaries sampled (One Way ANOVA, F = 9.4, p = 0.0002).
Average catch rates of speartooth sharks in Tentpole Creek
(0.82 = 1.86 sharks pot~! 24 h™!) were significantly higher than
catch rates in the Ducie River (0.12 & 0.83 sharks pot~! 24 h—!:
One Way ANOVA, F = 9.4, p = 0.0002; Figure 4A). Catch
rates in the Ducie River were not significantly different to those
in the Wenlock River (no catch) (One Way ANOVA, F = 94,
p =0.86).

Within Tentpole Creek, speartooth sharks were captured in
all four pot configurations. The average (£SD) catch rate of
sharks in pots set 40-50 km (1.04 & 1.93 sharks pot~! 24 h™!)
and 50-60 km upstream (0.76 + 1.85 sharks pot™! 24 h™!)
were not significantly different (One Way ANOVA, F = 0.34,
p =0.56). There was no statistically significant difference between
the four different pot configurations (One Way ANOVA, F = 1.93,
p = 0.13). However, catch rates in pots with mesh bait bags with
and without PVC escape vents was higher (mean catch rate of
1.27 £ 2.23 and 1.23 + 2.43 sharks pot~! 24 h™!, respectively)
than catch rates in pots with PVC bait holders with and without
escape vents (0.43 £ 1.07 and 0.16 + 0.72 sharks pot™! 24 h1,
respectively) (Figure 4B).

Long Term Commercial Fishing Effort
Between 1993 and 2020, annual total commercial fishing effort
upstream of the mouth of the Wenlock and Ducie River ranged
from 360 to 30,673 pot lifts with highest effort (>15,000
pot lifts year™!) in 1996, 1999, 2016, 2017, 2018, and 2019
(Figure 5A). Highest recorded effort was in 2018 and agreed
with our observations of commercial effort. Highest levels of
commercial fishing effort between 1993 and 2020 occurred in
the Wenlock River where effort ranged from 360 to 22,235
pot lifts year—!. Effort in the Ducie River ranged from 0
to 7,100 pot lifts year™! with effort prior to 2015 less than
3,000 pot lifts year™! and highest effort in 2017 and 2018
(Figure 5A). Effort in Tentpole creek ranged from 0 to 3,767
pot lifts year™! and was less than 1,500 pot lifts year=! prior to
2015. Between 2015 and 2018 effort ranged from 2,474 to 3,767
pot lifts year—! with highest effort in 2018 (Figure 5A). Overall,
commercial fishing effort was highest in downstream reaches (0-
30 km from the river mouth) of the Wenlock and Ducie River
(Figure 5B). However, commercial fishing effort showed clear
seasonal patterns with more effort upstream of 30 km in the
dry season (June-December) and increased effort between 0 and
30 km upstream in the wet season (January-May) (Figure 5B).
During the dry season, crab fishing effort 30-40, 40-50, and 50-
60 km upstream ranged from 126 to 336, 0-326, and 30-158 pot
lifts per month, respectively.
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FIGURE 2 | (A) Mean daily distance upstream of 0-2 year old speartooth sharks between August 2013 and December 2020. Grey dots show mean distance of
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TABLE 1 | Hours fished by experimental crab pots in each section of the Wenlock
River, Tentpole Creek, and the Ducie River during November 2019 (dry season)
and March 2020 (wet season).

Distance Wenlock Wenlock Tentpole Tentpole Ducie Ducie
upstream dry wet dry wet dry wet
(km)

0-10 0 180.7 0 143.2
10-20 0 713.25 0 0
20-30 0 707.45 70.6 70.6
30-40 108.5 129.1 0 0 41.6 0
40-50 364.7 0 176.3 0 78.7 0
50-60 0 0 460.3 0 0 0
Total hours 473.2 1730.5 636.6 0 1909 2138

Recreational Fishing Effort

Counts of recreational pots revealed that recreational crab pot
effort was sporadic. For example, in the 30-40 km stretch of
Tentpole Creek surveyed in November between 2017 and 2020,
out of 27 observed days, pots were only recorded on 11 days.
The mean and maximum recreational pots observed per day in

stretches of river are shown in Table 2. Mean daily recreational
fishing effort was highest in the 40-60 km stretch of Tentpole
Creek during the dry season (Table 2). Within the Wenlock and
Ducie River no pots were observed upstream of 30 km. Within the
Wenlock River, between 0 and 30 km upstream, mean number
of pots observed in each stretch of river ranged from 0.63 to
2.0 pots day~!, with little difference between seasons. Despite
low mean recreational pot density, in the upstream reaches of
Tentpole Creek, up to 16 pots were observed per day which
was comparable to numbers of commercial pots observed in
upstream reaches.

Predicted Catches of Speartooth Sharks

Predicted catches of speartooth sharks in November between
2019 and 2020 was estimated using CPUE from experimental
crab pot sets in the same month. For the 20 km stretch of river
in Tentpole Creek where commercial effort was reported in 2016
and 2018 using CPUE from all pot types combined, we estimated
159 and 279 speartooth sharks were captured, respectively. Using
CPUE from pots with PVC bait holders, we estimated that 51
and 88 speartooth sharks were captured in November 2016 and
2018, respectively (Table 3). Estimates of daily recreational catch
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in the 40-60 km stretch of Tentpole Creek in November were
between 0 and 29 sharks with a mean of 6 (10 SD) (Table 4).
Extrapolating daily recreational catches to monthly catches is
problematic given the sporadic nature of recreational pots with
recreational pots only observed on 11 of the 27 days and we have
not attempted to do so.

Overlap of Shark Distribution With the

Commercial Fishery

Commercial fishing effort overlapped with the core distribution
of tagged sharks in 40% of months between August 2013
and December 2020 (36 out of 89 months) (Figure 6A). The
highest degree of overlap (24%) occurred during the wet season
(January-June) with 16% overlap in the dry season. Estimated
monthly effort in all years that overlapped with core shark
distribution ranged from 0 to 1,538 pot lifts with a total of 10,182
pot lifts reported in core shark distribution.

In the 10-20 km stretch, commercial effort overlapped with
core shark distribution only in the wet season (February-April)
with mean monthly effort between 38 and 146 pot lifts and a
total effort of 2,200 pot lifts (Figure 6B). In the 20-30 km stretch,
commercial effort overlapped with core shark distribution only in
the wet season (January-March) and ranged from 9 to 37 pot lifts
with a total effort of 572 pot lifts (Figure 6B). Mean commercial
effort in sections of river overlapping with core shark distribution
was highest 30-40 km upstream with a total of 5,500 pot lifts

and monthly mean pot lifts of 112, 192, and 286 in January,
April and June, respectively and no overlapping effort between
July and December. In the 40-50 km stretch, commercial effort
overlapped with core shark distribution in 8 months, primarily
in the dry season. From May to December, mean monthly effort
ranged from 3 to 87 pot lifts and effort was greater than 35 pot
lifts in June, August and November (Figure 6B). Total effort in
the 40-50 km stretch was 1,887 pot lifts.

DISCUSSION

We used experimental crab pot sets in the Wenlock and Ducie
River to demonstrate that juvenile speartooth sharks enter
and become trapped in commercial style crab pots. Surveys
were conducted in November 2019 (dry season) and March
2020 (wet season) with no sharks recorded in March 2020.
In November 2019, speartooth sharks were only captured 40-
60 km upstream in Tentpole Creek and 40-50 km upstream
in the Ducie River with CPUE in Tentpole Creek significantly
higher (0.82 % 1.86 sharks pot~! day™!) than in the Ducie River
(0.12 4 0.83 sharks pot~! day~!). Acoustic telemetry was used
to monitor movement of tagged sharks between 2013 and 2020.
The degree of commercial and recreational fishing effort that
overlapped with core distribution of tagged sharks varied both
seasonally and annually. Using data from experimental CPUE
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TABLE 2 | Mean (+SD) number of recreational crab pots observed per day in the Wenlock, Tentpole, and the Ducie River according to 10 km reaches
upstream from the mouth.

Distance upstream Wenlock Nov Wenlock Mar/Apr Tentpole Nov Tentpole Mar/Apr Ducie Nov Ducie Mar/Apr
(km) N =22 N=19 N =27 N=10 N=15 N=19
0-10 0.63 +1.43 (4) 0.63 £+ 1.50 (4) na na 0 1.05 + 1.81 (4)
10-20 0.81 £ 1.47 (4) 0.84 +£1.39 (4) na na 0 1.58 +£2.95 (8)
20-30 1.27 £ 2.58 (8) 2.00 £+ 3.06 (8) na na 0 0.32£0.75(2)
30-40 0 0 5.04 £ 6.52 (16) 0 0 0

40-50 0 0 5.93 £+ 6.69 (16) 0 0 0

50-60 0 0 1.70 £ 2.92 (8) 0 0 0

Number in parenthesis is the maximum number of recreational crab pots observed. The number of times each river and tributary was surveyed in each season is depicted

by “N=",
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TABLE 3 | Commercial crab effort and estimated commercial bycatch of 0-2 years old speartooth shark in Tentpole Creek during November.

River Year Distance upstream (km) Reported Pot lifts Estimated bycatch (all) Estimated bycatch (PVC)
Tentpole Creek 2016 40-50 110 114 33
Tentpole Creek 2016 50-60 60 45 18
Tentpole Creek 2018 40-50 192 200 57
Tentpole Creek 2018 50-60 105 79 31

Estimates were only made for years when commercial fishing effort occurred in the stretches of river where sharks were captured during experimental crab pot sets in
November 2019. We used mean CPUE in the 40-50 km (1.038) and 50-60 km (0.757) stretch to estimate catch all pot configurations and mean CPUE in pots with PVC

bait holder (0.297) to estimate catch.

and commercial fishing effort in November 2018, we estimate a
minimum of 88 speartooth sharks were captured in 40-60 km
stretch of Tentpole Creek alone and due to the long soak times
of commercial crab pots, survival rates would be low. This
suggest non-reporting of speartooth sharks by the commercial
mud crab fishery within the Wenlock and Ducie River. Results
of this study demonstrate that capture of juvenile speartooth
sharks in crab pots set in the Wenlock and Ducie River poses
a significant risk to the long-term viability the species. Urgent
management intervention as well as additional data on CPUE
of speartooth sharks in periods of highest fishing effort (outside
of November) are also required to ensure the survival of this
Critically Endangered species.

Capture of Elasmobranchs in Trap

Fisheries

Our experimental pot sets in November demonstrated that
juvenile speartooth sharks were only captured by crab pots set
40-60 upstream in Tentpole Creek and the Ducie River. The
highest CPUE was in the 40-50 km stretch of Tentpole Creek
with a mean of 1.04 (£1.93 SD) sharks pot~! day~!. That we
only captured sharks 40-60 km upstream is not surprising given
that acoustic detection of tagged juveniles showed that the core
distribution of tagged sharks in November was between 40 and
60 km upstream. In addition to higher catch rates in the 40-
60 km stretch, catch rates in crab pots also differed between
rivers and tributaries, with highest catches in Tentpole Creek.
Tentpole Creek has previously been shown to be important for
juvenile speartooth sharks (Lyon et al., 2017) and our line fishing
CPUE collected in November and December from 2013 to 2020
showed catch rates of 0-2 years old sharks in the 40-60 km stretch
of Tentpole Creek were four and 15 times greater than in the
same stretch of the Wenlock River and Ducie River, respectively.
These estimates were supported by detections of tagged sharks
with up to four times more tagged sharks detected in Tentpole
Creek between May and December than in the Wenlock and
the Ducie River. The absence of speartooth sharks in crab pots
set in the Wenlock River does not indicate that crab pots set
in the Wenlock River will not catch sharks, rather, that the
probability of capture is lower due to lower shark density. This
is evident with data from the Ducie River, where despite long
term line fishing CPUE and detection data suggesting lower
abundance of 0-2 year old sharks, we captured one speartooth
in 191 h of effort compared to no sharks in the Wenlock with
473 h of effort. Catch rates of speartooth sharks in crab pots are

likely a function of shark density and appetite in this particular
stretch of river.

Capture of elasmobranchs in crab and lobster pots is
not unusual with the spotted catshark one of the most
common bycatch species in crab pots in the Irish sea (Ondes
et al., 2018). Similarly, Brock et al. (2007) recorded Port
Jackson sharks (Heterodontus portusjacksoni), Gummy shark
(Mustelus antarcticus) and School shark (Galeorhinus galeus)
in commercial lobster pots in South Australia. Braccini et al.
(2012) demonstrated significantly lower post capture mortality
for benthic sharks than pelagic sharks. Benthic species respire
using buccal pumping whereby water is drawn over the gills while
the animals are motionless (Carlson and Parsons, 2001; Carlson
et al.,, 2004). These species can therefore survive for long periods
within crab and lobster pots and as long as they are released
after capture, post capture mortality rates should be negligible.
Pelagic species including Carcharhinid sharks are classified as
ram ventilators and must keep swimming to ensure sufficient
water movement across the gills for respiration (Wardle, 1985;
Carlson and Parsons, 2001; Carlson et al., 2004). When trapped
inside crab pots, juvenile speartooth sharks are unable to swim
around freely due to the pot design with entrance funnels
and lines keeping these open making it impossible for sharks
to swim freely within the pot. Even when pots were checked
regularly (every 2 h) some sharks were sluggish and took several
minutes to revive. In pots checked after more than 2 h, sharks
are difficult to revive and evidence suggests that mortality rate
in sharks trapped in pots for more than 6 h is 100%. In the
commercial sector, pots are lifted once in 24 h. Check time in
the recreational fishery vary, however standard check times are
between 8 and 24 h. Thus, the majority of sharks that enter crab

TABLE 4 | Mean, minimum and maximum estimates of speartooth sharks
captured per day (24 h) in recreational crab pots in November.

River Distance upstream (km) CPUE  Mean (SD) Min  Max
Ducie 40-50 0.37 0 0 0
Tentpole 40-50 1.81 11 (12) 0 29
Tentpole 50-60 1.14 2(3) 0 9
All rivers 6 (10) 0 38

Minimum and maximum estimates were based on the minimum (0) and maximum
number of recreational crab pots observed in section of river. Recreational fishers
primarily use crab pots with a mesh bait bags and no escape vent. As such we
used the catch per unit effort (CPUE) for mesh bait bags and no escape vent (pot
type 1) in that stretch of Tentpole Creek.
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pots will die and our estimate of CPUE provide a realistic baseline
for mortality rates associated with bycatch in recreational and
commercial crab pots.

Seasonal Changes in Catch per Unit

Effort

During March 2020, highest experimental crab pot effort
overlapped with core shark distribution, yet no sharks were
captured. While seasonal changes in bycatch of elasmobranchs
has been demonstrated (Ondes et al., 2018), we attribute the
lack of shark captures in experimental crab pot surveys in
March to changes in catchability of sharks resulting from
environmental conditions at the time of the survey. The survey
coincided with a monsoon trough that resulted in an influx of
freshwater. The influx of freshwater resulted in a rapid reduction
in salinity combined with a large difference between surface
and bottom salinity. During surveys in March 2020, at 20 km
upstream, salinity on the surface was 1.74 PSU compared to
15.5 PSU at 5 m depth (Supplementary Figure 2). Large and
sudden changes in salinity are physiologically challenging for
euryhaline elasmobranchs (Pillans et al., 2006, 2020) and it is well
understood that in teleosts, the behavioural response to intensely
acute or chronic stressors is a reduction in appetite (Bernier
and Peter, 2001; Bernier, 2006). The primary stress hormone in
elasmobranchs (la-hydroxycorticosterone) is elevated following
exposure to reduced salinity (Hazon and Henderson, 1984; Evans
and Nunez, 2015) suggesting that large and sudden changes in
salinity are likely to suppress appetite.

Line fishing CPUE during March 2020 was ~20 times lower
than mean CPUE during November 2019 and ~12 times lower
than catch rates in April and May suggesting that sharks were
not actively feeding during this period. Our estimates of catch
rates during March are therefore not likely to reflect catch
rates outside of high flow events. Indeed, we spoke with several
recreational fishers who reported catching speartooth sharks in
crab pots 20-40 km upstream in April and May and from 40 to
60 km upstream in November to January. The location of these
captures overlapped with core shark distribution at those times
and suggests that outside of major freshwater influx events (such
as we experienced in March 2020), crab pots overlapping core
habitat are likely to capture juvenile sharks. While the majority
of sharks we captured were neonates, larger sharks do enter
crab pots. One recreational fisher reported the capture of two
large juveniles 30-40 km upstream in the Ducie River. Both of
these sharks were deceased and subsequently measured at 103
and 120 cm TL. It is therefore apparent that crab pots pose
a threat to juvenile speartooth sharks of all sizes, not just the
smallest size classes.

Estimates of Catch in the Commercial

and Recreational Fishery

Since we only had estimates of CPUE from experimental sets in
November, we only estimated catch rates of sharks in recreational
and commercial fisheries in the corresponding stretches of river
in that month. We estimated that between 51-159 and 88-279
juvenile speartooth sharks were captured in the 40-60 km stretch

of Tentpole Creek in 2016 and 2018, respectively. Irrespective of
recreational and commercial bycatch outside of November, our
estimates of juvenile speartooth shark bycatch within Tentpole
Creek in November suggest that that crab pots pose a direct
and significant threat to speartooth sharks in the Wenlock
and Ducie River. The experimental data on CPUE strongly
suggests that there is non-reporting of bycatch in the commercial
fishery. Underreporting, misreporting and non-reporting have
been shown to be relatively widespread in commercial fisheries
(Walsh et al., 2005; Burns and Kerr, 2008; Macbeth et al,,
2018; Wakefield et al., 2018; Parsa et al., 2020) and can have
serious implications for fishery sustainability. There is an urgent
need to collect fisheries independent data on seasonal catches
either through an observer program or additional experiments
in months where fishing effort overlaps the core distribution of
sharks. Babcock et al. (2003) estimated that for fisheries with
small number of licences, observer coverage of ~50% is required
to detect rarely captured species with the appropriate degree of
statistical certainty.

While there may be small differences in catch rates of sharks
in commercial pots and our experimental sets, these differences
are unlikely to be significant since we used similar baits, the same
brand of pots used by at least some of the commercial operators in
the river system and set our pots the same distance from the bank
as commercial pots. Captured sharks were removed within 2 h of
setting the pot to prevent them dying in the pot. It is unlikely
that the presence or absence of sharks in a pot influenced the
probability of other sharks entering the pot. We captured two
neonate sharks in one pot and have received reports of two 1.0-
1.2 m TL sharks in crab pots suggesting that multiple sharks will
enter a pot. None of the sharks we captured in the crab pots were
recaptures so our estimates weren’t inflated by a few individuals
that were recaptured.

Since our pot configurations and position were the same as
those used by commercial operators, there is no reason why our
catch rates would differ from commercial catches. Similarly, while
our estimates of catch were for 2016 and 2018, there is no obvious
reason why catch rates in November 2019 (experimental CPUE
estimates) would be different to catch rates for that month in
other years. Our long term data on the distribution of juvenile
speartooth sharks demonstrates that there is limited variability in
the distance upstream during late dry season. This is presumably
due to the relatively stable salinity regime at this time of year
given the lack of rainfall with the wet season only commencing
in January. The abundance of juvenile speartooth sharks in the
system is highest immediately after pupping which occurs from
early September to late October (Pillans, unpublished data) so
abundance of neonates in November is likely to be tightly linked
to adult abundance.

CSIRO (unpublished data) estimated that survival of
speartooth sharks less than 2 years old was around 0.3 (implying
that around 70% of sharks die each year). These estimates are
total mortality and cannot distinguish between fishing and
natural mortality. Regardless, these estimates are the highest
estimates of juvenile mortality from direct measurement from
long-term telemetry data (Heupel and Simpfendorfer, 2002,
2011). Estimates of adult population of speartooth sharks in the
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Wenlock River population is around 900 (using close kin mark
recapture) with as few as 45 females pupping each year (CSIRO,
unpublished data). With such high juvenile mortality and a very
small adult population, any fishing mortality is likely to have a
negative impact on the population.

Overlap of Commercial Fishing and
Shark Distribution

The level of fishing effort varied annually, between rivers and also
with distance upstream. Fishing effort followed a similar pattern
to shark core distribution with highest effort in downstream
reaches during the wet season (Jan-May) and increased effort
and movement of the shark core distribution upstream during
the dry season (June-December). Monthly estimates of CPUE
are required to extrapolate catches from these data, however,
it is clear that fishing effort overlaps with juvenile speartooth
shark distribution throughout the year. Anecdotal and direct
evidence of captures in April, May, November, December, and
January indicate that an appropriate management response
would need to cover all seasons as there will always be a chance
of incidental capture.

Bycatch Mitigation

Mitigation measures to ensure the sustainability of the crab
fishery include seasonal and or spatial closures as well bycatch
reduction devises. Dwyer et al. (2019) used movement of
tagged speartooth sharks to theoretically inform seasonal spatial
management (seasonal fishing closures) but did not incorporate
data on fishing effort. Our results on the degree of overlap
between fishing effort and the core distribution of sharks suggest
that seasonal closures (no fishing between 0 and 30 km upstream
during the wet season and no fishing upstream of 30 km
during the dry season) would eliminate bycatch of sharks,
however this would result in an overall ~70% reduction in
fishing effort based on average monthly commercial fishing effort
upstream and downstream of 30 km across all years (based on
Figure 5B).

The use of escape vents (Broadhurst et al., 2014, 2020), larger
mesh (Broadhurst et al., 2020), spikes (Campbell et al., 2008;
Goldsworthy et al., 2010), magnets (Richards et al., 2018) and
bycatch reduction devices (Roosenburg and Green, 2000; Morris
et al., 2011) have successfully been used to reduce bycatch and
increase target species catches in pot and trap fisheries. Richards
et al. (2018) demonstrated a 30% reduction in elasmobranch
bycatch in fish traps fitted with ferrite magnets. Traps fitted
with magnets also captured more of the target species (snapper)
which was attributed to presence of elasmobranchs in fish
traps having a negative impact on targeted catch. While ferrite
magnets may prove useful, a 30% reduction would still result in
significant mortalities. Rigg et al. (2009) investigated the effect
of ferrite magnets on the behaviour of five species of Australian
sharks including speartooth sharks. While speartooth sharks
were deterred by ferrite magnets, their turning distance was
significantly smaller (~0.25 m) than other species tested.

Although not statistically different, within Tentpole Creek,
CPUE of juvenile speartooth sharks was up to three times lower

in pots with PVC bait holders. These data suggest the use of
PVC bait holders may slightly reduce catches, however, sharks
will still enter pots with PVC bait holders so this method alone
will not eliminate bycatch mortality. The lower CPUE in pots
with PVC bait holders is presumably related to differences in
the strength of the olfactory signal of baits in a mesh bag
compared to in an enclosed PVC container with 10 mm holes.
Crab pots are designed for easy entry but not exit. While some
commercial fishers use a 90 mm PVC escape vent sewn into the
side wall of crab pots, we demonstrated that catch rates in pots
with and without these escape vents were no different. This was
not surprising since although neonate speartooth sharks can fit
their head through a 90 mm tube, their pectoral and dorsal fins
prevent them passing through. While larger (105 mm diameter)
escape vents are now used in the Queensland crab fishery,
this legislation was brought in after we concluded this study.
Additional research into the effectiveness of larger escape vents
are required, however, the configuration of crab pots is such that
sharks can easily become entangled in the ropes holding escape
vents open. Additional research is required to determine at what
size juvenile speartooth sharks can fit through a 105 mm diameter
vent and what proportion of sharks that enter a pot can locate and
exit the escape vent before they succumb to lack of oxygen.

Devices which physically prevent entrance into pots such as
those used to exclude Australian Sea Lions (Campbell et al., 2008)
and terrapins (Morris et al.,, 2011) may be more effective than
escape vents designed to provide escapement from the pots. The
large size of juvenile speartooth shark relative to the size of crab
pots (mean shark TL of 64 cm compared to pot diameter of
90 cm) combined with the internal funnels and lines structure
within the pot results in limited space for sharks to move around
within the pot. This combined with near zero visibility and
the fact that sharks easily become entangled in ropes that hold
the pot entrances open will likely negate effectiveness of larger
escape vents. Research into the efficacy of both larger escape
vents as well as exclusion devices such as rectangular slots or
right angle elbows in the entrance funnels that do no impact
catch rates of legal sized mud crabs are required. Testing various
configurations of these as well more data on the effect of PVC bait
holders are required.

Summary and Need for Cumulative Data
Our data indicates that commercial mud crab fishing in the
Wenlock and Ducie Rivers poses a significant threat to the
viability of the genetically isolated and small population of
speartooth shark in this system. A commercial gillnet fishery also
operates in this system and speartooth sharks have be recorded
by fisheries observers being impacted by this fishery (Salini et al.,
2006). Clearly, both commercial and recreational crab fishing
pose a significant threat to juvenile speartooth sharks and may be
directly contributing to the high mortality estimates of 0-2 years
old sharks. Understanding the cumulative impact of these two
commercial fisheries as well as recreational bycatch is vital for the
long-term viability of this Critically Endangered elasmobranch.
There is an urgent need for management intervention such
as closed seasons and or areas to significantly reduce and or
eliminate bycatch mortality.
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