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Abstract: Sharks and rays are a global conservation concern with an increasing number of species
considered at risk of extinction, mostly due to overfishing. Although the recreational harvest of
sharks and rays is poorly documented and generally minimal, it can be comparable to the commercial
harvest. In this study, we quantified the recreational harvest of sharks and rays in Western Australia,
a region with a marine coastline greater than 20,000 km. A total of 33 species/taxonomic groups were
identified, with the harvest dominated by dusky and bronze whalers, blacktip reef sharks, gummy
sharks, Port Jackson sharks, wobbegongs, and rays and skates. Eighty-five percent of individuals
were released with an unknown status (alive or dead). We found a latitudinal gradient of species
composition, with tropical and subtropical species of the genus Carcharhinus dominating in the north
and temperate species from a range of families dominating in the south. Overall, our findings showed
that the recreational harvest was negligible when compared with commercial landings.

Keywords: catch reconstruction; Eastern Indian Ocean; elasmobranchs; fisheries management;
unreported catch; conservation

1. Introduction

Recreational fishing has numerous socioeconomic benefits, and the vast majority of
people that fish today do so recreationally [1-3]. Although recreational fishing accounts
for only 10% of the total global fish harvest [4], it can exceed the commercial harvest
in some regions [5]. Recreational fishing can have negative impacts on fish populations
and ecosystems [6] and these impacts have been difficult to quantify [1]. Despite being
implicated in the decline of some fish populations, recreational fishing is rarely considered
a threat, not even to endangered species [6], in part because obtaining robust estimates of
the recreational harvest is difficult for rare species and may not account for post-release
mortality (PRM) [7].

The International Union for Conservation of Nature Red List Criteria reports that one
quarter of shark and ray species are threatened with extinction due to overfishing [8], with
several species listed under international agreements aimed at regulating wildlife trade and
at protecting endangered migratory species. Sharks and rays are particularly vulnerable to
overexploitation and can be susceptible to population collapse if not properly managed
given their intrinsic low productivity [9]. Commercial fishing is considered the main threat
to shark and ray populations [10], and population assessments are typically limited to
evaluating commercial catches (e.g., [11,12]). Although catches of sharks and rays from
recreational fishing are generally small when compared with catches from commercial
fishing, in some cases, the recreational harvest can be comparable to and even of similar
magnitude or higher than commercial catches [13]. For most regions, however, the potential
impact from recreational fishing on shark and ray populations is unknown since reliable
harvest time series are typically either limited or unavailable [2].
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The consequences of not accounting for the recreational harvest in stock and ecosystem
assessments are unclear [14]. Hence, quantifying the recreational harvest is essential for
making accurate stock estimates and for assessing the impacts of the recreational harvest
on the marine community. The data collected from monitoring marine recreational fisheries
in Western Australia provide a unique case study for quantifying the recreational harvest
of sharks and rays, since this monitoring encompasses more than 20,000 km of the coastline
across both tropical and temperate bioregions.

Recreational fishing has been a popular activity in Western Australia for many years,
with an estimated 2.82 million fish from more than 180 species caught by boat-based
recreational fishers in 2017-2018 [15]. The most sought-after species are invertebrates
(western rock lobster, Panulirus cygnus, and blue simmer crab, Portunus armatus) and
teleosts (school whiting, Sillago schomburgkii, bassensis, and vittata; Australian herring,
Arripis georgianus; and pink snapper, Chrysophrys auratus). Although sharks and rays are
caught by recreational fishers, they are rarely targeted and contribute to only a minor
component of the total recreational harvest [15]. In contrast, sharks have been targeted by
commercial fishing operations in Western Australia since the early 1940s [16,17]. Currently,
stock assessments have only incorporated commercial landings because the time series
of recreational harvesting are unavailable [18]. This study aims to describe the species
composition and to reconstruct the annual recreational harvest of sharks and rays. The aim
is to improve our understanding of the recreational shark and ray harvest in Australia by
providing harvest estimates over time.

2. Materials and Methods
2.1. Data Sources

To quantify the recreational harvest, we used data from boat-based recreational fishing
surveys and charter logbooks (tour operator returns) across the multiple bioregions of West-
ern Australia (Figure 1). This quantification also required the scaling of these data back to
1941, which is considered the start of commercial shark fishing in Western Australia [16,17].
Recreational fishers in Western Australia are required to possess a Recreational Boat Fishing
Licence, which provides a cost-effective sampling platform for recreational fishing sur-
veys. Biennial statewide recreational fishing surveys were conducted in Western Australia
in 2011/12 (March 2011 to February 2012), 2013/14 (May 2013 to April 2014), 2015/16
(September 2015 to August 2016) and 2017/18 (September 2017 to August 2018) [15]. A
random sample of Recreational Boat Fishing licence holders were selected for an initial
Screening Survey to identify potential fishers for the 12-month phone-diary survey. Sur-
vey participants were given diary kits containing a welcome letter, species identification
guide [19], fishing location guide [20] and diary. After receiving the diary kits, a brief diary
explanation was provided by trained interviewers, and participants were encouraged to
use the diary card to record fishing effort (start and end times of a fishing event), catch
(numbers by species, bothretained and released), location, method, and trip time (boat
launched and retrieval times) for every fishing event during the 12-month period. Survey
participants were then contacted regularly by phone during the 12-month period in order to
collect their fishing information. Further details about the survey design, annual estimates,
and measure of uncertainty for shark and ray species are available from [15,21-23].
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Figure 1. Marine bioregions fished by private-boat recreational fishers and charter operators in
Western Australia.

Reporting of catch and effort data from charter-boat recreational fishing has been
monitored with mandatory charter logbooks in Western Australia since 2001. These data
include fishing effort (number of clients on charter boat), catch (numbers by species, both
retained and released), and location [24]. For consistency with time series reconstructions
(see below), only the years when the state-wide surveys were conducted were considered in
this study. As the charter logbook data are from an assumed census, there are no measures
of uncertainty associated with aggregated catch.

2.2. Data Analyses

The data from boat-based recreational fishing surveys and charter logbooks were
adjusted to improve the accuracy of estimated recreational harvest based on the fol-
lowing steps: (1) the proportional allocation of catches from generic to specific taxa,
(2) an adjustment of the estimated catch from private-boat recreational fishing to ac-
count for shore-based recreational fishing, (3) an adjustment of the estimated catch to
account for PRM, and (4) the conversion of estimated catch in individual numbers to
biomass using average weight. Following data adjustments, the recreational harvest
time series were reconstructed. All analyses were done using the statistical software
R [25]. The computer code developed for data adjustments and analyses can be ac-
cessed at https:/ /github.com/JuanMatiasBraccini/Git_Stock.assessments (accessed on 30
May 2021).

2.2.1. Reapportioning Generic Taxa

Both state-wide surveys and charter logbooks include some records for generic taxa
that do not distinguish between species (e.g., “‘whaler shark’, ‘other shark’, or Thammer-
head’), as fishers only reported one taxonomic group. Therefore, for both data sets the
estimated harvest of sharks reported as ‘whaler shark’ was reapportioned using the overall
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proportion of whaler sharks reported at a species level by bioregion and year. Similarly,
the estimated harvest of sharks reported as ‘other shark’ were reapportioned using the
proportion of sharks reported to the species level. The estimated harvest of Thammerhead’
was reapportioned into either scalloped (Sphyrna lewini) or smooth (S. zygaena) hammer-
head according to the bioregion in which the harvest was reported and based on the
observed spatial distribution of these two species [26]. Although great hammerhead sharks
(S. mokarran) also occur in northern Western Australia, they are less common than scalloped
hammerhead sharks. For this reason, great hammerhead sharks were not considered in our
reapportioning. Hence, the Thammerhead’ harvest reported in the Gascoyne and North
Coast bioregions was allocated to scalloped hammerhead sharks, whereas the harvest re-
ported in the West Coast and South Coast bioregions was allocated to smooth hammerhead
sharks. Additionally, records of bull shark (C. leucas) were considered to be pigeye shark
(C. amboinensis) due to their morphological similarities and the much greater abundance of
pigeye sharks than bull sharks in the study area [27].

2.2.2. Patterns in Species Composition

For the state-wide survey and charter logbook data, multivariate analyses were per-
formed using the vegan package [28] to determine patterns in species composition among
bioregions and between private-boat and charter-boat fishing. Non-metric multidimen-
sional scaling (nMDS) on squared-root transformed data (number of individuals of the
different species) and Bray—Curtis dissimilarities was used to collapse the multivariate
species composition into two dimensions. Similarity Percentage Analysis (SIMPER) was
used to determine the contribution of each species to the dissimilarity between bioregions.

2.2.3. Calculation of Shore-Based Recreational Fishing

Currently, there are no year-specific or region-specific estimates of shore-based recre-
ational fishing harvest. Therefore, the estimated harvest from private-boat surveys was
adjusted to account for shore-based recreational fishing using a private-boat to shore-based
ratio (1:0.96) available for the 2000—2001 harvest of shark and ray species across Western
Australia (DPIRD, unpublished data). Thus, for each state-wide survey year, shore-based
recreational fishing harvest was calculated as the product of 0.96 and the estimated catch
of each shark and ray species from private-boat recreational fishing.

2.2.4. Accounting for Post-Release Mortality

To account for Post-Release Mortality (PRM), species-specific PRM from a combination
of commercial and recreational line fishing was obtained from the literature [29-33]. This
information was only available for gummy (Mustelus antarcticus), school (Galeorhinus
galeus), Port Jackson (Heterodontus portusjacksoni), and hammerhead sharks, and for rays
and skates. For species without available estimates, a value of 30% was assumed (Table 1).
The estimated harvest for each species was calculated as the sum of the retained catch and
the product of the released catch with the assumed PRM. This process was repeated for
estimated catches from both the state-wide surveys and charter logbooks for each year.

2.2.5. Conversion of Numbers to Weights

The average weights for species retained by private-boat recreational fishers were
determined from boat ramp recreational fishing surveys conducted during 2011-12 through
2017-18 [34]. For shark and ray species, average weights were available for gummy,
whiskery (Furgaleus macki) and whaler sharks, wobbegongs, and rays and skates. For
species without available estimates, the average weight for whaler sharks was used for
species with a maximum body size of >2 m total length (TL) and the average weight for
gummy shark was used for species with a maximum body size of <2 m TL (Table 1).
For each species, an average weight across all survey years was applied to estimate the
total harvest (the sum of private-boat, shore-based, and charter-boat estimates). Given
differences in the reliability of estimated catches across state-wide survey years [15], higher
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credence was given to estimates with a lower relative standard error (RSE) by calculating
an average weight, as determined by 1/RSE.

Table 1. Relative abundance of shark and ray species (or species groups) from catches reported by private-boat recreational
fishers in both state-wide recreational fishing surveys (2011-12, 2013-14, 2015-16, and 2017-18) and charter logbooks (since
2002), with estimates of average weight and post-release mortality rate used for reconstructing recreational harvest. Species

are sorted by taxonomic order.

Common Name Scientific Name Numbers Avera%;’g‘;velght P?\it(;ft:if;;s €
Retained Released
Carcharhiniformes
Silvertip Shark Carcharhinus albimarginatus 0 46 5.4 0.3
Bignose Shark Carcharhinus altimus 0 33 5.4 0.3
Grey Reef Shark Carcharhinus amblyrhynchos 15 199 5.4 0.3
Pigeye Shark Carcharhinus amboinensis 7 7319 54 0.3
Bronze Whaler Carcharhinus brachyurus 5639 11,956 5.4 0.3
Spinner Shark Carcharhinus brevipinna 1048 2285 54 0.3
Nervous Shark Carcharhinus cautus 7 24 4.2 0.3
Silky Shark Carcharhinus falciformis 7 11 5.4 0.3
Oceanic Whitetip Shark Carcharhinus longimanus 17 830 5.4 0.3
Blacktip Reef Shark Carcharhinus melanopterus 827 17,178 5.4 0.3
Dusky Whaler Carcharhinus obscurus 3129 36,523 5.4 0.3
Sandbar Shark Carcharhinus plumbeus 989 3249 5.4 0.3
Australian Blacktip Shark Carcharhinus tilstoni 80 117 54 0.3
Tiger Shark Galeocerdo cuvier 199 5920 54 0.3
Sliteye Shark Loxodon macrorhinus 0 3 42 0.3
Lemon Shark Negaprion acutidens 64 2489 54 0.3
Blue Shark Prionace glauca 0 35 5.4 0.3
Whitetip Reef Shark Trinenodon obesus 290 6650 4.2 0.3
Smooth Hammerhead Sphyrna zygaena 727 2121 5.4 0.6
Scalloped Hammerhead Sphyrna lewini 59 906 54 0.6
Gummy Sharks Mustelus antarcticus and M. 10,433 7240 42 01
stevensi
Whiskery Shark Furgaleus macki 2454 1256 3.7 0.3
School Shark Galeorhinus galeus 389 287 42 0.1
Pencil Shark Hypogaleus hyugaensis 18 2 42 0.3
Lamniformes
Thresher Shark Alopias vulpinus 0 2 54 0.3
Greynurse Shark Carcharias taurus 29 1270 5.4 0.13
Heterodontiformes
Port Jackson Shark Heterodontus portusjacksoni 138 17,715 4.2 0.05
Orectolobiformes
Wobbegongs Orectolobidae 1625 8369 6.7 0.05
Tawny Shark Nebrius ferrugineus 2 199 5.4 0.3
Zebra Shark Stegostoma fasciatum 10 32 54 0.3
Squaliformes
Dogfishes Squalidae 0 1 4.2 0.3
Rhinopristiformes
Sawfishes Pristidae 18 1489 5.4 0.3
Rajiformes
Rays and Skates Rajidae 478 30,249 0.5 0.16

2.2.6. Reconstruction of Time Series

For each species, the calculated average annual harvest (in weight) across survey years
was multiplied by a relative time series of residential population size and an estimated
participation rate in recreational fishing (29.8%), which corresponds to the average partici-
pation rate between 20092010 and 2018-2019 [35]. The relative time series of residential
population size was obtained by dividing the Estimated Residential Population of Western
Australia between 1941 and 2018 (Australian Bureau of Statistics, https:/ /www.abs.gov.au,
accessed on 25 November 2019) by the residential population size in 2011. The year 2011
was chosen because it was the first year of the state-wide surveys.
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3. Results

In total, 33 shark and ray species (or species groups) were identified, with dusky
whaler (Carcharhinus obscurus), rays and skates, blacktip reef (C. melanopterus), Port Jackson
and gummy sharks, bronze whaler (C. brachyurus), and wobbegongs dominating the recre-
ational harvest (Table 1). For some species, there was a very small number of observations.
Most caught individuals (85%) were of unknown status (alive or dead), although hound
sharks such as gummy and whiskery sharks were typically retained (Table 1).

There were significant differences in species composition among bioregions (Table S1;
Figure 2), with the nMDS estimating a north-to-south gradient corresponding to the species’
general distribution (Figure 3). At the bioregional extremes in the North Coast and South
Coast bioregions, differences in catch composition were attributed to the predominance
of tropical and subtropical species of the genus Carcharhinus in the North Coast such as
reef, pigeye (C. amboinensis), lemon (Negaprion acutidens), sandbar (C. plumbeus) and tiger
(Galeocerdo cuvier) sharks, and to temperate species in the South Coast, such as gummy and
Port Jackson sharks and bronze whaler (Figure 2).

O North Coast O Gascoyne Coast B West Coast B South Coast

Thresher shark I |n= 1
Tawny shark I | n= 44
Silvertip shark | |n=38
Silky shark I n=3
Sawfishes [ n=769
Pigeye shark I n=4752
Oceanic whitetip shark I n=3
Dogfishes I n=1
Australian blacktip shark I | n=44
Blacktip reef shark | | n= 6225
Whitetip reef shark [ | | n=3553
Grey reef shark [ | | n=35
Scalloped hammerhead I | | n=408
Sandbar shark | _ n=1915
Dusky whaler I | - n= 19763
Lemon shark | | —- n=1119
Tiger shark I | —_ n= 3085

Gummy sharks n= 8436

Wobbegongs
Rays & skates
Bronze whaler
Spinner shark
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Whiskery shark
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n= 1268
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n= 1698
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School shark
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n=38

n=1

Smooth hammerhead n= 1401

0!0 OTZ OF4 O!G OFB 1.0
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Figure 2. Proportion of the relative abundance of shark and ray species (or species groups) among
bioregions (private-boat recreational fishers only) in Western Australia. The total number of individ-
uals is shown on the right-hand side. Species are ordered by bioregion.

As expected from the reconstruction method, which scaled harvests by the residential
population size, recreational harvest increased with time (Figure 4). The reconstructed
annual recreational harvest increased from 14 tonnes in the early 1940s to 83 tonnes in
2017-2018. Dusky and bronze whalers, and gummy and blacktip reef sharks had the
highest annual harvests, whereas for most other species, annual recreational harvests were
negligible (<1 tonne in 2017-2018).
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Figure 3. Nonmetric multidimensional scaling ordination using square root transformed counts
and Bray—Curtis similarities from catches of shark and ray species (or species groups) reported by
private-boat recreational fishers and charter operators in Western Australia. Each point denotes both
a survey type and combination of year and region.
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Figure 4. Time series of recreational harvest for shark and ray species (or species groups). .

4. Discussion

The reconstructed time series indicate that recreational harvest of shark and ray
species is low and represents a small component of the total mortality of sharks and rays in
Western Australia compared with commercial landings. The shark and ray harvest from
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commercial and recreational fisheries reveals a contrasting trend. At its historic peak, the
commercial shark fisheries of Western Australia (Northern Shark Fisheries and Temperate
Demersal Gillnet and Demersal Longline Fisheries) reported annual shark and ray landings
of >1300 and >1800 tonnes, respectively [36,37]. The contemporary commercial landings of
sharks and rays (<1000 tonnes) is lower than in previous decades as a result of management
measures aimed at ensuring the sustainability of fisheries. In contrast, the largest annual
recreational harvest was for 2017-18 at 83 tonnes, i.e., <2.7% of the peak of commercial
landings. At an assumed average weight of 5 kg, this equates to <17,000 individuals. Based
on a nation-wide survey, which included screening from the general population and a
12-month phone—diary survey in 2000/01 [38], an estimated 24,000 sharks and rays were
harvested in Western Australia and ~82% of the harvest was released. In contrast, several
million individuals of teleost species are harvested annually in Western Australia, most of
which are retained [15].

In comparison to other Australian states such as Victoria, New South Wales, and
South Australia, sharks are less of a target for game fishers in Western Australia [39,40].
Whaler and tiger sharks have been tagged and released by recreational game fishers in
Western Australia, particularly in Exmouth and Broome, where game fishing for marlin
and other billfish is popular [41]. However, our findings are in agreement with the broader
Australian nation-wide survey, indicating that sharks and rays in Western Australia are
not the primary target species for most recreational fishers and, when captured, are mostly
(85%) released. Hence, it is unlikely that recreational fishing represents a considerable risk
to the sustainability of most of these species.

Accurately identifying the recreational catch is difficult, particularly for carcharhinids
that are taxonomically very similar [42] and for sharks that are released prior to landing. In
the current study, the use of species identification guides and trained telephone interviewers
helped recreational fishers recall information on their catches. Nevertheless, misidentifica-
tion could have occurred for some species. Furthermore, the reconstruction of shore-based
recreational fishing was performed by scaling the harvest from private-boat fishers. This
represents a limitation to the current study, as we had to assume that shore-based fishing
has remained the same over time and that both sectors have the same shark and ray species
composition. To improve the current harvest estimates, targeted shore-based surveys
are therefore required, as some shark and ray species, such as wedgefish (Rhinidae) and
guitarfish (Rhinobatidae and Glaucostegidae), have been caught and released by shore-based
fishers (M. Braccini pers. obs.) but did not occur in the reported private-boat harvest.

Species-specific PRM estimates from recreational line fishing were only available for a
fraction of the species, and PRM estimates can vary with shark size. Hence, we assumed
an arbitrary value of 30% for those species without estimates. This was considered to
account for the mortality of sharks and rays released by recreational fishers related to
capture stress, damage due to hooks or terminal tackle, or poor handling practices [2].
Shark depredation is a common issue encountered by recreational fishers in some regions
of Western Australia [15,43], and the PRM values used in this study also account for this
“cryptic” source of mortality. However, further research is warranted to determine species-
specific PRM estimates and to identify effective ways for recreational fishers to handle and
release sharks and rays to aid in their survival [44]. Similarly, average weight information
was only available for a subset of species. Hence, for those species that attain large sizes and
are released in relatively large numbers, such as tiger shark and sawfishes, future research
should aim at collecting average weight data in order to minimize underestimating the
extent of the recreational harvest of these species.

The species composition of the recreational harvest varied across bioregions, where
carcharhinids dominated in tropical and subtropical waters and more temperate species
from a range of families dominated in the south. Similarly, on the east coast of Australia
several species of the genus Carcharhinus dominated the catch composition of recreational
fishers in the north [45], whereas the catch composition in the south comprised of mostly
temperate species from a range of different families [46,47].
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5. Conclusions

The historically low recreational harvest in Western Australia is unlikely to have
impacted shark and ray stocks substantially. For other stocks and regions, recreational
harvesting has had considerable impacts on shark populations and can be of a comparable
magnitude to commercial shark fishing. For example, the greynurse shark (Carcharias tau-
rus) was almost extirpated from the east coast of Australia due to mostly recreational
spearfishing [48], and the recreational harvest of large coastal sharks in the Gulf of Mex-
ico and east coast of the US is considered larger than the commercial harvest for some
species [13]. In contrast, commercial shark and ray landings in Western Australia is more
than 10 times larger than the recreational harvest, and for most of the commonly har-
vested species by recreational fishers, there have been substantial management measures
implemented to ensure sustainability [37].

The present study estimated the recreational harvest of sharks and rays in Western
Australia, reconstructing the time series required for assessing these stocks to comply
with state, national, and international initiatives for the conservation and sustainable
management of sharks and rays. By incorporating the species-specific harvest time series
into stock assessments, this newly available information allows for quantifying the impact
of recreational fishing on shark and ray populations in Western Australia, even though this
effect is expected to be negligible as the recreational harvest represents only a fraction of
commercial landings.
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