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a b s t r a c t

Unprovoked shark bite remains a rare, unlikely occurrence; however, shark bite incidence is increasing
world-wide. In an effort to understand why shark bite incidence is increasing, we examine recent trends
in unprovoked shark bite statistics and other media from the six global shark bite “hotspots”, the United
States, South Africa, Australia, Brazil, Reunion Island and the Bahamas, and review recent literature that
identifies potential causative factors that may contribute to rising shark bite incidence. Increases in shark
bite incidence are likely attributable to rises in human population, as well as other causative factors,
including habitat destruction/modification, water quality, climate change and anomalous weather pat-
terns and the distribution/abundance of prey. Our analysis shows that increases are likely the result of a
set of conditions that disrupts the natural balance of an area at a local or regional level and increases the
probability of shark-human interaction. We also present recommendations for future management of
shark-human interaction.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Globally, the frequency of unprovoked shark bite has been
increasing (McPhee, 2014). While unprovoked shark bite over the
last 30 years has been recorded from 56 countries and territories,
the majority (84%) have occurred in six: the United States, South
Africa, Australia, Brazil, the Bahamas and Reunion Island (McPhee,
2014). While the probability of unprovoked shark bite is low, and
most shark bites result in very minor injuries only (Woolgar and
Cliff, 2001), the results can be traumatic or fatal and the vivid na-
ture of a shark bite ensures a high degree of media reporting and
public concern (Neff, 2012). The public perceives the probability of
an unprovoked shark bite as much greater than it actually is, and a
greater fatality risk than drowning, despite evidence to the contrary
(Caldicott et al., 2001; Crossley et al., 2014; McPhee, 2014; Myrick
and Evans, 2014).

In order to address public concern, management agencies may
implement measures that attempt to reduce the risk posed, placate
the public, or provide information aimed at allowing water users to
make more informed decisions about utilising a particular area at a
ile; NSW, New South Wales;
Western Australia.

(B.K. Chapman).
particular time. Traditional measures, such as shark nets and drum
lines, which attempt to capture and kill large sharks, are highly
controversial (Gibbs and Warren, 2014; Meeuwig and Ferreira,
2014). Assessment of the efficacy of these programs has demon-
strated in terms of actual reduction in the probability of an inter-
action that they may be equivocal or ineffective (Wetherbee et al.,
1994), and the perception among the public of their level of effi-
cacy is not high (Crossley et al., 2014). Further, as well as targeting
species such as the white shark (Carcharodon carcharias) and the
tiger shark (Galeocerdo cuvier), which are of conservation concern,
the methods used result in high levels of by-catch, including pro-
tected or threatened species (Brazier et al., 2012; Dudley, 1997;
Dudley and Cliff, 2010; Dudley and Simpendorfer, 2006; Gribble
et al., 1998; Krogh and Reid, 1996; Paterson, 1990), and could
have detrimental effects to entire populations (Weltz et al., 2013).
Additionally, the shift in human perception from the need to be
protected from sharks to the need to protect sharks from humans
leads to the necessity to formulate ecologically-responsible ap-
proaches to mitigating the risk (Gibbs and Warren, 2014; Meeuwig
and Ferreira, 2014; Simpfendorfer et al., 2011).

Unprovoked shark bite is not a homogenous phenomenon,
complicating assessment of the event. Bites may occur over a range
of different habitats (e.g. coral reefs, surf beaches, rivers), and the
various species implicated in bites differ substantially in biology
and ecology. However, the threemain species of concern to humans
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are white sharks, bull sharks (Carcharhinus leucas), and tiger sharks
(McPhee, 2014). Furthermore, the pattern of human usage of
coastal waters also differs both spatially and temporally, and
unprovoked shark bites occur during a range of humanwater-based
activities (McPhee, 2014).

Identifying that the frequency of unprovoked shark bite has
been increasing globally is important, but given its heterogeneous
nature, further understanding requires analysis of trends at
regional levels, and a focus on the drivers of any trends at this level.
There are a number of factors that may contribute to the global
trend of increasing unprovoked shark bite. Paramount is simply
that a growing human population means that more people are
likely to be in the water, and hence the probability of an unpro-
voked shark bite is increased. However, McPhee (2014) identified
that, globally, this factor alone was insufficient to explain the
observed trends, and Amin et al. (2012) determined that unpro-
voked bites were not proportional to beach attendance in Florida.
Other contributing factors may include changes in the abundance
of prey (e.g. seals and whales), which may increase the spatial
overlap between relevant shark species and water users; an in-
crease in the population of relevant shark species; and anthropo-
genic factors, such as coastal development, which may change the
pattern of habitat use of relevant shark species (McPhee, 2014).
These potential contributing factors are not mutually exclusive.

In this paper we analyse International Shark Attack File (ISAF)
records from the global “hotspots” of unprovoked shark bite be-
tween the years 1982 to 2013. We aim to determine the trends in
the frequency of unprovoked shark bite at these six hotspots and
offer explanations of observed trends. Identifying potential factors
that may be responsible for observed trends can assist in under-
standing the phenomenon, and, thus, contribute to better informed
decision-making regarding mitigating the risk of unprovoked shark
bite.

2. Methods

Data for this study were extracted from the International Shark
Attack File (ISAF), http://www.flmnh.ufl.edu/fish/sharks/isaf/isaf.
htm from the time period of 1982 to 2013. The ISAF is the longest
running database relating to shark attacks and serves as a long-
term database containing information on known shark bites. It is
a globally-comprehensive, scientifically-based shark attack data-
base, with much of the data obtained through voluntary sub-
missions by cooperating scientists across the globe, who act as
regional assessors.

While it is clearly plausible that some (predominantly minor)
incidents are not reported, it should be recognised that the data-
base, nonetheless, represents a highly valuable resource, without
which advanced efforts into understanding shark bite incidence
would not be possible. Further, the public interest in unprovoked
shark bite means that even minor incidents (including encounters
where no physical contact occurs) are generally reported in the
media, from where regional observers can investigate the interac-
tion and log a report. We consider that there is likely to be a lack of
reporting in countries where national and international media and
communications are generally poor (e.g. Papua New Guinea), or
where war or political instability reduces information exchange
with the outside world (e.g. Sudan). Such countries, though, are not
the focus of this paper, which instead examines unprovoked shark
bite in locations where media and communications are effective,
and where the relative prevalence of bites leads to an under-
standing of the importance of systematic reporting of incidents,
and how to go about reporting. As such, while potential regional
biases in the database were considered in the early stages of
analysis, we did not feel that they would detract from or invalidate
the analyses and interpretations presented herein.
The data extracted from the ISAF database included information

on the date and locality of shark bite (year, date, time, country,
state/territory, county/beach), the source of information, and as
much information as possible on the activity performed at the time
of the bite, the victim (name, sex, age, injury sustained) and detail
of the shark. Prior to analysis, all names and individual identifiers
were removed from ISAF data sets used in this study to anonymise
and de-identify the records. Our dataset was filtered through the
ISAF data download tool and by scanning the activity and injury
details of each file to include only cases that were confirmed and
unprovoked. Our analysis excludes provoked bites, bites to motor-
ised or non-motorisedwater crafts or equipment where no physical
contact between the shark and a human occurred, and cases where
the victim was dead prior to shark interaction. The bites must have
occurred in the sharks' natural environment and without prior
provocation by a human (e.g. encouraging a shark through feeding
or aggravating the shark by purposefully touching or attempting to
touch it). Cases where the presence or accountability of a shark
towards human injury or death were not definitive are excluded.
Additional information on shark bite data collection and current
shark bite data (including maps showing where bites have
occurred) can be found on the ISAF website (https://www.flmnh.
ufl.edu/fish/isaf/home/).

Shark bite data were broken down by country, state/territory
and county, and yearly incidence was qualified and plotted. Linear
regression trendlines were fitted to the data to determine change in
frequency (rate of change). Regional datawere also broken down by
month and activity. Within the manuscript, peak incidence years
are identified by calendar year, followed by the number of incidents
in parenthesis. Human population trends are based on statistics
downloaded from the Food and Agriculture Organization of the
United Nations Statistics Division (FAOSTAT, 2014).

Where species information is provided, it is only givenwhen the
case file provides a definitive species identification. If the file states
“possibly”, “probably”, “thought to be”, or includes a “?”, the species
is considered unknown. Shark species data were broken down by
region and quantified to determine species accountability. Sharks
were described as specifically as possible within the file data, but in
some cases, could only be identified to the genus level. Unless
otherwise stated, shark species accountability percentages are
given based on the total number of bites (and not the total number
with species identified).

While commonly denoted in the literature and media as “shark
attack”, we utilise the term “shark bite” to refer to the same
occurrence, as we believe this to be the more appropriate term.
However, no difference between the two descriptors exists.

3. Results and regional discussion

3.1. United States

Unprovoked shark bite is most prevalent in the United States
(US), comprising 52.0% of global recorded unprovoked shark bite
between 1982 and 2013. The incidence of unprovoked shark bite in
the US has shown a gradual rise over the past 32 years, at an
average rate of change of 1.07 bites per year (Fig. 1). The years with
the highest incidence of unprovoked shark bites were 2001 (50),
2007 (48), 2012 (46) and 2013 (46). In the peak year of 2001, all 50
unprovoked bites occurred between the warmer spring and sum-
mer months of March through September. The vast majority of
unprovoked shark bites occur off the coast of Florida (Fig. 2,
Table 1). The risk of unprovoked shark bite within the coastal wa-
ters of Florida is not uniform, with a disproportionate number
occurring in Volusia County. In contrast, the counties of Duval, St
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Fig. 1. Unprovoked shark bite incidence between January 1982 and December 2013 in six of the global “hotspots”. Incidence within the United States (A), South Africa (B),
Australia (C), Brazil (D), Reunion Island (E) and the Bahamas (F). Trendlines for incidence in Brazil is calculated based on data from 1982 to 2013 (circles and squares), and since the
beginning of recorded incidence in 1992 (squares). The trendline represents the linear regression fit through year incidence.

Fig. 2. Unprovoked shark bite incidence between January 1982 and December 2013
in Florida. The trendline represents the linear regression fit through year incidence.
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Johns, Broward and Miami-Dade are low risk areas (Amin et al.,
2012). In 2001, 35 of the 50 bites (70%) within the US occurred
off the coast of Florida and 23 occurred off Volusia County (46% of
US bites).
Amin et al. (2012) identified that unprovoked shark bite in
Florida was explained by neither spatial or temporal factors in
isolation, but rather, an interaction between the two, that led to
some areas being relatively high-risk, and others relatively low-
risk, with some years being different in risk level. Volusia County
is renowned for its 80 km of pristine beaches. However, the main
draw to the area is the surf conditions. The majority of bites in
Volusia County (62.8%) between 1982 and 2013 occurred during
surfing activities, compared with 44.9% in other Florida locations.
Dredging to maintain the channel and manmade rock jetties in the
area facilitates sandbar development and affects natural water flow,
producing highly favourable surfing conditions. Surfing behaviours
have been suggested to expose people to sharks more than most
other water activities, due to surfers' duration of time in the water,
distance from shore, isolation, and “provocative” arm and leg
movements (Burgess et al., 2010). Volusia County beaches are also
naturally susceptible to large amounts of runoff following heavy
rain (which was anecdotally considered to be a factor leading to an
increase in shark-human interactions in August 2012) and 75% of
Volusia County shark bites between 1957 and 2008 occurred during
decreased clarity (“turbid”, “murky”, or “muddy” water) (Burgess
et al., 2010). Additionally, an abundance of baitfish is also found
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Table 1
Shark bite incidence by species between 1982 and 2013 in the United States, Florida and Volusia County, where the identification of the species was definitively recorded.

USA % (883) Florida % (547) Volusia county % (234)

Carcharodon carcharias 54 6.12
Sphyrna sp. 4 0.45 3 0.55 1 0.43
Carcharhinus leucas 27 3.06 18 3.29 2 0.85
Carcharias taurus 6 0.70
Galeocerdo cuvier 46 5.21 2 0.37
Prionace glauca 1 0.11
Carcharhinus limbatus 20 2.27 16 2.93 3 1.28
Carcharhinus falciformis 2 0.23 2 0.37
Negaprion brevirostris 6 0.68 5 0.91 1 0.43
Carcharhinus brevipinna 10 1.13 10 1.83 2 0.85
Carcharhinus plumbeus 1 0.11
Isurus sp. 1 0.11
Carcharhinus obscurus 1 0.11
Ginglymostoma cirratum 6 0.68 6 1.10
Carcharhinus perezii 1 0.11 1 0.18 1 0.43
Squatina sp. 1 0.11
Isistius brasiliensis 1 0.11
Alopias sp. 1 0.11
Carcharhinus galapagensis 1 0.11
Lamna ditropis 1 0.11
Triaenodon obesus 1 0.11
C. limbatus/C. brevipinna 8 0.90 8 1.50 7 3.00

TOTAL 200 22.65 71 12.96 17 7.26

Percentages are given based on the total number of shark bites in the specified region (in parentheses) over this time period. A high number of shark bites in Florida (8) and
Volusia County (7) are also attributed to “blacktip or spinner sharks” (highlighted row), as the identity of two species is often mistakenly interchanged (Burgess et al., 2010).
The species in most bites (USA: 77%, Florida: 87%, Volusia County: 93%) is unknown or unconfirmed.
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in this area (Burgess et al., 2010). Combined, these conditions
produce an environment that would be favourable to many elas-
mobranch species, and in fact, the area has been found to be a
nursery area for blacktip sharks (Carcharhinus limbatus) and spin-
ner sharks (C. brevipinna) (Aubrey and Snelson, 2007), the two
species that, when combined (as they are often not distinguishable
by bite victims and witnesses), are most often implicated in Florida
shark bites (6.2% of all Florida bites during the study time period).
Similarly, these conditions would also be favourable to juvenile bull
sharks (Werry, 2010), which are also implicated in unprovoked
bites in Volusia County and Florida more broadly (Table 1, Fig. 3).

While increasing human population is not considered to be the
sole factor in increasing unprovoked shark bites globally, beach
usage is clearly a contributing factor. This is apparent, especially,
when considering the US shark bite statistics. Incidence decreased
sharply in the four years during and following the global financial
crisis (2008e2011) when economic conditions led to a major
reduction in tourism and the cancellation of travel. With the
improvement in the American economy from 2011 onwards, a
surge in tourism (VISIT FLORIDA Research, 2015) mirrors the
increasing trend in unprovoked shark bites. Similarly, trends in
Florida's population growth have been shown to be closely linked
to economic conditions, with increased immigration and decreased
emigration during economic booms, and the opposite during eco-
nomic busts (Smith and Cody, 2015). Florida's residential popula-
tion increased 5.8% between April 2010 and July 2014, above the US
average of to 3.3% (United States Census Bureau, 2015).

Another trend that is apparent through assessment of Florida
shark bite incidence is that communication and funding play large
roles in shark bite statistics. At first glance, it appears that there
were significant increases in unprovoked shark bites in 1987 and
1993 (Burgess, 2014). However, this is noted as being an artefact of
the ISAF moving to the Florida Museum of Natural History (1987),
resulting in increased resources, scope of coverage and reporting
(particularly of minor injuries), and advances in communication
between Volusia County lifeguards and emergency responders in
1993 (Burgess, 2014). Both events increased the reporting of minor
shark bites, which had most likely been previously underreported.
While the Florida data highlights these factors, advances in
communication and reporting, the evolution of information mining
strategies and awareness through online and social media will all
manifest as otherwise unjustified (but quantifiably inextricable)
increases in shark bites globally.
3.2. South Africa

While identified as one of the global hotspots for unprovoked
shark bite incidence, and one of two countries (along with
Australia) with the greatest number of shark bite fatalities each
year, the rate of unprovoked shark bite in South Africa has remained
virtually unchanged over the past 32 years (average rate of change
of 0.03 bites per year). However, incidence showed a substantial
elevation in 1998, with 16 unprovoked bites, as opposed to the 32
year average of 4.4 unprovoked bites. While South Africa boasts
2,000 km of coastline, all of the recorded bites in 1998 occurred
along the southern stretches of the Western and Eastern Cape
Province beaches from Saldanha Bay on the west to the Kei River on
the east. While most unprovoked shark bites in South Africa are
from white sharks (Table 2, Fig. 3), the catch per unit effort (CPUE)
from the KwaZulu-Natal gillnet, which represents the most reliable
long-term data on white shark abundance in South Africa, shows
that white shark numbers decreased from 1995 to 1998, and were
lower than average in 1998 (Dudley and Simpendorfer, 2006).
However, this data should be correlated to white shark activity in
South Africa as a whole with some reservation, as it does not
include shark numbers for June and July, a time period which
represents 31% of the years' unprovoked bites, and KwaZulu-Natal
is approximately 900 km northeast of the mouth of the Kei River
(the north-eastern most location of shark bite incidence in 1998).
White sharks, instead, more reliably congregate around the South
Western Cape of South Africa (Jewell et al., 2013; Kock and Johnson,
2006; Wcisel et al., 2015), which is reflected in the higher pro-
portion of bites (39% in the Western Cape Province and 43% in the
Eastern Cape Province, compared with 18% in KwaZulu-Natal).

https://www.researchgate.net/publication/232804867_Population_status_of_14_shark_species_caught_in_the_protective_gillnets_off_KwaZulu-Natal_beaches_South_Africa_1978-2003?el=1_x_8&enrichId=rgreq-41a2fc7395a1ae0ebc7c889fd2bc3492-XXX&enrichSource=Y292ZXJQYWdlOzMwODYwMTIyNTtBUzo0MTAzNjU3NDI2MDAxOTJAMTQ3NDg1MDIyNTU3OQ==
https://www.researchgate.net/publication/257556545_Fine_scale_movements_and_activity_areas_of_white_sharks_Carcharodon_carcharias_in_Mossel_Bay_South_Africa?el=1_x_8&enrichId=rgreq-41a2fc7395a1ae0ebc7c889fd2bc3492-XXX&enrichSource=Y292ZXJQYWdlOzMwODYwMTIyNTtBUzo0MTAzNjU3NDI2MDAxOTJAMTQ3NDg1MDIyNTU3OQ==
https://www.researchgate.net/publication/282074204_The_role_of_refugia_in_reducing_predation_risk_for_Cape_fur_seals_by_white_sharks?el=1_x_8&enrichId=rgreq-41a2fc7395a1ae0ebc7c889fd2bc3492-XXX&enrichSource=Y292ZXJQYWdlOzMwODYwMTIyNTtBUzo0MTAzNjU3NDI2MDAxOTJAMTQ3NDg1MDIyNTU3OQ==
https://www.researchgate.net/publication/308602890_Life_history_in_spinner_sharks_in_Florida_waters?el=1_x_8&enrichId=rgreq-41a2fc7395a1ae0ebc7c889fd2bc3492-XXX&enrichSource=Y292ZXJQYWdlOzMwODYwMTIyNTtBUzo0MTAzNjU3NDI2MDAxOTJAMTQ3NDg1MDIyNTU3OQ==
https://www.researchgate.net/publication/290259008_Factors_Contributing_to_Shark_Attacks_on_Humans_A_Volusia_County_Florida_Case_Study?el=1_x_8&enrichId=rgreq-41a2fc7395a1ae0ebc7c889fd2bc3492-XXX&enrichSource=Y292ZXJQYWdlOzMwODYwMTIyNTtBUzo0MTAzNjU3NDI2MDAxOTJAMTQ3NDg1MDIyNTU3OQ==
https://www.researchgate.net/publication/290259008_Factors_Contributing_to_Shark_Attacks_on_Humans_A_Volusia_County_Florida_Case_Study?el=1_x_8&enrichId=rgreq-41a2fc7395a1ae0ebc7c889fd2bc3492-XXX&enrichSource=Y292ZXJQYWdlOzMwODYwMTIyNTtBUzo0MTAzNjU3NDI2MDAxOTJAMTQ3NDg1MDIyNTU3OQ==


Fig. 3. Shark species responsible. The species responsible for unprovoked shark bites in the six global shark bite “hotspots”, the United States [and a subset from Florida], South
Africa, Australia [and a subset from Western Australia], Brazil [and a subset from Recife], Reunion Island and the Bahamas.
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Nonetheless, white sharks are known to migrate along South
Africa's entire coast (Bonfil et al., 2005; Kock and Johnson, 2006),
and therefore, population trends are expected to be reflected in
KwaZulu-Natal (Kock and Johnson, 2006).

During late 1997 and early 1998, an anomalous climactic event,
attributed to the El Ni~no phenomenon, occurred throughout the
Indian Ocean, resulting in cool sea surface temperature (SST)
anomalies in the eastern and equatorial Indian Ocean and warm
SSTs (up to 1e2 �C above long term averages) in the western Indian
Ocean. The anomalous SSTs coincided with decreased rainfall in
South Africa (Murtugudde et al., 2000; Ropelewski, 1999). Changes
to rainfall events and disruptions to current patterns can have
significant effects to upwellings of nutrient rich water, leading to
changes in biological productivity and prey availability throughout
the food chain (Kingsford and Welch, 2007). Abnormally high SSTs
could also alter natural shark habitat through the alteration, dete-
rioration or destruction of habitat important for prey, resulting in
the displacement of sharks that utilise these habitats for repro-
ductive, developmental and predation purposes. Interestingly,
though, none of the other shark bite hotspots examined in this
study showed such drastic shifts in incidence numbers as South
Africa, despite the 1997e1998 El Ni~no event being a global phe-
nomenon (although affecting various regions differently and to
varying extents) (Ropelewski, 1999). The conclusion from the in-
formation available in South Africa is that there is no clear and
consistent trend of increasing numbers of unprovoked shark bites
over time, although there was a single period of time that coincided
with an anomalous climactic event that may have altered the dis-
tribution of white sharks.
3.3. Australia

Unprovoked shark bite in Australia has risen steadily over the
past 32 years (rate of change ¼ 0.35 incidents per year), with peak
incidence years of 2009 (15), 2012 (13) and 2010 (12) (Fig. 1). While
Australia has the second highest number of bites (following the US),
bites are spread over a far greater length of coastline (59,700 km,
including island coastline) (Australian Bureau of Statistics, 2010)
compared with any of the other shark bite hotspots (especially
when considering that a large percentage of unprovoked bites
around the US occur along just 80 km of coastline in Florida). The
rise in Australian shark bite incidence has largely been attributed to
increased human population, increased human beach usage,
increased interest in water-based recreational and sporting activ-
ities, and greater visitation to previously isolated and relatively
underutilised beaches (West, 2011). Over the past 32 years, Aus-
tralia's permanent resident population has grown 35% (FAOSTAT,
2014) and the coastal zone supports some of the largest growth
in terms of population (2010). Eighty-five percent of the Australian
population lives within 50 km of the coastline (Maguire et al., 2011)
and the population density of Australia's coastal areas increased by
14.0% between 2001 and 2009 (above the Australian average of
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Table 2
Potential causative factors of unprovoked shark bite incidence in the six global shark bite ‘hotspots’ between 1982 and 2013.

Region No. of
bites

Species
responsible

Peak years Rate of change
(bites/year)

Possible contributing factors

Human
population/
tourism
increase

Habitat
destruction/
modification

Water
quality

Climate change
(incl. ENSO)

Shark numbers Distribution/
abundance of
prey

Florida (United
States)

548 Carcharhinus
leucas (3.3%),
Carcharhinus
limbatus (2.9%),
Carcharhinus
brevipinna
(1.4%)

2001 (50),
2007 (48),
2012 (47),
2013 (46)

1.00 Yes (FAOSTAT,
2014)

Yes (Burgess
et al., 2010)

Yes (Comas,
2012)

Yes (Matich and
Heithaus, 2012)

Unlikely
(Carlson et al.,
2012)

South Africa 146 Carcharodon
carcharias
(42.5%),
Carcharias
taurus (13.7)

1998 (16) 0.03 No (FAOSTAT,
2014)

Yes
(Murtugudde
et al., 2000)

Unlikely
(Dudley and
Simpendorfer,
2006; Towner
et al., 2013)

Australia 199 Carcharodon
carcharias
(23.6%),
Carcharhinus
brachyurus
(8.5%),
Carcharhinus
leucas (5.5%),
Galeocerdo
cuvier (5.0%)

2009 (15),
2012 (13),
2010 (12)

0.35 Yes (2010;
FAOSTAT, 2014;
Neff, 2012,
2014)

Potentially
(Werry et al.,
2012)

Yes (National
Climate Centre,
2009)

Unlikely
(Holmes et al.,
2012; Reid
et al., 2011)

Yes (Bruce
et al., 2014;
Campbell et al.,
2014; Holmes
et al., 2014;
Noad, 2011;
Sprivulis, 2014)

Brazil 74 Carcharhinus
leucas (4.1%),
Galeocerdo
cuvier (4.1%)

1994 (10),
2002 (7),
2004 (7)

0.07 Yes (Koening
et al., 2003;
Paschoa, 2013;
Rolland et al.,
2012)

Yes (Koening
et al., 2003;
Paschoa, 2013;
Rolland et al.,
2012)

Yes (Marie
and Rallu,
2012)

No (Afonso
et al., 2014)

Reunion 37 Carcharhinus
leucas (24.3%),
Galeocerdo
cuvier (10.8%)

2011 (5) 0.05 Yes (Marie and
Rallu, 2012;
Van
Grevelynghe,
2000)

Terrestrial
(Dias and
Peron)

Yes (Bigot
et al., 2006;
Marie and
Rallu, 2012)

Bahamas 48 Carcharhinus
leucas (14.6%),
Carcharhinus
perezii (12.5%),
Carcharhinus
limbatus (4.2%)

1988 (5),
2013 (5)

0.05 Yes (FAOSTAT,
2014)

Yes (Chollett
et al., 2012;
Dennis and
Wicklund,
1993)

Information in the shaded cells remains undocumented.
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13.1%) (Australian Bureau of Statistics, 2010). In addition to per-
manent resident population growth, tourism statistics have shown
that short-term visitor numbers to Australia have grown by up to
8.2% per year (Tourism Australia, 2014). While tourism numbers do
not unequivocally equate to beach usage, beaches are the most
popular recreational destination in Australia and have been re-
ported to attract 58% of international tourists (Maguire et al., 2011).
3.3.1. Western Australia
Western Australia (WA) contains some of the fastest growing

coastal areas in Australia over recent years and has concurrently
shown a steady increase in shark bite prevalence at a rate of 0.1
bites per year (Fig. 4A). Between 1982 and 2013, 22.1% of Australian
bites occurred off of the WA coast, increasing to 27.0% when just
looking at the last 10 years, and 38.3% in the last four years
(following the lack of any incidence in 2009) (Fig. 4B). White sharks
are most commonly identified with unprovoked bite in WA, and
have been implicated in 39.5% of incidents (Fig. 3).

Australian waters have concurrently seen a steady and signifi-
cant rise in previously depleted megafauna populations that are
known to be preferred prey items of large sharks, such as white
sharks and tiger sharks. Humpbackwhale (Megaptera novaeangliae)
populations on Australia's east coast have shown one of the highest
growth rates for any mammalian population (Bruce et al., 2014)
with an annual rate of increase of 10.6% from 1987 to 2004 (Noad,
2011), and New Zealand fur seal (Arctocephalus forsteri) populations
have increased at a rate of 10e15% over the past 20 years (Campbell
et al., 2014). These populations have recovered from previous
overexploitation to a point where they are now thought to be
reaching their theoretical reproductive limit and maximum car-
rying capacities (Bruce et al., 2014; Campbell et al., 2014). Sprivulis
(2014) strongly associated the rise in unprovoked bites from white
sharks in WA to the concurrent increase in humpback whale pop-
ulation. Increases in New Zealand fur seal populations were also
correlated with the rise of unprovoked shark bite in WA (McPhee,
2014). Marine mammals have been shown to be a major prey
source for large adult white sharks (Fallows et al., 2013; Kim et al.,
2012; Klimley et al., 2001; Long and Jones, 1996) and Klimley et al.
(2001) states that hunting strategies of white shark are fine-tuned
to the life history of pinnipeds. Bruce et al. (2006) found that white
sharks will remain in areas rich in prey availability for extended
periods of time before rapidly dispersing, likely in search of further
food sources. Similarly, tiger sharks have also been tracked along
humpbackwhalemigration routes (Holmes et al., 2014). It is logical,
therefore, that a higher density of prey will support greater
numbers of predators.
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Fig. 4. Shark bite incidence in Australia. (A) Shark bite incidence per year in south
and east Australia (SE AUS; solid circles), Western Australia (WA; open circles) and
Australia as a whole (AUS; dashes). Incidence is increasing in AUS at a rate of 0.35 bites
per year, and at rates of 0.23 and 0.11 bites per year in SE AUS (solid line) and WA
(dotted line), respectively. (B) The number of shark bites in WA as a percentage of
shark bites in AUS is increasing (black circles), especially when isolating the statistics
since 2004 (grey circles).
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3.3.2. South and eastern Australia
While unprovoked shark bite off the coast of WA has increased

over recent years, interestingly, none of the 15 bites in the peak year
of 2009 occurred off of WA. Incidence along the south and east
coasts of Australia is also increasing at a rate of 0.23 bites per year
(Fig. 4A). Although population and tourism growth appears to be
the major contributing factors to the rise in shark bite in Australia,
this alone does not completely account for the increase in shark bite
Fig. 5. Shark bite incidence in Australia in relation to human population. Shark bite
incidence in Australia per 100,000 people, based on the Australian resident population
(closed circles) (FAOSTAT, 2014) and resident population plus tourists (open circles)
(Australian Bureau of Statistics, 2014) between 1982 and 2013. The trendline repre-
sents the linear regression fit through year incidence.
incidence (Fig. 5), and the prominent rise in prevalence in 2009 still
deserves further investigation. Eleven of the 15 bites (73%) in 2009
occurred off of the 2,137 km continental New South Wales (NSW)
coast, compared with 34% in all other years combined (and 30%
when excluding 2009 from the data). The other four bites occurring
in 2009 were all on the eastern (Queensland) or southern (Tas-
mania and South Australia) coasts of Australia. January, February
and December had the highest number of bites (four, three and
three, respectively), and incidence was 13% and 6% higher in
January and February 2009, respectively, compared with the same
months in all other years examined. Australia was subject to a va-
riety of weather extremes during 2009, which could have had
substantial impact on shark-human interaction. The south-eastern
portion of the country was affected by abnormally high tempera-
tures and lower than average rainfall in January and February
(National Climate Centre, 2009), and overall, 2009was thewarmest
year on record for NSW. West (2011) reports approximately 100
million beach visitations in 2009 throughout Australia, a 20% in-
crease compared with the previous year and Bondi Beach (NSW)
saw a 23% increase in weekend attendance in 2009, compared with
2008 (Neff, 2012). There was also a 29% increase in beach rescues
from 1999/2000 to 2008/2009 (West, 2011). While the south-
eastern coast of Australia experienced high temperatures and low
rainfall, WA concurrently experienced seven tropical cyclones/
tropical lows between January andMarch 2009 bringing high levels
of rain to the area (Bureau of Meteorology, 2015), potentially de-
terring human beach usage.
3.4. Brazil

Unprovoked shark bite off of Brazil is not as frequent as some of
the other shark bite hotspots, and in the 10 years of 1982 to 1991,
there was not a single reported unprovoked shark bite off Brazil
(and only a few unconfirmed anecdotal reports of bites since the
early 1950s (Hazin et al., 2008)). However, since 1992, bites have
become a relatively regular occurrence, with up to 10 reported in
1994. Shark bite data for the period of 1982 to 2013 show a slightly
positive change in bite prevalence of 0.07 incidents per year;
however, data from the more recent period of 1992 to 2013 show a
decreasing trend of �0.21 incidents per year. Eighty-two percent of
bites in Brazil have occurred off of the coastline of Pernambuco
state. Furthermore, the 10 bites in 1994 all occurred off of beaches
within 20 km of Recife, making this one of the highest areas of
unprovoked shark bite per unit of area in the world (Afonso, 2013).
However, Recife also shows a decreasing trend (�0.16) in shark bite
Fig. 6. Unprovoked shark bite incidence between January 1982 and December 2013
in Recife. Note the first recorded shark bite in Recife in this time period was not until
1992. The trendline represents the linear regression fit through year incidence.
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incidence over the past 22 years (Fig. 6).
A number of factors have been identified as potential reasons for

the sudden spate of bites off of Recife, nearly all of which are
anthropogenic. Construction of a commercial port in Suape began
in 1979, and by 1989 to 1991, large numbers of vessels began to
utilise the port (Hazin et al., 2008). Port construction utilised ex-
plosives to remove coral reefs to deepen the channel used for ship
passage, destroying coral reef habitats and killing a wide variety of
fish species (Paschoa, 2013). Port construction also caused a sig-
nificant amount of habitat degradation, including the destruction of
a mangrove area, strangulation of the Ipojuca and Merepe river
mouths and diverted estuaries (Rolland et al., 2012). These envi-
ronmental changes displaced species that utilised and traversed the
river mouths, such as bull sharks (Hazin et al., 2008), one of the
species most implicated in bites at this location (Fig. 3). The nearest
similar habitat to those that were destroyed is Jaboat~ao, which is
closer to the heavily utilised beaches of Recife. The changes to local
ecosystems following port construction also included a decrease in
plankton in Suape (Koening et al., 2003), decreasing the influx of
fish and crustaceans, leading to changes throughout the food web
(Hazin et al., 2008), and requiring resident populations to source
alternate food sources. The increased boat traffic in and out of the
port is also implicated in the increase in local shark activity, as
sharks have been found to be attracted to boats and the low-
frequency sounds emitted by vessels (Hazin et al., 2013). Hazin
et al. (2008) found that shark bites were significantly more
frequent in months when more than 30 ships entered the Suape
Port.

In response to the dramatic increase in shark bite incidence, the
State Government of Pernambuco implemented a multistage,
multidisciplinary approach to shark bite mitigation. The first was
the introduction of a seasonal ban on surfing (and related activities)
at certain beaches beginning in May 1999 (Sawers, 2012). Surfers
(including body/boogie boarders) have been implicated in 52.7% of
shark bites in Brazil since 1992; however, since the ban, surfing
activity has dropped to 29.7% of shark bite incidence in Brazil.
Subsequently, the government created the Committee for the
Monitoring of Shark Attack Incidents (CEMIT), and one of its ini-
tiatives was a relocation program for sharks that could pose a risk to
humans using baited longlines and drumlines (Hazin and Afonso,
2014). Potentially aggressive sharks were transported away from
populated beaches and released live, whereas non-threatening
sharks and bycatch were released live at the catch site. The latter
initiative resulted in statistically high success rates of decreased
shark bite incidence, and proved to be less damaging to target and
bycatch species than many other mitigation strategies employed
elsewhere (Hazin and Afonso, 2014). The recent decrease in shark
bite incidence in Brazil is largely attributed to these strategies.

3.5. Reunion island

Although shark bite incidence on Reunion Island is low (with an
average of just over 1 bite per year, and occasional year(s) with no
incidence), it is of concern for the local population and incidence
has been increasing at a rate of 0.05 bites per year. Shark bite at
Reunion Island is also noteworthy in that a higher proportion of
bites result in fatalities, compared with anywhere else in the world
(McPhee, 2014). Reunion is a popular tourist destination, largely
due to its pristine beaches and wealth of marine life and recent
incidence of shark bite off Reunion Island is attributed to the rise of
water and underwater sports (Van Grevelynghe, 2000). However,
increased attention and awareness of shark bite is affecting visita-
tion (Adigun, 2015; Mull, 2015; Stewart, 2015). Reunion Island has a
variety of measures in place to protect local marine life, including a
ban on the commercial capture of sharks implemented in 1999 (due
to potential ciguatera contamination), a ban on shark finning
implemented in 2004 and the creation of a marine reserve in 2007,
with fishing banned along a 40 km stretch of the west coast of the
island. However, the rise in shark bite incidence prompted the
decision for a one-off cull of 90 sharks, including 45 bull sharks and
45 tiger sharks (Mull, 2013; SBS, 2014). A ban on swimming, surfing
and bodyboarding off of more than half of the coast was also
introduced in 2013 (Mull, 2013). While it is still too early to assess
the success of these measures, culling local bull and tiger sharks is
unlikely to be an effective management practice, as these are
generally not resident species, but migrate long distances to meet
physiological and reproductive demands (Blaison et al., 2014; Daly
et al., 2014; Wetherbee et al., 1994).

Reunion Island is also experiencing human population booms,
with a 15% population increase between 2000 and 2009 (compared
with 6% in mainland France) (Marie and Rallu, 2012). The rise in
population is attributed to natural growth through high birth rate
and low death rate, and such high rates of change are beginning to
threaten the amount of agricultural land on the island (Marie and
Rallu, 2012). Agriculture and food products make up 64% of
Reunion Island's export and represent an important component of
the island's economy. However, runoff and wastewater are poorly
contained, especially with the high prevalence of natural disasters
on the island, such as cyclones, which increase the amounts of
runoff and, consequently, pesticides and nutrients into the sur-
rounding marine environment (Marie and Rallu, 2012). Environ-
mental pollutants and agricultural and industrial runoff are known
to adversely affect fish health (Austin, 1999; Islam and Tanaka,
2004), which in turn may affect the trophic structure and func-
tion of local ecosystems.

While no shark species were confidently identified in the five
bites in 2011, two of the bites resulted in fatalities, while a third
required the victims' leg to be amputated. This leads to the belief
that the bites were by larger species, with bull and tiger sharks
known to frequent the area.

3.6. Bahamas

Unprovoked shark bite in the Bahamas has remained relatively
stable over the last 32 years, with incidence levels generally hov-
ering at between 0 and 2 bites per year (Fig. 1). However, these
baseline incidence levels have been gradually increasing (from zero
to two per year), leading to an increasing slope of 0.05 bites per
year. Incidence peaked at five bites in two years (1988, 2013).

Tourism is a major industry in the Bahamas, accounting for 60%
of the gross domestic product and shark tourism alone in the
Bahamas was reported to generate up to US$80 million annually
(Eilperin, 2011; Maljkovic and Côt�e, 2011). A number of diving
operators in the Bahamas offer cageless shark diving and hand-
feeding of resident shark populations. In order to protect the
lucrative shark diving industry, the Bahamas introduced a ban on
all commercial shark fishing in its more than 240,000 square miles
of water (with catch and release fishing still permitted) in 2011
(Eilperin, 2011); however, no change in shark bite incidence has
been seen since this time.

All five of the shark bites in 1988 and three of the five (60%) bites
in 2013 occurred in July, whereas only 10 of the remaining 38 (26%)
documented shark bites in the Bahamas occurred in July between
1982 and 2013. Normally, the Atlantic hurricane season extends
from June through November, which may limit tourism and rec-
reational water usage. However, there was only one tropical
depression at the beginning of June 1988, and no further tropical
activity that year until early August. Two tropical storms (Chantal
and Dorian) affected the Atlantic in July 2013, but neither hit the
Bahamas (LiveScience, 2013). Scarcity of data from 1988 (both in
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relation to shark bites that year and also environmental data)
makes it difficult to analyse what factors may have led to the
increased number of annual (and monthly) bites. Historical water
quality data from 1988 and the surrounding years are markedly
scarce, and the information that is available on regional SSTs is
somewhat conflicting. Chollett et al. (Chollett et al., 2012). found
that SSTs remained well below average the entire summer of 1988
in northern Bahamas, whereas data extracted from Dennis and
Wicklund (1993) show that July SSTs at Lee Stocking Island were
no different in 1988 compared with the following four years.
However, relatively high temperatures during the summer of 1987
were high enough to lead to coral bleaching events (Dennis and
Wicklund, 1993). The loss or declines of reefs would have signifi-
cant effects on the food chain, as coral reef associated fish serve as
important prey for reef sharks (Bellwood et al., 2006; Hilting et al.,
2013; Munday et al., 2008). As details of the five bites in 1988 are
incomplete, it is unknownwhere in the Bahamas the bites occurred
(i.e. if they all occurred in close proximity and near significant
landmarks and/or dive sites, or were spread out through the ter-
ritory), and what species were responsible for most of the bites.
Two of the five bites in 1988 were attributed to Caribbean reef
sharks (Carcharhinus perezii), and a further two were detailed as
1.5e2.5 m sharks. Caribbean reef sharks are not considered to be
relatively dangerous to humans, but are in abundance in the area
and are generally the focal species of provisioned cage dives in the
Bahamas.

4. General discussion and conclusions

McPhee (2014) identified that there was a consistent, global
increase in the number of unprovoked shark bites over a 30 year
period (1982e2012). However, while unprovoked shark bite can
occur at any time and locationwhere relevant shark species overlap
with humans in the water, a feature of the data analysed at the
regional hotspots is that a heightened number of bites can occur
over a relatively short timeframe. Therefore, we conclude that
while a degree of chance would be involved, unprovoked shark
bites are not completely random, independent events as suggested
by Neff (2014). Rather, they are more likely often influenced by a set
of conditions that increase the likelihood of shark-human interac-
tion at a local or regional scale, and these conditions do not
necessarily continue to persist consistently through time. This
finding is also consistent with the work of Amin et al. (2012), which
focussed specifically on unprovoked shark bite in Florida. Condi-
tions include those that potentially change the overall pattern of
human water use, as well as those that alter the distribution and
abundance of relevant shark species.

In an ideal situation, data would exist at the appropriate tem-
poral and spatial scales that could be used to statistically determine
the relative importance of the various factors at each location that
may influence the chance of an unprovoked shark bite occurring.
However, such data is not available for all the relevant factors, and
will not be available for a significant period of time (if at all), and
cannot be back calculated. For example, it is not currently possible
to back calculatewith certainty the size of white shark (or any other
species) populations to determine the influence of population size
on the frequency of unprovoked bites over the period examined in
this paper. The spatial distribution of shark populations and their
prey can also not be back calculated, although the use of acoustic
tagging and tracking of sharks and some prey species (e.g. pinni-
peds) may provide important information on this in the future. In
terms of habitat destruction or modification, while a strong caus-
ative link from published material exists between unprovoked
shark bites and a single very large development e the Suape Port in
Brazil, time series data on the destruction or modification of coastal
habitats do not exist, and such impacts are often the results of a
cumulative number of smaller developments, where information
overall is scant. While it is acknowledged that ours is not a defin-
itive approach to determine the causality of shark bite occurrence,
it nonetheless contributes substantially to a better understanding
of the phenomenon.

4.1. Human population

A single person entering an openwaterway (natural or artificial)
enables the chance of an unprovoked shark bite, and each addi-
tional personwho enters thewater further increases the likelihood.
The world population has been increasing, and coastal regions are
prime locations for both residence and tourism (Hall, 2001; Honey
and Krantz, 2007; Neumann et al., 2015). Consequently, increases in
population and tourismwill doubtlessly lead to more people in the
water and increased shark-human interaction. Further, the advent
of new and increasing popularity in water sports (and associated
technologies) will increase the number of people using the water-
ways, and also change the pattern of use. West (2011) reported a
418% increase in PADI (Professional Association of Diving
Instructors)-registered SCUBA divers over the years of 1990 to
2008, and the development and improvement in wetsuit technol-
ogy has allowed humans to enter the water in more locations and
over the entire year, whereas prior to this technology, water usage
would have been limited or greatly restricted by temperature
(West, 2011). Additionally, new sports, such as kite surfing, have
emerged, which have resulted in water users more frequently uti-
lising additional coastal areas (e.g. inter-reefal areas) for leisure
activities (Clua et al., 2014). This paper has generally supported the
increase in human population, and by extension, the increase in
water users as being a factor that contributes substantially to the
trend of unprovoked shark bite. However, additional factors need to
be considered in terms of explaining the inter-annual variation in
unprovoked shark bite at the regional hotspots examined.

4.2. Environmental conditions, climate variability and water quality

Climate variability can influence a number of factors relevant to
sharks, including the distribution of sharks and their prey (Chin
et al., 2010; Perry et al., 2005), and this may influence the num-
ber of unprovoked bites that occur if distribution shifts lead to
greater overlap with areas utilised by humans. Important climate
variables include SST, freshwater runoff, turbidity, and currents and
circulation patterns (Afonso et al., 2014; Chin et al., 2010; Ortega
et al., 2009; Weltz et al., 2013). These factors will not only affect
shark homeostasis, but also their habitats and prey availability
(Chin et al., 2010). Altered water circulation and currents result in
disruptions to upwelling patterns of nutrient rich water, which
drives productivity and prey availability at all levels of the food
chain (Chin et al., 2010). The substantial increase in the number of
shark bites occurring over a relatively small stretch of coastline in
South Africa during 1998 correlated with warm SSTs in the western
Indian Ocean and decreased rainfall in the southern part of Africa.
How such a temperature anomaly impacted the specific location
where unprovoked shark bites occurred relative to other parts of
adjacent coast cannot be determined, but does warrant further
investigative work aimed at understanding the influence of the
currents and circulation patterns on the distribution of sharks and
their movements. Matich and Heithaus (2012) found that a 12 day
cold snap (air temperature) in south Florida was enough to
completely eradicate a system with a typical year-round bull shark
population for upwards of four months. The population was then
rebuilt from young of the year neonates, with no juvenile sharks
returning to the area, suggesting entire cohorts had relocated
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entirely (Matich and Heithaus, 2012).
Water quality may also influence the distribution of sharks (and

their prey), and this is particularly the case for the bull shark. Runoff
from rainfall alters normal fidelity patterns of bull sharks, and can
result in sharks congregating and feeding in coastal areas and
adjacent to rivers (Werry, 2010). Human impacts on water quality
(e.g. sewage discharge) are widespread and may alter the food
chain (Lotze et al., 2006). Furthermore, nutrient-rich water, which
is increasingly globally, and particularly in river mouths down-
stream of high fertiliser use areas, influences eutrophication and
phytoplankton blooms and negatively impacts water quality
(Rabalais et al., 2009). Nutrient loads have been found to be directly
proportional to fish density, until a threshold is reached (Breitburg
et al., 2009; Rabalais et al., 2009), subsequently altering local tro-
phic interaction, and potentially drawing in predators that would
not normally be in the area. Furthermore, increased nutrient load
limits light and decreases water transparency, reducing the ability
of visually-mediated predators (Breitburg et al., 2009), although
creating feeding conditions suited to the sensory biology of bull
sharks (Lisney, 2004). Agricultural runoff and aquaculture effluent
(nutrients) is anecdotally implicated in the increasing number of
unprovoked shark bite at Reunion Island, but there is an absence of
relevant water quality data to demonstrate with any certainty that
this is the case. Nonetheless, it is a plausible contributor.

Climate change is expected to have the greatest impact on
coastal and estuarine species (Chin et al., 2010), which encom-
passes the species that are most commonly implicated in shark-
human interaction. Increasing temperatures could lead to range
expansion for certain species (Chin et al., 2010; Perry et al., 2005),
with sharks species previously absent potentially immigrating to
waterways utilised by humans. Increased temperatures may also
lead tomore of the growing human population spendingmore time
in the water (Morgan and Ozanne-Smith, 2013), as was suspected
to be a factor leading to the increased incidence of shark bite in
Australia in 2009.

4.3. Coastal development

Coastal development can affect habitat quality, disrupt the
properties and circulation of water and the connectivity of coastal
habitats, the timing and volumes of freshwater flow, and create
barriers restricting or altering movement (Chin et al., 2010;
Waycott et al., 2007). As seen in Recife, coastal development and
infrastructure can have major environmental implications on the
distribution of sharks, and this can flow on to the number of
unprovoked shark bites. Unprovoked shark bite was virtually un-
heard of in Recife prior to the construction and operation of the
Suape Port; however, due to environmental changes displacing
local shark species and the presence of increased shipping activity,
Recife is now renowned for having one of the highest rates of shark
bites per unit area in the world (Hazin et al., 2013). The environ-
mental assessment of coastal development projects should
consider the displacement of relevant shark species and the po-
tential change in the probability of unprovoked shark bite when
such developments are in areas where potentially dangerous spe-
cies frequent. Similarly, the majority of shark bites at Volusia
County (Florida, US), dubbed the “shark attack capitol of the world”
(Amin et al., 2012) are on surfers at The Point at Ponce Inlet Jetty,
which has such favourable conditions due to dredging and man-
made rock jetties (which are also heavily used by fisherman, thus
adding bait to the water) (Burgess et al., 2010).

4.4. Communication and technological advances

As with the ISAF, improvements in communication between
relevant parties canmanifest as disproportionate increases in shark
bite incidence. Similarly, it should be expected that the rapid
development of technology and the ability for immediate, world-
wide information dissemination will present as increases in
shark-human interaction. Before the advent of the internet and
social media, records of global shark bite incidence would have
been much more inconspicuous (particularly when only minor
injuries occurred), and, therefore, run a much higher risk of being
missed and not included in databases. With advances in commu-
nication, it is expected that shark bite databases will become more
complete and robust. Advances in communication, progress in
education of the general public (in relation to both shark bite
reporting and species identification) and the development of in-
formation sharing modalities should be taken into consideration
and acknowledged when assessing long-term shark bite statistics.
However, as developments such as these are rarely delineated
events in time (i.e. increase in funding to the ISAF), but more often
continuous developments (such as ongoing public education and
continuously developing technology), isolating and quantifying
advances in communication from other shark bite factors is not
possible.

4.5. Changes in prey abundance

Historical legislation and management plans may also have an
impact on shark bite incidence. Continuously evolving policies exist
around the globe to permit, limit, prohibit or restrict a wide variety
of fishing and collection practices, and this, in combination with
other anthropogenic factors, has the potential to modify species
presence and population dynamics. Animals such as New Zealand
fur seals and humpback whales were harvested to near extinction
along the coasts of Australia in the 19th and 20th centuries,
respectively (Bruce et al., 2014; Campbell et al., 2014). However,
with the introduction of legislation to protect these species, pop-
ulations are recovering to the point of nearing population carrying
capacities (Campbell et al., 2014; Noad, 2011). Both of these species
present valuable food sources for large sharks, such as white sharks
(Fallows et al., 2013; Hussey et al., 2012), and increases in prey can
be reflected in the abundance of predators at a regional or local
scale (Brown et al., 2010; Klimley et al., 2001; Skomal et al., 2012).
The increased incidence of unprovoked shark bite in WA attributed
to white sharks correlates with the increasing abundance of
humpback whales, as well as increases in population size and
geographic range of pinnipeds withinWA (McPhee, 2014; Sprivulis,
2014). Investigation on trends in the presence of teleost species and
their abundance around shark bite hotspots is also warranted.

4.6. Abundance of sharks

Stock assessment of sharks remains an imperfect science, with
all current estimates acknowledging limitations to study design
based on incomplete data sets, wide-ranging movement and spe-
cies preference for migration versus site fidelity (or a combination
of the two), transient populations, low population numbers and
capture heterogeneity (Burgess et al., 2014; Chapple et al., 2011;
Holmes et al., 2012; Powers et al., 2013; Towner et al., 2013).
Additionally, intraspecific population trends are variable across a
global scale (i.e. tiger sharks (Afonso et al., 2014; Carlson et al.,
2012; Dudley and Simpendorfer, 2006; Holmes et al., 2012; Reid
et al., 2011)). Although certain populations of potentially
dangerous sharks have been reported as increasing (tiger sharks off
KwaZulu-Natal (Dudley and Simpendorfer, 2006), and white sharks
in southeast Australia (Reid et al., 2011)), many of the most recent
studies on shark population numbers are estimating stable or
decreasing trends. This includes white sharks in California (US)
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(Lowe et al., 2012), South Africa (Towner et al., 2013) and the NW
Pacific Ocean (Christiansen et al., 2014) and tiger sharks in Recife
(Afonso et al., 2014), across their Australian range (Holmes et al.,
2012; Reid et al., 2011), and in the NW Atlantic Ocean (Carlson
et al., 2012). Based on these studies, it remains highly unlikely
that the global trend of increasing shark bite is the result of
increasing shark numbers, especially given only 2.7% of bites off of
South Africa are attributed to tiger sharks and 15% of bites by white
sharks in southeast Australia.

Recent studies are also pointing to a trend in decreasing body
size of white (Kock and Johnson, 2006; Reid et al., 2011), tiger
(Powers et al., 2013; Reid et al., 2011) and bull sharks (Powers et al.,
2013) in South Africa, southeast Australia and the Gulf of Mexico
during the 20th century. This could lead to changing behavioural
patterns of shark species that pose threats to humans.White sharks
are known to show ontogenetic variation in prey preference
(Fallows et al., 2013), and decreasing shark size may result in
behavioural shifts that could lead to an increased proportion of
white shark populations frequenting inshore areas to predate on
smaller prey items.

4.7. Management of shark-human interaction

Management of shark-human interaction needs to be rational,
proactive and adaptive based on new scientific information on the
sharks themselves, as well as new mitigation technologies and
approaches. Given the highly emotive nature of unprovoked shark
bite, this is a challenge, but an important challenge that needs to be
met to ensure that the actual risk to humans is clearly communi-
cated to the public, while the needs of shark conservation are also
met. The effective management of shark-human interaction will
need to take into consideration a number of different factors. These
include human population and waterway usage, water quality and
environmental conditions, local ecosystem composition and dy-
namics, accurate and detailed communication of shark bite inci-
dence to relevant authorities and through the media, and current
and recent species management legislation and practices. Ongoing
strategies that can be continuously re-evaluated to meet changing
environmental conditions and shark prevalence and distribution
are best placed to effectively mitigate the risk posed.

4.8. Management overview and conclusions

Unprovoked shark bite incidents have the widest geographic
human-wildlife interaction footprint, and represent a complex
challenge for those tasked with understanding, managing and
mitigating the hazard, including environmental managers, scien-
tists and policymakers (Neff, 2012). Unprovoked shark bite repre-
sents a low probability, but a vivid and potentially high
consequence risk, with substantial emotional and psychological
repercussions. Consequently, effective shark bite management
needs to begin with the management of human behaviour and
perception. The historical approach in a number of jurisdictions of
culling sharks is no longer socially acceptable and is equivocal in its
actual effectiveness at reducing the risk posed and placating the
fear (Gibbs andWarren, 2014, 2015; Meeuwig, 2014; Simpfendorfer
et al., 2011). The human fear of shark bite is amplified by emotion,
as opposed to reason, leading to an unrealistic impression of the
likelihood of occurrence (Neff, 2012). This fear can lead to dispro-
portionate overreactions by the public following individual in-
cidents, a lack of trust in political leaders in charge during the
event, and consequently, an overreaction of policy makers (“action
bias”) who try to avoid political unrest from natural crises (Neff,
2012; Sunstein and Zeckhauser, 2011). The recent, but now
ceased, shark cull in WA (Australia) perfectly represents a
contemporary example of action bias relating to shark-human
interaction.

Education is essential to help relieve some of the unjustified
fear, and therefore, the most effective management priority should
be more proactive dissemination of accurate information about
sharks and realistic risk assessment of water usage in relation to
unprovoked shark bite. This information should be developed as a
collaborative effort between scientists, policy makers and conser-
vation groups and disseminated through beach safety education for
audiences of all levels, popular media channels, and also from
trusted political figures. As individual species are known to show
preferences for certain environmental variables and prey, an un-
derstanding of attractive and unattractive conditions can lead to
forewarning of heightened potential prevalence of dangerous shark
species in an area at a certain time. The Shark Spotters program
implemented in South Africa represents a system where informa-
tion on the distribution of sharks and beach conditions is collected
and used to provide real-time information on the risk posed at
patrolled locations, which is communicated to the general public by
way of coloured flags that represent the level of risk at the time
(Kock et al., 2012; Weltz et al., 2013).

The concurrent ongoing study of sharks is also necessary input
for shark-human management programs. Further research is
needed on a broad range of topics, including general biology,
ecology, ecosystem composition, sharks' roles within the
ecosystem and individual species’ responses to changing environ-
mental conditions (Simpfendorfer et al., 2011). This research then
needs to be further communicated to environmental managers,
policy makers, conservation groups, within the scientific commu-
nity, industry groups and to the wider community (Simpfendorfer
et al., 2011). Positive perception of sharks has been correlated to a
greater percentage of sharks released by fishers in good condition
(Lynch et al., 2010). Extrapolating this scenario to a broader scale
could lead to further public, and consequently, political support for
the development of proactive, conservative shark-human mitiga-
tion programs, if human perception can change to better incorpo-
rate an understanding of the biology and ecology of sharks, and
their role in marine ecosystems.

Through the analysis of shark bites in six locations with high bite
prevalence, a variety of factors have been identified that may draw
sharks to certain locations or alter traditional behavioural patterns
of these animals. These include changed or anomalous water and
environmental parameters, changed prey prevalence and/or
abundance, and natural or anthropogenic changes to environ-
mental conditions due to natural disasters or new coastal devel-
opment. Therefore, these factors should be continuously assessed
through developed management plans to maximise the effective-
ness and ensure that these plans continue to provide the best
protection for both humans and sharks within natural waterways.
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