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Chapter 1: Literature review & Aims

The importance of animal movement in relation to environmental conditions

The relationship between environmental variables and animal distribution has been
investigated for terrestrial species, including mammals (Svendsen 2011; Real et al., 2003),
birds (Seoane et al.,, 2005), amphibians (Muths et al., 2008) and reptiles (Guerrero et al,,
2005). Although more challenging, this relationship has also been investigated for a variety
of marine animals, including marine invertebrates (Olive 1995), fish (O'Donoghue et al,
2010), mammals (Littaye et al., 2004) and birds (Abrahams and Kattenfeld 1997; Durant et
al., 2004). Researching the movement of marine animals in relation to environmental

conditions dates as far back as 1920 (Orton 1920).

Monitoring habitat use and movement of top predators in relation to environmental
conditions is particularly important, since they have a major influence on lower food chains
and the functioning of ecosystems (Chapin 2000; Brauman et al., 2007; Baum and Worm
2009; Jorgensen et al., 2010). White sharks (Carcharodon carcharias) are apex predators and
changes in their distribution can affect community compositions (Myers et al., 2007; Ferretti
et al., 2008; Heithaus et al.,, 2008, Baum and Worm 2009), ultimately affecting ecosystem
functioning (Chapin et al., 2000; Brauman et al., 2007).

Furthermore, the relationship between animals and environmental conditions can be used
as a tool for minimizing human-animal conflict. This study aims to understand white shark
habitat use in False Bay in relation to environmental conditions. The results from this study
could potentially be used to inform water-users of conditions of higher risk of encounters

with the aim of minimizing encounters between sharks and waters-users.

White sharks of False Bay

The white shark is globally distributed and most abundant in the waters of Australia, US,
Mexico and South Africa (Compagno 2001; Klimley et al., 2001; Dewar et al., 2004; Bonfil et

al., 2005; Bruce et al., 2006). Despite completing transoceanic migrations, linking the
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populations of South Africa and Australia (Bonfil et al., 2005), white sharks are known to
aggregate seasonally in specific coastal areas (Martin et al. 2005; Bruce et al, 2006;
Jorgensen et al., 2010). The Western Cape, in particular False Bay, is an area where white
sharks are attracted by high abundances of prey species including marine mammals,
teleosts and elasmobranchs (Ferreira and Ferreira 1996; Martin et al., 2005; Hammerschlag
et al., 2006; Johnson and Kock 2006; Laroche et al., 2008). Despite maintaining a wide range
of diet throughout their lifecycle, white sharks undergo ontogenetic dietary shifts (Tricas
and McCosker 1984; Klimley 1985; Estrada et al.,, 2006). Juvenile (<2m) white sharks shift
from diets consisting of invertebrates (Squid), demersal teleosts and elasmobranchs, to
diets dominated by marine mammals and larger fish at maturity (>3m) (Tricas and McCosker
1984; Klimley 1985; Estrada et al., 2006). Moreover, seasonal shifts in diet and
corresponding distribution are suspected for white sharks in False Bay, shifting from feeding
on weaned seal pups at Seal Island during winter to feeding on fish species occurring in high
abundances inshore in summer. Furthermore, white sharks are an ovoviviparous species,
giving birth to live young (~1.5m in length) (Dulvy and Reynolds 1997; Compagno et al,
1989). They attain a maximum size of 6 m (Dulvy and Reynolds 1997; Compagno et al.,
1989). Since larger sharks are more likely to bite a human, it is not surprising that the
Western Cape has the highest percentage of white shark bites (67%) in comparison to other

locations in SA (KZN, EC) (Cliff 2006; Curtis et al., 2012).

In order to minimize human encounters with white sharks in False Bay, it is important to
increase our knowledge on white shark biology, behaviour and movement within the bay so
that particular areas and times of high risk can be avoided. Research conducted on white
sharks in the Western Cape has focused on white shark attacks (Levine 1996; Cliff 2006),
cage diving and white shark ecotourism (Johnson and Kock 2006; Laroche et al., 2007),
commercial trade of white shark products (Barnette and Marshall 1997; Gallagher and
Hammerschlag 2011), interaction with local fisheries (Lamberth 2006), hunting and
predation strategies (Martin et al,, 2005; Hammerschlag et al., 2006; Laroche et al., 2008;
Martin et al., 2009) and population distribution (Gubili et al., 2009). However, few studies
have focused on the driving forces behind such behavioural trends, namely the changes in

environmental conditions.



Shark distribution and habitat preference in relation to environmental conditions have been
investigated for species including leopard shark (Triakis semifasciata), brown smoothhound
shark (Mustelis henlei) (Hopkins and Cech 2003), lemon shark (Negaprion brevirostris)
(Wetherbee et al., 2007), bull shark (Carcharhinus leucas (Ortega 2008), blue shark
(Prionace glauca) (Lessa 1994; Damalas and Megalofonou 2010), hammerhead shark
(Sphyrna lewini) (Holland et al, 2011), porbeagle shark (Lamna nasus) (Saunders et al.,
2011) and shortfin mako shark (Isurus oxyrinchus) (Velez-Martin and Marquez-Farias 2009;
Abascal et al.,, 2011). Less work has specifically focused on coastal and nearshore shark
distributions in relation to environmental conditions (Carlson et al., 2008; Knip et al., 2010)
and even less so in sheltered bays such as False Bay (Hopkins and Cech 2003; White and
Potter 2004). There has been little focus on the distribution of white sharks in shallow
coastal locations (Bonfil et al., 2005; Raye 2005; Jorgensen et al.,, 2010), with some work
conducted in the western North Atlantic (Casey and Pratt 1985) and between Hawaii and
the Line Islands (Raye 2005). In False Bay, the only study investigating the relationship
between shark behaviour and environmental conditions was conducted by Hammerschlag
et al., (2006), suggesting that white shark predation rate and success is affected by

environmental conditions.

Shark attacks and the shark spotting programme

Shark attacks are defined as any unprovoked physical interaction between a shark and its
victim or the victim’s equipment or non-motorised personal craft (e.g. scuba tanks,
surfboards, kiteboards, kayaks etc.) (Burgess and Callahan 1996; Cliff 2006). Shark attacks
attract large amounts of media attention, often resulting in negative public perceptions
impacting the economical livelihoods of tourism and local businesses of the surrounding
areas (Curtis et al., 2012; Hazin et al., 2008). The frequency of shark attacks have increased
steadily over the past few decades, and are generally attributed to an increase in the human
population in the coastal zone (Burgess and Callahan 1996; Burgess et al., 2010; Hazin et al,,
2008; Klimley and Curtis 2006). Due to the impact on tourism and the potential loss of
confidence in the coast as a safe recreational asset, authorities have had to mitigate shark

encounters (Nel and Peschak 2006).



Prevention approaches vary according to time and region, and are split into removal and
non-removal methods (Curtis et al, 2012). Historically, removal methods involved the
hunting and killing of sharks by authorities or the public in search of the responsible shark
(Curtis et al.,, 2012). Yet the likelihood of finding and killing the responsible shark is small,
and even if successful, only provides a temporary solution. Alternatively, regular organized,
governmental culling methods such as shark nets and drumlines which reduce local shark
populations provide a long term solution for minimizing the risk of shark encounters (Cliff
2006; Curtis et al., 2012). Despite its proven success in reducing the number of shark attacks
at specific locations, including Durban (up to 90% since implementation), culling is
economically and ecologically costly with high gear maintenance and large fauna by-catches

respectively (Dudley et al., 2005; Curtis et al., 2012).

Non-removal methods are preventative methods without the aim of killing and removing
sharks. Robust shark barriers constructed of smaller meshed gillnets or pylons constructed
of concrete, steel or wooden pylons have proven successful, yet are vulnerable to erosion
and limited in use to sheltered, calm waters (Curtis et al., 2012). Moreover, aerial helicopter
surveys, although effective, are very costly and can’t be done regularly enough without large
amounts of funding (Curtis et al., 2012). In contrast, visual land-based surveys are less costly
and a more ecologically friendly method of minimizing the risk of shark encounters (Curtis et

al., 2012).

The first permanent land-based surveying programme was implemented in 2004 in Cape
Town, South Africa. This programme is called the Shark Spotters and was implemented in
response to an increase in shark attacks in the Western Cape over the last decade (Kock et
al., 2012). Kock et al., 2012 explains the aim and the functioning of the spotting programme
in the following way: The aim of the spotting programme is to warn bathers and surfers of
the presence of white sharks and minimize human-shark encounters. This programme
appoints 14-28 community based spotters at 5-10 popular beaches along the Cape
Peninsula 365 days a year. Two spotters are assigned to each beach, one positioned at an
elevated mountain-side position, the other on the beach. Both are equipped with polarized
sunglasses, binoculars and a two-way radio, allowing for direct communication with one
another. The spotter at the elevated position scans the surf-zone and shallow waters for the

dark silhouettes of sharks contrasted against the sandy bottom or shallow reefs. When a



shark is spotted, the elevated spotter informs the spotter on the beach of the shark's
presence, who then raises the appropriate flag and sets off a siren (Green flag= good
visibility, ne sharks spotted; black flag= poar visibility, no sharks spotted; red flag=shark
spotted eardier, no longer wisible; white flag= shark in sight, exit watcer immaediately) (Fig 1).
Intarmation boards posted on each beach educate the public on the flag protocal and

provide numbers to cail in case of an emersency (Fig 1)
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Figure 1. Example of signage used alang spotting beaches to provide information to the
public on the protocol of the Shark Spotters tlag warning system, daily shark activity and
Cmergency numbers.




Possible influences of environmental variables on the presence of white sharks
nearshore: White shark biology vs. spotting ability of shark spotters

To understand the influence of environmental variables on the presence of white sharks in
the surf-zones of False Bay, it is important to distinguish between the ability of shark
spotters to sight a shark (termed the “spottability”) and the actual presence of sharks within
the surf-zone. No sharks sighted could be as a result of the spotter not being able to detect
any sharks present, or that the sharks are not there. In order to distinguish between these
two scenarios, the environmental variables are reviewed in terms of their influence on
biology and “spottability”. Environmental variables can have an impact on shark biology or

“spottability” or both.

Cloud cover

Cloud cover influences the amount of light which is scattered by the surface waters,
affecting light availability underwater in the marine environment (Bowmaker 1995)
{(McFarland 1990; Sims et al., 2003). The extent to which marine fauna can tolerate
limitations in light availability underwater depends on their sensory system and their ability

to perceive light (Bozzanao et al., 2001).

Elasmobranchs rely to a great extent on their specialized sensory systems to enable them to
be successful predators (Moss 1977; Bozzanao et al., 2001). Research on shark vision dates
back as far as 1890, when it was thought that sharks had poor vision (Gruber 1977;
McFarland 1990; Hart et al., 2004; Lisney and Collin 2007; McComb and Kajiura 2008). It is
now understood that sharks have well developed visual sensory systems, which depend
greatly on the retina morphology (Moss 1977; Bozzanao et al., 2001; Lisney and Collin
2007). The location, shape and structure of the photoreceptors in the retina, including rods
and cones forms, connect environmental perceptions and behavioural responses (Bozzanao
et al., 2001; Litherland et al., 2009). Cone photoreceptors control vision under bright light
conditions, where rod photoreceptors control vision under dim light conditions (Cohen

1991; Hart et al., 2004). The ratio of cone-rod photoreceptors is dependent on the depth in



the water column in which the elasmobranchs spend most of their time, and determines the

vision ability (Bozannao et al., 2001).

The white shark resides mainly within the photic zone and has a duplex retina with a cone-
rod ratio of 1:4, allowing for good vision over a wide range of light spectra, but specifically in
poor light conditions (Cohen 1999; Bozzanao et al., 2001; Hart et al., 2004). Moreover, with
an enhanced ability to perceive and process visual information (14% of its brain mass) as
well as to warm its eye tissue, white sharks have a heightening ability to see in cold, turbid
waters (Block and Finnerty 1994; Fritsches et al., 2005; Bozzanao et al., 2001; Yopak et al.,
2007). Furthermore a recent study demonstrated an increased predation success at low
light intensities in early morning hours (Hammerschlag et al., 2006; Martin et al., 2005;
McComb et al., 2010). It is therefore be unlikely that cloud cover could affect shark biology

and behaviour.

Conversely, cloud cover may affect the ability of shark spotters to spot the dark silhouettes
of white sharks contrasted against the sandy bottom. Low light levels decrease this contrast

and make the spotting of white sharks more difficult

Wind and current patterns of False Bay

By way of upwelling, wind speed and direction are the main drivers controlling nutrient
input in False Bay (Atkins 1970). An increase in fish abundance and diversity observed within
the surf-zones of False Bay in response to increased available nutrients (Clark et al., 1996;
Lamberth et al., 1995) have been suspected to coincide with the seasonal increase in white

shark presence close to shore (Kock et al., 2012).

Winds also influence surface water circulation which determines water temperatures of the
bay (Atkins 1970). In summer months {September - May) False Bay is dominated by strong
south-easterly (SE) winds, which cause cool water to upwell outside the bay and drives
warmer water onto the northern beaches (Atkins 1970). Furthermore, being situated
between the Agulhas bank and the Cape Peninsula, False Bay receives occasional inputs
from the warm Agulhas and cold Benguela currents from the outer shelf (Lutjeharms et al,,

2001). This gives False Bay a relatively large seasonal range of water temperatures
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compared to the surrounding coastline (an average of 11°C in July - 22°C in December)

(Edwyn and Isaac 1937).

Temperature is thought to be one of the most important environmental variables
determining the distribution of sharks in coastal environments (White and Potter 2004;
Harley et al., 2006; Carlson et al., 2008; Vogler et al., 2008; Knip et al., 2010; Hopkins and
Cech 2003; Dewar et al., 2004; Abascal et al., 2011). However, differences in evolutionary
histories and physiological adaptations to temperature play a major role in determining

geographic distribution and habitat choice (Martin 2001).

White sharks belong to the family Lamnidae, along with salmon sharks (Lamna diptrosis),
probeagle sharks (Lamna nasus), shortfin mako sharks (/surus oxyrinchus) and longfin mako
sharks (/surus paucus) (Compagno 1999). They are distinguished from other species by large
gill slits and a prominent caudal keel, these species have large rete mirabili, allowing them to
raise their body temperature up to 15°C above that of the surrounding ambient water
(Klimley et al.,, 2001; Goldman 1997; Carey et al., 1982; Carey et al., 1971; Abascal et al,,
2011). The elevated temperatures of the brain, eyes, stomach and muscle tissues, increases
their ability to control physiological processes and hunt successfully in cooler waters
(Kiimley et al., 2001; Block and Finnerty 1994; Goldman 1997; Dewar et al., 2004). Despite
having a wide range of tolerance, inhabiting waters at from 0.5°C in Alaska to 22°C in
California (Martin 2004; Dewar et al, 2004), previous work has suggested a preferred

optimal average seas surface temperature (SST) of 13.3 to 22°C (Goldman 1997).

Previous work supporting the importance of SST in determining the movement of large
sharks and predatory fish is based in fisheries data for targeted or by-caught sharks (Bigelow
et al., 1999; Begg and Marteinsdottir 2002). Studies conducted on cod, swordfish, striped
marlin, blue marlin and tuna catches, show that SST is highly important in determining the
distributions of these species (Gonzalez-Ania et al., 2001; Begg and Marteinsdottir 2002;
Walsh et al.,, 2005; Damalas et al., 2007; Hazin and Erzini 2008; Ortega-Garcia et al., 2008).
For some species a preferred temperature range existed, whereas a negative relationship
was found for others (Begg and Marteinsdottir 2002; Bigelow et al., 1999; Walsh and Kleiber
2001).
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By affecting the physiology of white sharks, SST can influence the actual presence of white
sharks within the surf-zone. SST is not expected to influence the spotting ability of shark

spotters, since it has no direct affect on the chance of spotters to sight a shark.

Wind speed and direction affect both shark biology and “spottability”. Wind patterns
determine nutrient upwelling and play a role in controlling SST within the bay, which can
influence shark behaviour and determine the actual presence of white sharks within the
surf-zone. Strong winds affect the turbulence of surface-waters and can make the sighting

of sharks difficult for shark spotters.

Lunar phase and tidal states

Lunar phase has no effect on “spottability” during daytime hours, but is rather known to
play an important role in the biology of many marine organisms (Naylor 2001). The lunar
cycle provides predictable environmental patterns to which many marine organisms
structure a variety of behavioural functions affecting habitat use, including reproduction
and settlement of larvae, predation, group living, locomotion, daily and seasonal migrations
and physiological changes (Barlow et al.,, 1986; Robertson et al., 1990; Sponaugle and
Cowen 1994; Horning and Trillmich 1999; DeBruyn and Meeuwig 2001; Pittman and
McAlpine 2003; Yamahira 2004; Naylor 2005; Katselis et al., 2007; Benoit-Bird et al., 2009;
Guttridge 2009). This cycle is determined by the orbit of the moon around the earth (27.95
days one cycle), and with the combination of the relative positioning of the sun to the
moon, controls the moon phase and tides of the ocean (McDowall 1969). Previous work
focused on the effect of moonlight on large fish and shark catches in fisheries, with the
certain fish species enhancing their predator avoidance by remaining closer to the surface
on new moon than during full moon (Horning and Trilimich 1999; Damalas and
Megalofonou 2010). Sharks also exhibit changes in swimming depth, altering their position
in the water-column in relation to moon cycles e.g. the porbeagle shark, a relative of the
white shark (Cartamil et al., 2011; Saunders et al., 2011; West and Stevens 2001; Poisson et
al., 2010; Damalas and Megalofonou 2010). Other work found no relationship between

lunar phase and predatory fish distributions and behaviour (Ortega-Garcia et al., 2008).
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Although this study is limited to shark presence during daylight hours, previous work has
suggested that the effect of the lunar cycle may still persist into day time hours (Trilimich et
al., 1981, 1985). For example, seals vary in their numbers ashore during the day in the
Galapagos in correlation to different stages of the lunar cycle (Trillmich et al., 1981; Trillmich
et al., 1985). Furthermore, predator-prey interactions may also be influenced by the lunar

cycle (Horning and Trillmich 1999; Bestley et al., 2008; Benoit-Bird et al., 2009).

Related to the lunar cycle is the tidal cycle, known to significantly affect marine species
behaviour and habitat utilization (McDowall 1969; Naylor 2001), particularly of coastal
species (Butner and Brattstrom 1960; Wetherbee et al., 2007). Despite recent work showing
an increased predation rate of white sharks at high tides around Seal Island (Hammerschlag
et al., 2006), no studies have been conducted to investigate the relationship between tidal
state and white shark presence nearshore. Since tides alter the size of the surf-zone, it has
been shown that some shark species might come closer inshore on the incoming tide to

exploit available resources (Knip et al., 2010).

Since tidal states can determine shark movement nearshore, it can have a direct effect on
shark biology. Additionally, since sharks swimming at a closer proximity to the shore are
more likely to be sighted by spotters, tidal states can also affect the “spottability”. However,
the effect of tidal state is unique to each beach, depending on the bottom topography and

the size of its surf- zone.
Aims & Objectives

This study makes use of the recorded shark spotting data to investigate the relationship
between environmental variables and shark sightings at three of False Bay’s popular
beaches, namely Fish Hoek, St. James and Muizenberg. Environmental variables tested in
ecological models were SST, wind speed and direction, cloud cover, lunar phase and tidal
state. The additional independent variables, spotter and year, were considered to
incorporate the effect of “spottability” and annual variance respectively. Incorporating the
variable spotter into the analysis, allows for the correction of the effect of the abilities of
different spotters to detect sharks on the number of shark sightings recorded. The aim of

this study was to determine whether there are any correlations between the number of

13



shark sightings nearshore and certain environmental conditions, with the objective of using

this information for minimizing shark encounters by water-users.

Hypothesis

The number of white shark sightings at the beaches Fish Hoek, St. James and Muizenberg in
False Bay are influenced by SST, wind speed, wind direction, cloud cover, lunar phase and

tidal state.

The environmental variables act differently, with SST and lunar phase influencing the
biology and movement of white sharks, where cloud cover determines spotting ability of
shark spotters. Wind speed, wind direction and tidal state play a role in both the biology and
spotting frequency of white sharks at the beaches Fish Hoek, St. James and Muizenberg in

False Bay by affecting the spotting abilities of shark spotters.

Review of ecological modelling of fish distribution patterns and processes

Recent investigations of relationships between environmental variables and species
distributions generally follow a modelling approach (Johnson and Omland 2004). Modelling
is a tool used in ecology as a way of testing and comparing multiple hypotheses
simultaneously to determine the best possible explanation for the variation observed in the
data (Johnson and Omland 2004). The modelling process consists of basic model selection
steps, including understanding and articulating clear hypotheses; translating these
hypotheses to the data by identifying variables and selecting mathematical functions
relating to them; devising a candidate set of models by adding and removing variables; and
selecting the ‘best fitting model’ by using standard selection criteria, e.g. Akaike’s
information criterion (AIC), to determine which variables best explain the variation in
observed data (Bozodogan 1987; Johnson and Omland 2004). The ‘best fitting model’ is then
used to estimate and predict certain parameters and observed responses (Johnson and
Omland, 2004). There are a variety of underlying linear mathematical model functions to
choose from, all ascending in complexity, including linear regression models, generalized
linear regression models (GLM'’s), generalized additive models (GAM’s) and linear mixed

models (GLMM’s or GAMM’s) (Zuur et al.,, 2009). Generally the modelling process is
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conducted through all of these linear model options in ascending complexity, until the linear
modelling function which best explains the research question is found, without becoming
overly complex (For more information on available modelling functions including GLM’s,
GAM’s, GLMM’s, GAMM’s, see Hastie and Tibshirani 1990; Zuur et al., 2007; and Zuur et al.,
2009). For any chosen model function, variable parameters are estimated and predicted
using the final model (Johnson and Omland 2004). Along with the basic model function one
has a choice to assume an underlying distribution of the data’s residuals (e.g. Gaussian,

Gamma, Poisson, negative binomial etc.) (Zuur et al., 2007).

The response variable focused on in this study is the number of shark sightings per shift
(count data). Modelling the abundance (count data) of rare or large species has various
problems, in particular that the observed response variable usually contains many zero
observations (Welsh 1996; Podlich et al, 2002; Cunningham and Lindenmayer 2005;
Fletcher et al., 2005). Data of such nature are commonly referred to as zero-inflated data,
and are subjected to various modelling techniques to correct for this including binomial or

zero-inflated approaches (Cunninghman and Lindenmeyer 2005).

Most studies investigating the relationship between environmental variables and marine
fauna abundance and distribution, are based on fisheries catch data. Some studies used
GLM’s (Hoey et al., 2002; Andrade 2005; Ortega 2008) where as others used GAM’s (Bigelow
et al., 1999; Emmett et al., 2005; Tserpes et al., 2008; Poisson et al., 2010), GLMM'’s {Bestley
et al., 2008) or a combination thereof (Damalas and Megalofonou 2010) as their final
underlying model functions. In terms of dealing with excess zeros, work conducted on
counts of shark depredation rates and shark by-catch in fisheries used underlying zero-
inflated Poisson (ZIP) or zero-inflated negative Poisson (ZINP) distributions, which work to
include the excess amount of zero’s in the response variable (Minami et al., 2007; Watson et
al., 2008; MacNeil et al., 2009). However, where fitting, regular Poisson distributions in
conjunction with GAM’s were preferred in modelling environmental and catch abundance
relationships (Bigelow et al., 1999, Damalas et al., 2007; Hazin and Erzini 2008; Ortega-
Garcia et al., 2008). Examples of the preferred use of GAM’s exist for catches of sharks
(Bigelow et al., 2008; Watson et al., 2008), swordfish (Bigelow et al., 2008; Damalas et al.,
2007), tuna (Gonzalez-Ania et al., 2001; Zagaglia et al., 2004) and marlin species (Walsh et
al., 2005; Walsh et al., 2006; Ortega-Garcia et al., 2008).
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Chapter 2: Patterns in white shark sightings on False Bay
beaches in relation to environmental variables

Abstract

In response to an increase in shark attacks in the Western Cape over the last decade, a shark
warning system called Shark Spotters that records white sharks (Carcharodon carcharias) in
the surf zone was implemented in 2004 in Cape Town, South Africa. A total of 563 shark
sightings were recorded during 6730 sharks spotting shifts conducted at three popular
beaches in False Bay, namely Fish Hoek, St. James and Muizenberg, over summer months
(September — May) from 2006 to 2011. The frequency of shark sightings at each beach were
modelled using Poisson GAM’s with sea surface temperature (SST), wind speed and
direction, cloud cover, spotter and lunar phase as independent variables. SST and lunar
phase were most influential, with other factors being significant, but of a lesser importance.
SST was significant for all three study beaches, with an average of a 78% greater chance of
sighting a shark at a SST of 20°C than at 14°C. Lunar phase was significant for Fish Hoek and
Muizenberg, with most sharks sightings recorded during last quarter moon. Beach
management can incorporate this information into shark safety programs by issuing
additional warnings of high sharks activity through daily surf-reports or radio and T.V.

weather broadcasts.

Introduction

White sharks (Carcharodon carcharias) are responsible for the majority of shark encounters
with humans in Cape Town (Cliff 2006). Shark attacks in the Western Cape have been
increasing over the last decade, with 13 of the 26 recorded shark bites since 1960 having
occurred since January 2000, three of which were fatal and took place between September
2003 and December 2009 (Kock et al., 2012). In response to the increase in shark attacks,
the shark safety programme called Shark Spotters was implemented in 2004 in Cape Town,
South Africa (Kock et al., 2012). This programme assigns two trained spotters per morning

(7:00 - 13:00) and afternoon (13:00 — 19:00) shift at a popular Cape Peninsula beach
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(365days/year), with one spotter situated at an elevated mountain-side position overlooking
the surf-zone, the other spotter placed directly on the beach. Equipped with polarized
sunglasses, binoculars and two-way radios, the spotters manage a flag warning system and a
siren alarm to inform beach users of nearshore shark activity and to evacuate water-users in
the immediate presence of a shark (Kock et al., 2012). Additional to being a successful, cost
effective and non-intrusive way of reducing human-shark encounters (Curtis et al., 2012;
Kock et al., 2012), the shark spotting programme can help increase our understanding of

white shark activity and biology in nearshore environments.

To date, research on understanding the population biology and activity of white sharks in
False Bay has focused on shark encounters (Levine 1996; Cliff 2006), hunting and predation
strategies (Klimley et al.,, 2001; Martin et al., 2005; Hammerschlag et al., 2006; Laroche et
al., 2008; Martin et al., 2009) and distributions associated with predation (Gubili et al,,
2009). One study focused on the correlation between environmental conditions and white
shark activity in False Bay, with particular focus on the predation rate and success around

Seal Island (Hammerschlag et al., 2006).

The aim of this study was to investigate the relationship between environmental variables
and the number of shark sightings recorded during spotting shifts by shark spotters at
popular beaches Fish Hoek, St. James and Muizenberg in False Bay over the peak summer
seasons (September- May) for years 2006 (January) to 2011 (May). Environmental variables
of interest are sea surface temperature (SST), wind speed and direction, cloud cover, lunar

phase and tidal state.

In order to achieve this aim, it is important to distinguish between the ability of shark
spotters to sight a shark {termed the “spottability”) and the actual presence of sharks within
the surf-zone. A ‘No shark sighting’ recorded can either imply that the shark spotter was
unable to sight the shark present in the surf-zone or that no shark was present. To
incorporate the effect of “spottability”, the additional independent variable ‘spotter’ was
considered and all results will be discussed in terms of the possible roles each variable plays
in shark biology and “spottability”. The objective of this study was to add to an
understanding of nearshore activity of white sharks in False Bay over the peak summer

season, and to minimize human-shark encounters.
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Materials and Methods
Study site

Investigations wore conducted using shark sightings recarded at three popular beaches on
the western side of False Bay, South Africa. This south orientated, 35x30km wide
embayment has a Mediterranean climate and is dominated in summer months by strong
south-easterly {SE) winds, causing upwelling and warming nutrient rich waters{up to 24%C)
in the shallow banks {Schumann et of, 1982; Waldron et @/, 2008; Edwyn and lsaac 1937;
Atkins 1968). The beaches chosen for this study, namely Fish Hoek, 5t. James and
Muizenberg, have the highest number of white shark sightings as well as the highest
number of white shark encounters {Kock et of, 2012). They provide the best guality and

quantity of spotting data available over the study period.

v

._l.. *I 2
1% FRLSE AayY
%gwﬂ Fimnry

Figure2, Map of False Bay and the three beaches where sharks were manitared by Shark
Spotters. Each heach has distinct characteristics like a large surf-zone {>300m) at
ruizenberg in comparizon to smaller surl-zones at Fish Hocok [<100m] or 5T James (<50m)
{modified from Kock et @l 2012).
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Despite being adjacent to one another and sharing similar seasonal environmental trends,
the exact positioning of each beach within the bay allows them to be unique in terms of
their exposure to environmental conditions, size of surf-zone, type of water-users and
spotting ability (Kock et al., 2012). Fish Hoek is sandy bottomed with a small surf-zone, many
swimmers and exposed to SE winds (Fig 2). In contrast, St. James is a rocky shore and
protected from strong winds by the nearness of the mountainside (Fig 2). Muizenberg beach
is again sandy bottomed with a large surf-zone and is exposed to strong onshore and

offshore winds (Fig 2).

Data recording

White shark sightings data were recorded by shark spotters assigned randomly to morning
(7:00 - 13:00) and afternoon {13:00 - 19:00) shifts, called spotting shifts, at the three study
beaches over the study years (2006 - 2011). The information recorded on data sheets
included the site, date, spotter name, number of sharks sighted and the exact timing of

sighting.

Environmental data were externally sourced for January 2006 to June 2011. SST (°C), wind
speed (ms™) and direction and cloud cover (total portion of the sky in eighths covered by all
types of cloud) were sourced from the South African Weather Services (SAWS).
Measurements for wind and cloud data were used from records taken at the Cape Town
International Airport, as this was the best representative wind and cloud cover data
available for False Bay. Wind data were provided in hourly measurements, whereas cloud
data were available for 08:00, 14:00 and 20:00 o’clock daily. SST data were physically
measured by SAWS by using a SST bucket and provided the average daily measurements for

Fish Hoek, Kalk Bay (including St. James area) and Muizenberg separately.

Lunar phase and tide data were sourced from the SA Naval Hydrographic Office. The date at
which each phase, including full, first quarter, new and last quarter, were in their fullest was
provided throughout all study years. Tide data were in the form of the times of high and low

tides in the 7 hourly tidal cycles for the whole of False Bay over the study years.
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Statistical analysis

The relationship between environmental conditions and the number of white shark
sightings was statistically modelled for each study beach. Prior to modelling, the data had to

be prepared for inclusion in GLM and GAM modelling environments. These procedures are

described below.

Dependent variable

Preparation

Shark sightings data were sorted into morning and afternoon shifts according to the time at
which they were first sighted. Since most shark sightings data were recorded during summer
months very few were recorded during winter months, only shark sightings over the periods

September — May over years 2006 - 2011 were included and months June — August were

excluded.
Data exploration and distribution
A histogram was created for the number of shark sightings per shift. Shark spotting data

indicated a high number of zero sightings (Fig 3). Given the many zero’s present within this

data, the underlying distributions of binomial and Poisson were considered.

Catnt

%

Total no. thark sightings per shift

Figure 3. Histogram of the number of shark sightings in spotting shifts indicating a non-
normal distribution with high excess amounts of zeros.
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The binomial distribution is applied to presence/absence data (O’Neill and Faddy 2003). For
this distribution, data were transformed into binomial values of 0 and 1, representing the
presence and absence of shark sightings respectively. The Poisson distribution is particularly
useful for analysing count data for which no transformation was required (Zagaglia et al.,
2004; Zuur et al., 2007). Analyses were run using both the binomial and Poisson distribution
models, determining which distribution best predicted the excess amount of zero’s within
the data. Should neither of these adequately represent the excess amount of zero’s,
alternatives including a over-dispersed Poisson or zero-inflated Poisson distributions have

been used in previous work on shark count data (Minami et al., 2007; MacNeil et al., 2009).

Independent variables

Preparation

The sample unit in this study was one spotting shift. All environmental data was therefore
prepared in order to be allocated to daily spotting shifts over the study period. The spotting
year was allocated to blocks according to the individual summer spotting periods as year 1
(Sep 2006 - May 2007), year 2 (Sep 2007 - May 2008), year 3 (Sep 2008 - May 2009), year 4
(Sep 2009 - May 2010) and year 5 (Sep 2010 - May 2011). Data for SST was provided in the
form of daily averages and were applied in that form to both daily spotting shifts. Wind
speed (ms) and direction (given in degrees) data were averaged for each shift. Wind
direction was categorised into on-shore, off-shore, cross-shore and long-shore winds
depending on the given degrees relative to each beach independently. Cloud data were
averaged from 08:00 - 14:00 and 14:00 - 20:00 for the morning and afternoon spotting shifts

respectively.

The spotter on duty during each shift was identified and assigned to the corresponding shift.
Since employment of spotters has varied in length over the study years, only data for
spotters which had worked over 100 spotting shifts, namely spent over 50 working days
(roughly just over one month) as a shark spotter at a particular beach, were included. The
numbers of shark spotters included in the analysis was 7, 13 and 10 for Fish Hoek, St. James
and Muizenberg beaches respectively. Since shark spotters having worked over a 100

spotting shifts were responsible for the largest percentage of shark sightings, therefore only
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a minimal amount of shifts with sightings were sxcluded from the analysis. After excluding
the winter months and only including shifts with certain ohservers, the same data set for

spotters was used throughout each model selection for a particular beach,,

Lunar phasze was assigned to each shift according to date. Lunar phase data was used as a
categorical variable representing the four lunar phascs of full {1), first quarter {2}, new
moon (3] and last quarter {4). After allocating the lunar phases to each spotting shift, only
those shifts which occurred within two days before and two days after the given date of
cach phase were included in the analysis {Fig 4). Due to the large data set (<6000 shifts), any

possible trends within these periods will be expected to be clear.

Since tidal state and the exact timing of a shark sighting do not correspond to shifts, a
separate spreadsheet was constracted, As with lunar phase, tide data were transformed
into a categorical variable by including an hour and a3 half on either side of the given tide
times and creating four categories of tidal state, namely 1} high, 2] ebh, 3] low and 4) flood.
For each tidal state, the number of shark sightings per study year was caleulated according

to the date of sighting for cach study beach,

Fudd {1}

— b ot GrurEier
{4

Frxb (e
{4}

Figure 4. Pic chart uscd to show the categories used to divide the lunar phase oycle into full
{1), last quarter {2}, new {3) and first guarter {4), including two days on either side of actual
date,

Dota explarotion

Once all shifts were assigned corresponding environmental wvariahles, the relationship

hetween environmental variables was explored using the puidelines provided by Zuur 2t al,
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{2009} on data exploration in R {12.2.0). Since winter months were excluded fram this study,
all environmental variables needed to show an adequate spread over the remaining
summoer moenths. This was investigated using box-plots and cleveland dot-plots for
continuous variables [S5T and wind specd) and pivot tables for categorical variahlas (cloud
cover, wind direction, moon phase and spotter). To enhance apparent seasonal patterns
within pivat tables, September — May maonths were further divided into autunin, spring and

SUATMer.
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Figure 5. Example of box-plot and cleveland dot-plot {or 55T {4} and wind speed (b) far
Muizenberg beach excluding the data for winter manths,

For all sites, SST and wind speed showed an even spread over the summer months when
winter was excluded. An example of this can be seen for Muizenberg in Tipure 5.
Simultancously no true outliers where present for SST and wind speed at the beaches Tish
Hock, 5L lames and Muizenberg. Pivet tables alsa showed a relatively even spread for all
categorical variables, including doud cover, wind direction, moon phase and spotter, for all
three beaches, An example of this is shown for cloud cover at Muizenberg in Table 1, Since
all variables showed an even spread over Septembear May manths, data for winter months

Junz - August were excluded,
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Table 1. The example af a pivot table showing an even spread of degrees of cloud cover far
Muizenberg aver remaining seasons [autumn, spring and summer) when excluding winter
months.

Cloud cover [1/8 portion covering sky}

S5eason

] 1 2 3 i 5 G 7 A Tatal
Autumn 926 49 230 116 128 116 188 180 102 2513
spring 348 418 258 170 190 178 384 510 162 7618

Summer 1224 444 184 114 Fs 5h 144 147 54 2550
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Figure 6. Multi-panc| scatterplot showing the carrelation hetween environmental variables
55T, wind speed, wind direction, cloud cover and lunar phase.

Multi-panel scatterplots were wsed to identify  any  possible  co-linearity  between
enviranmental vanables, Upan visual inspection, no clear carrelation existed between any
pair of environmental variables. This was confirmed by low correlation coefficients between
contindaus variables {Fig 6} The strangest correlation was shown between 55T and wind
speed (correlation coefficient of 0.2) and between 55T and wind direction (correlation
coeflicient of 0.2). All variables were kept in lor the analyses and the final variables tested

were 55T, wind speed, wind direction, cloud caver and lunar phase.
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Figure 7. Example of box-glat and cleveland dot-plot far SST (a) and wind speced [b) tor
summer months at Muizenberg beach after filkering data for the variable spatter.
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Figure 8 DMulti-panel scatterplot showing the correlation  between  spotter and
environmental variables including 55T, wind speed, wind direction, cloud cover and lunar
phase.
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The relationship between the environmental variables and shark spotters was also
investigated using pivot tables to determine whether equal spotting shifts of spotters
existed for all environmental conditions. Once the data had been edited to include only the
chosen spotters for each site, the above exploratory analyses were re-run. Box-plots and
cleveland dot-plots for continuous variables (SST and wind speed) and pivot tables for
categorical variables (wind direction, cloud cover, lunar phase) for all sites continued to
suggest no outliers and showed an even spread over the summer months. An example for
box-plots and Cleveland dot-plots are shown for SST and wind speed at Muizenberg in
Figure 7. Furthermore, a second multi-panel scatter-plot was created including the spotter
as another variable. No correlation was found between spotter and environmental variables
(Fig 8). Also, only including the environmental data corresponding to the chosen spotters for
the study did not change correlations between any pair of environmental variables (Fig 8).
The variable spotter was therefore included as an independent variable in the models.
Furthermore, in order to get an understanding of the annual variance in the number of
shark sightings over the study years, the variable year was considered as an additional

variable to the models.

Modelling process

Initially generalized linear models (GLM’s) were considered (Zuur et al., 2009). However,
GLM’s assume parametric relationships and do not allow for the possibility of non-
parametric relationships. Since the relationship investigated in this study is more likely to be
non-parametric, | therefore applied a generalized additive model (GAM) which, despite its
tendency to overfit relationships, is less restrictive with regards to the underlying
distribution of the data (Hastie and Tibshirani 1986; Wood 2006). GAM’s are non-parametric
generalizations of multiple linear regression which replace the least square estimates of
GLM’s by maximum likelihood estimates using smoothing functions (Hastie and Tibshirani
1986; Wood 2006). Hence GAM’s are commonly used to examine relationships which are

likely non-linear and not normally distributed.
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The modelling process for the Poisson GAM’s was based on techniques described by
Johnson and Omland (2004) and extended into R (version 2.13.0) by help of Zuur et al.,
(2007), Zuur et al., (2009) and Wood (2006) in understanding the R programming language
and how to apply it to ecological data using a GAM. The variables included in the final
models for each site were determined using a forwards and backwards stepwise variable
selection procedure, selecting the best fitting model based on the lowest Akaike’s
information criteria (AIC) value (Bozodogan 1987). The contribution of each variable in the
final model was determined using ANOVA tables with Chi-squared tests, selecting only

variables significant at a p< 0.001 significance level.

Full model Poisson GAM

SS ~ s(SST) + Spotter + s(LunarPhase) + te(WindSpeed, WindDir) + s(Year) + s(Cloudcover)

Where s indicates the use of a smoothing spline, te the use of a thin plate regression spline

used for interaction terms.

Additionally, the predict.gam function, provided by a programming package in R called
mgcv, was used to predict the isolated effects of significant independent variables on the
number of shark sightings. The predict.gam function simulates experimental conditions in
which other variables are kept constant for optimal shark sighting conditions. The optimal
shark sighting conditions were chosen based on the maximum number of sightings recorded
for each environmental variable included in the analysis. Predictions were conducted with
regards to an average reference year for the number of shark sightings over the study

period.

Making use of a separate spreadsheet containing the exact date and timing of sighting and
its corresponding state of tide, the influence of tidal state on the number of shark sightings
at each study site was related using a linear regression model. The number of shark
sightings was compared among the four tidal states within each year separately (according
to months from Sep to May) for all beaches combined, assuming equal number of shifts per
tidal state per year. The significance of each tidal state was determined using a one-way

ANOVA with Chi-squared tests.
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Full linear regression model for tidal state

Shark sightings per year ~ Tidal Stale

Where 55 Time is the Ume when cach shark was first sighled.

Results

A total number of 6730 spotting shifts were included in this study, with a total of 563 white
shark sightings. Of these, 2050 shifts with 121 sightings wore recorded at Fish Hoek, 2243
shifts with 106 sightings at 5t. James, and 2437 shifts with 336 sightings at Muizenberg (Fig

9).
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Figure 9. The combined frequency of white shark sightings per month at the three study
beaches Fish Hoek (lotal=122, summer months=121), 5t. lames [(total=110, summer
months-106) and Muizenberg {total=338, summer months= 235] from January 2006 to lune
2011,

The final models for Fish Hoek {1} 5t lames {2) Muizenberg (2] contained the following
variahles:

{1}  Mum 55~ 5(557T) + Spotter + s{LunarPhase} + te{Windspeed, WindDir) + s{¥ear)
{2} Nurm 85 ™ s{SST) + te[WindSpeed, WindDir) + s{¥ear)
{3} Mum S5~ s(55T) + s{WindSpeed) + s{CloudCover)+ s{LunarPhase) + s{Year)
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Figure 10. The frequency of observed vs, expected number of white shark sightings at
5t Jamies, successtully estimated by Foisson distribution,

Binamial GLM and GAM maodels were only capable of explaining very minimal variation

within the data (5-9% deviance}, Furthermare, with low maximum counts of shark sightings

(maximum 5 sightings per shift), the Poisson GLM and GAM adequately predicted the cxcess

amount of zero's within the data {Fig 10, example for 5t. James), However, GLM only

explained minimal percentage of the variation in shark sightings for Fish Hock {15.8%), St.

James (10%) and Muizenberg (12.1%). In contrast, the Poisson GAM explained 24.4 %, 16.6

% and 16.5 % of the total variation in the number of shark sightings for the beaches Fish

Hoek, 5t lames and Muizenberg respectively (Takle 2).

Tahle 2. Poissan GAM results for Fish Hoek, St James and Muizenberg showing the variahles
included, the percentage each variable contributed to the explained variance, including the level of

sighificance [p-value],

Fish Hoek 5t lames Muizenberg

POl % P PO o P POl % p
Model GAM  contnibuted  wvalue GAM contributed  walue  GAM  contriboted  walue
55T Y T2 * W 40.4 2o v 43.5 Ll
W DS y 0 3 ib4
WIND SRPCLD Y 130 b
CLOUD COVER W 18.0 i
OGN PHASC Y 238 ke Y 9.2 =
SPOTTLCR W 17.7
YEAR y 172 L A 23.3 ey v 16.3 T
Tetal % Dev
explained 24.3 16.6 16.5
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Figure 11. Sipnificant effects of environmental conditions on the numbeor of shark sightings
recorded at the heaches Fish Hoek [(a)= S5T, {di= Year], 5t lames [(b)= 55T, {e]=Year] and
Muizenberg [(c)= 55T, (f}=Year,{g)=Wind speed,{h)=Cloud coveri over the summer period of
the study years,

55T was significant (p<0.05] at all three study heaches, 55T was particularly highly sipnificant
at St lames and Muizenberp, where it accounted for the majority of the explained variance
(40.4 % and 43.5% respectively), White sharks were sighted in 557's ranging from 10-22.5 °C
at Fish Hoek, from 9-24 °C at 5t. James and from 10.5-22.5 °C at Muizenberg over the study
period. For all three beaches, white shark sightings were most abundant between the
ranges of 13-23"C. The graphical GAM output for SST for Fish Hock (Fig 11 a] and

Muizenberg (Fig 11 ¢}, suggests a similar trend with the number of shark sightings peaking
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around an optimal range of 18-20 "C. For 5t. James the relationship is mare linear with shark

sightings increasing with increasing 557, with a minar peak evident at 20°C [Fig 11 b).

Wind speeds for all three beaches ranpged from zero to 151 ms ' for Fish Hoek and fram
tero to 15.9 ms’ for both 5t James and Muizenberg. However, wind speed was only
significant for Muoizenberg (13%). The graphical GAM ocutput for Muizenberg indicates two

peaks of increased shark sightings ot wind speeds of 6 ms* and 12 ms - [Fig 11 g).
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Figure 13. The frequency of white shark sightings during different lunar phases
(standardized per shifts] at the beaches Muizenberg, Fish Hock and 5t lames,
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Figure 14. The frequency of white shark sightings during different degrees of cloud cover at
the beaches Fish Hoek, 5t. James and Muizenherg.
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The lunar cycle was significant in contrbuting to the explained vaniance at Fish Hock (23 .2%)
and at Muizenberg (9.2%). At both beaches, the lowest number of shark sightings was
recorded during full moon and the highest number of sightings was recorded during last

gquarter moon (Fig 13},

Cloud cover could not explain the variance in shark sightings, with the highest number of
shark sightings were recorded when cloud cover was zero and the lowest nunber of shark
sightings was recorded when cloud cover was 1/8 {Fig 14). Furthermore, cloud cover was
anly significant at Muizenberg (123%) and showed no clear relationship to shark sightings in

the GAM output [Fig 11 h).
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Figure 15, The freguency of white shark sightings over sequential summers at the three
study beaches.
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Figure 16. The frequency of white shark sightings by individual shark spotters at Fish Hock
heach ower the summer months of years 2006 to 2011, Only spotters 1 and 2 were
significantly different from the rest.
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For all beaches, the year {yearly summer spotting period) was highly significant (p>0.05)
with relatively high explanatory power for Fish Hoek (17.2%), St. James (23.3%) and
Muizenberg (16.3%). The graphical GAM output shows the variability in shark sightings over
the sequential summer periods for Fish Hoek (Fig 11 d), St. James (Fig 11 e) and Muizenberg
(Fig 11 f). Although the number of shark sightings varies in time, the number of shark
sightings has significantly increased over the last two summers (2009/10- 2010/11) at all
three beaches (Fig 15).

The spotter was only included as a variable in the GAM for Fish Hoek, yet was not significant
in explaining variance in shark sightings. Only two spotters were significantly different from
the selected seven (Fig 16). Spotter 1 had sighted the highest number of shark sightings per
spotting shift, while Spotter 2 had sighted the lowest number of sharks per spotting shift
(Fig 16).

Tidal state did not significantly affect the number of shark sightings (p>0.05) (Table 3). There
was no significant difference between the number of shark sightings per year during high,
low, ebb or flood tides at beaches Fish Hoek (Fig 17), St. James (Fig 18) and Muizenberg (Fig
19).

Table 3. The results for one-way ANOVA conducted for all study sites indicating no
significant difference in the number of white shark sightings per study year at different tidal
states of high, ebb, low and flood.

One-way ANOVA: Shark sightings per year vs. Tidal state

Site Df Sum Sq Mean Sq F value p value
Fish Hoek 3 1.35 0.45 0.0181 0.9965
Muizenberg 3 4.95 1.65 0.0754 0.9723
St. James 3 130.95 43.65 0.6086 0.6191
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Figure 17. Frequency distributian of the number of white sharks sighted during different tidal
states, including high [H}, ebb (E), low [L) and flood [F) at Fish Hoek over sequential summer
periods, Nao significant influence of tidal state an the number of shark sightings (p=0.05].
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Figure 18. Freguency distribution of the number of white sharks siphted during different tidal
states, including high (H|, ebb (L}, low (L) and flood (F] at 5t. James over sequential summer
pericds. No sipgnificant influence of tidal state on the number of shark sightings {p={ 05).
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Figure 19. Frequency distribution of the number of white sharks sighited during different tidal
states, including high {H], ekk {E), low [L) and flood [F) at Muizenberg over seguential summer
periads. Mo significant influence of tidal state an the number of shark sightings (p>01.05).
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Table 4.The reference set of variables for each factor used for model predictions, As far as

possible, reference set values corresponded to optimal shark sighting conditions.

Site Year Wind speed  Lunar phase Wind dir Cloud cover Spotter
Fish Hoek 4 8 ms ™ Last quarter offshore 0 Ashley
St. James 2 4 ms onshore = 2
_ Muizenberg 4 4 ms Last guarter - 0, - =

Model predictions against a reference set of environmental conditions and years (Table 4)

clearly illustrate the influence of 55T in terms of sighting prabability (Fig 200, The magnitude

of the influence of 55T on the probability of sightings shark s an average of 78% higher at

20°C than at 14 °C along False Bay's surf-zone in summer months. To illustrate this, the

predicted sightings rate at 209C is 62.5% preater at Fish Hoek, 100% greater at 5t. lameas and

73.3% greater at Muizenberg than the sightings rate at 14°C (Fig20).
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Discussion

Identifying significant relationships between local environmental conditions and the
frequency of white shark sightings nearshore at popular False Bay beaches is the first step
towards incorporating environmental information into shark safety programs in the Cape
Peninsula. Using daily predictable weather conditions, incorporating environmental aspects
can help determine times and areas of increased risk of shark encounters within False Bay’s
surf-zones during peak summer season, minimizing the risk of shark encounters by water-

users.
Sea surface temperature (SST)

SST was significant for all three beaches and showed most white sharks sightings were
recorded over a SST range of 13-23°C at popular beaches in False Bay. This is in agreement
with previous findings by Goldman (1997) which suggests a preferred SST range of 13.3-
22°C for white sharks. Additionally, results from this study narrow the preferred
temperature range, showing consistent peaks in shark sightings between 18-20°C at Fish
Hoek and Muizenberg beaches. Model predictions for the isolated effect of SST suggest a
62.5% - 100% greater chance of spotting a shark during 20°C than at 14°C along False Bay's

surf-zones over months September — May.

Since SST has no effect on “spottability”, it is accepted here that the findings for SST are due
to its impact on shark biology and behaviour. However, since white sharks are capable of
regulating their internal body temperature (Klimley et al., 2001; Abascal et al,, 2011) and
tolerating a wide range of water temperatures (Martin 2004; Dewar et al, 2004),
physiological aspects seem unlikely to be limiting white sharks to such optimal temperature
ranges (18-20 °C). Alternatively, the observed optimal trends could be explained by
investigating the relationship between the distribution of its prey species and water
temperature. White sharks are apex predators with a wide range of diet including marine
mammals, teleosts, elasmobranchs, invertebrates and occasional marine birds or reptiles
(Compagno 1984; Fergussen 1999). Stomach content analysis of white sharks, caught in gill
nets off the southern African Kwazulu-Natal (KZN) coastline, suggest smaller elasmobranchs

to be the most common prey for white sharks, followed by teleosts (Fergusson et al., 2000;
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Tricas and McCosker 1984; Cliff et al., 1989). Such elasmobranchs include the juveniles of
dusky sharks (Carcharhinus obscurus), copper sharks (Carcharhinus brachyurus), milk shark
(Rhizoprionodon acutus), hammerhead sharks (Sphyrna lewini), and several dogfish (family
Squalidae) and ray species (family Dasyatidae and Myliobatidae) (Cliff et al., 1989). The most
commonly found teleosts in the stomachs of white sharks in KZN included various species of
tuna (family Scombridae), kob (Argyrosomus hololepidotus) and pilchards (Sardinops
ocellatus) (Cliff et al., 1989). In False Bay there are a variety of potential teleost prey for
white sharks which include white steenbrass (Lithognathus lithognathus), yellowtail (Seriola
lalandi), EIf (Pomatomus saltatrix), horse mackerel (Trachurus trachurus capensis) harders
(Liza richardsonii) and very rarely yellowfin tuna (Thunnus albacares), which are all
frequently caught by commercial fisheries over the summer months (Clark et al., 1994;
Lamberth et al., 1995; Hutchings and Lamberth 2002). Moreover, it’s suspected that white
sharks have a seasonal shifts in diet, by shifting from a diet dominated by inexperienced seal
pups at Seal Island during winter months (end of May- beginning of September) to a diet
consisting primarily of fish species occurring in high abundances nearshore in summer

months (Martin et al., 2005).

The seasonal increase in abundance, species diversity and richness of juvenile fish (highest
in months Jan-May) coincides with warmer waters, which provide favourable environmental
condition for fish species and their prey within False Bay’s surf-zones (Atkins 1970;
Lamberth 2006; Lamberth et al., 1995; Clark et al., 1996). For example, L. richardsonii feeds
on increased blooms of the surf-zone diatom Anaulus birostratus, triggered by summer
upwelling and warmer waters around 21-23°C (Talbot and Bate 1986; Webb et al., 1988;
Lamberth et al., 1995). Moreover, spawning of fish species in False Bay is timed in
accordance with spring months in order to directly recruit into the surf-zones in summer,
maximising juvenile growth and survival (Clark et al., 1996; Sheaves 2006). In fact, water
temperatures are suggested to be the most important physiological factor in determining

seasonal fish assemblages in False Bay’s surf-zones (Clark et al., 1996).

Certain elasmobranchs even migrate southward from KZN to take refuge from too warm
waters present there summer period (Compagno et al., 1989; Dudley et al., 2005). Examples
of such include dusky (C. obscurus) (Compagno 1989; Dudely et al., 2005) and copper sharks
(C. brachyurus) (Cliff et al., 1989), both identified as important prey of white sharks (Cliff et
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al., 1989). In particular, juvenile C. obscurus, feeding on juvenile fish species, have been
shown to have an optimal range of 19-23°C (Dudley et al.,, 2005). This corresponds to the
same optimal temperatures discovered in this study for white sharks at Fish Hoek and
Muizenberg beaches (18-20°C). This temperature range has also been observed for white
sharks in Californian waters, ranging from 16-20°C (Cartamil et al., 2011). A similar optimal
temperature range is evident for some of the above mentioned teleost prey items in False
Bay, including S. lalandi with 17-27°C (Nakada 2002), L. lithognathus 16-20°C (Bennett
1993a) and prey of Thunnus albacares, namely saury (Scomberesox saurus scombroides)

with optimal temperatures of 18-22°C (Olson and Boggs 1986; Dudley et al., 1985).

Furthermore, since white shark distribution is probably related to its feeding behaviour and
preferences of prey species, it should be expected that environmental conditions can only
explain a small percentage (16.5-24.5%) of shark occurrences along False Bay’s surf-zones. A
better understanding of the effect of environmental variables on white shark sightings
nearshore will come about by incorporating variables on prey availability and distribution in

different environmental conditions (Lamberth et a/., 1995).
Lunar phase

Lunar phase was significant for Fish Hoek and Muizenberg, with the most shark sightings
recorded during last quarter moon and the lowest number of sharks sightings recorded
during full moon. At both beaches, the number of shark sightings decreased consistently
from last quarter moon to full quarter moon, with the lowest amount of shark sightings
recorded during full moon and the highest amount of shark sightings recorded during last
quarter moon. As with SST, lunar phase has no effect on the “spottability” during daytime
hours and findings here can be explained by the effect of the lunar cycle on shark biology
and behaviour. The lunar cycle provides predictable environmental patterns to which many
marine organisms structure a variety of behavioural functions affecting habitat use,
including, predation, group living, locomotion, daily and seasonal migrations, physiological
changes reproduction and settlement of larvae (Naylor 2005; Katselis et al., 2007; Benoit-
Bird et al, 2009; Guttridge 2009). Reproduction of marine invertebrates and fish in
particular, is significantly affected by full moon (Fox 1924; Johannes and Hviding 2000). in
areas with strong tidal currents, full moon has been correlated with “full’ gonads and ovaries

during the reproductive cycle of marine species including echinoderms, molluscs and fish
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such as snappers and groupers, which are released into the' water column either during or
shortly after the period of full moon (Fox 1924; Johanne: and Hviding 2000). Similarly, a
peak in swarming of oyster larvae has been shown to occur ten days after full moon

(Laroche et al., 1997).

The lunar phase is also believed to control hunting timing, strategy and behaviour of marine
predators and play a role in predator-prey interactions (Hiu. .wng and Trillmich 1999, Bestley
et al., 2008). The prey species of white sharks over the summ r period, including teleosts
and juvenile elasmobranchs species, feed primarily on an array of fish and invertebrate
larvae and juveniles, including demersal and pelagic fish species, cephalopods, molluscs and
crustaceans (Natanson and Kohler 1996; Compagno et al., 1989; Bennett 1993a). This might
be related to an increased abundance of teleosts and elasmobranchs in the nearshore
environment of Fish Hoek and Muizenberg beaches shortly after full moon, responding to an
increased availability of invertebrate and fish juveniles and larvae in the water column. This
might explain why the highest amount of white shark sightings was observed over the
corresponding lunar phase. Furthermore, other predatory fish such as tuna show similar

trends by increasing their feeding events directly after full moon (Bestley et al., 2008).

Furthermore, a gradual decline in white shark sightings after the last quarter phase could be
correlated with decreasing invertebrate and fish resources, which are being depleted
towards the next reproductive bout occurring around full moon. Additionally, migrations of
fish species into estuaries around full moon, observed for species such as breams or mullets
(harders) (Johannes and Hviding 2000), could further reduce available prey for white sharks

nearshore around full moon.
Cloud cover

Cloud cover was only significant at Muizenberg beach, where model results showed the
highest number of sightings recorded during zero cloud cover. However, the second highest
number of shark sightings was recorded during a degree of cloud cover of 5. Moreover, a
similar amount of shark sightings was recorded during low degrees of cloud cover of one as
during a high degree of cloud cover of 8. This would suggest that spotters are able to detect
white sharks relatively well in clear as well as cloudy weather. This implies that although

cloud cover was significant at Muizenberg, the significant effect can not be explained by its
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influence on “spottability” or the number of shark sightings recorded. However, since white
sharks have excellent vision and a high predation success rate in dim light conditions, it is
unlikely that shark behaviour can explaining the trends found here for cloud cover
(Bozzanao et al., 2001; Hart et al., 2004; Hammerschlag et al., 2006). Further work needs to
be conducted into the relationship between cloud cover and shark sightings nearshore in
order to explain the findings in this study. Perhaps time of day (e.g. sunrise, daytime, sunset)
might be more capable of explaining the effect of light availabilities on shark biology and

“spottability”.
Wind patterns

Wind speed was significant in affecting the number of shark sightings recorded at
Muizenberg beach. However, results show that the highest number of shark sightings was
recorded at medium (6 ms-') and relatively high (12 ms™) wind speeds. This suggests that
wind speed has no apparent effect on “spottability”, since similar amounts of sharks were

sighted during medium and strong winds.

The fact that wind can not explain the variation in shark sightings for any of the study
beaches might be attributed to a suggested lag effect of wind speed and direction on the
marine environment, with effects of wind only becoming apparent after a continuous period
of a particular wind direction at certain wind speeds (Rose and Leggett 1988). A study
conducted on Atlantic cod observed winds to be lagged two days prior to catch day on the
north shore of the Gulf of St. Lawrence (Rose and Leggett 1988). Several days of strong SE
are followed by several days of warmer murky waters in False Bay (Atkins 1970). Therefore,
instead of the direct effect of wind at the recorded timing of shark sighting, it may rather be
the after effect of wind speed and direction which influences the number of shark sightings
nearshore. Additional to a possible lag effect, wind might truly not be significant for
individual beaches based on their geographic positioning. St. James is known to be relatively
wind sheltered by being situated in close proximity to the mountain side and results for St.
James could be indicating the correct trends. This is why Muizenberg, which is more

exposed, is more vulnerable to the influence of wind speed.

However, perhaps instead of the interactions between wind speed and wind direction as

well as the geographic positioning of the study beaches, the effect of wind on shark

40



presence nearshore is expressed through its ability to control upwelling of nutrients and the
SST of the bay. Over summer periods, strong SE winds cause upwelling along the outer shelf
of the bay, driving and trapping trap warmer waters in shallow western banks of False Bay
(Atkins 1970; Lamberth et al.,, 1995). Since we determined that prey availability and SST
largely determine white shark distribution, wind could play an indirect role in determining
shark behaviour and the actual presence of sharks within the surf-zone. However, although
Muizenberg and St. James beaches showed similar interactions between SST and wind

speed, no strong relationship was evident.
Tidal state

Tidal state was not significant for explaining the number of shark sightings recorded for any
of the study beaches, with minimal variation in the number of shark sightings at different
tides between years throughout the study period. This results is unexpected, since tidal
states may potentially effect shark behaviour or “spottability” or both. Some shark species,
e.g. juvenile lemon shark (Negaprion brevirostris), have been observed to move further
inshore with incoming tides to exploit previously unattainable resources (Guttridge 2009;
Knip et al., 2010). Furthermore, should incoming tidal states allow for sharks to move closer
inshore, this would increase “spottability”. However, the effect of tidal state depends
particularly on the bottom topography of a beach. All study sites have a gradually declining
bottom topography and lack any sudden drop-off of the coastal shelf (Atkins 1970).
Therefore, the amount of available habitat which increases or decreases with incoming
(flood) or outgoing (ebb) tide respectively, is not substantial enough to significantly affect
the movement of white sharks in these areas. Perhaps it is for this reason that tidal state
played no significant role in determining the number of shark sightings recorded nearshore

at Fish Hoek, St. James and Muizenberg.
Year

Year was significant for all three study sites, with a variation in the number of shark
sightings at each beach over the individual summer spotting periods (September — May).
Results show that the number of shark sightings has significantly increased over the last two
years. This suggests that white sharks are currently spending more time inshore at False Bay

beaches in summer months than in previous years. Whether this is attributed to changes in
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prey distribution inshore in summer months, changes in environmental conditions or simply
a behavioural preference by white sharks in False Bay, is not certain. However, according to
our environmental data, the significant environmental variables affecting shark sightings
nearshore, such as SST, wind speed or cloud cover, have on average remained the same
over the summer study years for each study beach individually. This would suggest that an
increase in shark sightings nearshore in summer months at these beaches is more likely
attributed to changes in prey distribution than shark behaviour related to environmental
conditions. Future investigations should therefore relate continuous monitoring of annual
shark sighting numbers nearshore at popular False Bay beaches to prey distribution and

numbers at such beaches.
Spotter

Spotter was only included in the model for Fish |Hoek, but was not significant in
determining the number of shark sightings recorded over the study period in relation to
environmental conditions. My results show that each shark spotter has different capabilities
of spotting sharks, with spotter 1 having a very high number of sharks sighted per spotting
shift and spotter 2 a very low number of sharks sighted per spotting shift in relation to the
remaining spotters. This is attributed to the natural ability and different concentration rates
of each spotter. Nonetheless, the variable spotter played no significant role in affecting the
relationship between the number of shark sightings recorded and measured environmental

conditions.
Conclusion

Environmental factors play an important role in determining marine predator distributions.
My study showed a significant relationship between white shark distribution nearshore and
SST and lunar phase, with an increase in shark activity in surf-zones when SST was higher
than of 18°C and during the last quarter moon phase. With an increase in shark sightings
over recent years at all three study beaches, the risk of shark encounters could potentially
be decreased through knowledge of the results of this study by acting as a valuable tool for
increasing water-user safety. Future research should continue to monitor the frequency of
shark sightings in relation to environmental conditions and can be combined with

information on shark behaviour and the biology of their preferred prey species.
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Chapter 3: Practical application and
future recommendations

The main findings and their practical implementation into shark safety
programs in the Cape Peninsula

It is evident from the results of this study that a link exists between the number of shark
sightings in False Bay and environmental conditions. SST and lunar phase are the most
significant variables influencing the presence of white sharks in the surf-zone of False Bay.
The highest number of shark sightings was recorded at SST’s between 18-20°C, with on
average a 78% greater chance of sighting a shark at 20°C than at 14°C. The most shark
sightings were also recorded during the lunar phase of last quarter moon, while the lowest
amount of shark sightings took place during full moon. This information can be used as a
tool for providing beach management with an increased knowledge on days of higher risk of

human-shark encounters.

Of the summer days included in this study, a SST higher than 18°C was measured at the
beaches of Fish Hoek, St. James and Muizenberg 28.4%, 61.4% and 55% of the time
respectively. On average (48.3%), half of the days in summer have a SST above 18°C. Since
the results of this study show that the most shark sightings were recorded above a SST of
18°C, half of the days over the summer period have a higher chance of water-users

encountering a shark in the surf-zone along False Bay.

Beach management could incorporate the findings here into shark-safety warning systems
by distinguishing between ‘high shark-alert days’ from ‘lower risk days’ and issuing
increased spotting awareness on higher risk days, such as when SST are above 18°C or lunar
phase is in last quarter phase, in which shark sightings were at their highest. Increase the
public caution could also be urged such high risk periods. Furthermore, it is important to
understand that these recommendations will be updated as additional data become

available in the future. Nonetheless, the overall conclusion from this study confirms that not
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only does a relationship exist between white shark distribution nearshore and
environmental conditions in False Bay, but that including such relationships in shark safety

programs is a possibility for further managing human-shark conflict.

Future updates and research

To ensure that future shark spotting data is recorded correctly, | recommend that Shark
Spotters transfer the data from recording sheets into a database which uses the spotting
shift as its unit. This format will allow Shark Spotters to enter the name of the individual
spotter on duty for each shift. On this note, | would like to suggest that shark spotters with
relatively low numbers of shark sightings per spotting shift are better positioned on the
beach instead of at elevated spotting positions. Moreover, data sheets should be collected

daily and entered weekly in order to ensure information is up to date.

The models used in this study will be updated annually, which will allow for the further
monitoring of the influences of environmental conditions on the number of shark sightings
recorded in False Bay’s surf-zones in the future. New variables which can be added to future
models include the lag effect of wind on white shark movement, time of day (e.g. sunrise,
daytime, sunset) and the response of prey abundance and distribution to changes in SST and

lunar phase.

44



References

ABASCAL, F.J., QUINTANS, M., RAMOS-CARTELLE, A. AND MEJUTO, J. 2011. Movements and
environmental preferences of the shortfin mako, Isurus oxyrinchus, in the southeastern

Pacific Ocean. Marine Biology 158 (5): 1175-1184.

ABRAHAMS, M.V. AND KATTENFELD, M.G. 1997. The role of turbidity as a constraint on predator-
prey interactions in aquatic environments. Behavioral Ecology and Sociobiology 40(3): 169-

174.

ANDRADE, H.A., TOZETTO, A.L., SANTOS, J.A.T., 2005. The effect of environmental factors and of the
fishermen strategy on the skipjack tuna (Katsuwonus pelamis) CPUE in the southwest

Atlantic. Collective Volume Science Papers, ICCAT 58: 350-358.

ATKINS G.R. 1970. Winds and current patterns in False Bay. Transactions of the Royal Society of
South Africa 39(2), 139-148.

BARLOW, R.B., POWERS, M.K., HOWARD, H. AND KASS, L. 1986. Migration of limulus for mating:

relation to lunar phase, tide height, and sunlight. Biological Bulletin 171(2): 310-329.

BARNETTE, R. AND MARSHALL, N.T. 1997. Trade in sharks and shark products in South Africa.
TRAFFIC East/Southern Africa. Nairobi.

BAUM, J.K. AND WORM, B. 2009 Cascading top-down effects of changing oceanic predator
abundances. Animal Ecology 78(4): 699-714.,

BEGG, G. AND MARTEINSDOTTIR, G. 2002. Environmental and stock effects on spatial distribution

and abundance of mature cod Gadus morhua. Marine Ecology Progress Series 229: 245-262.

BENNETT, B.A. 1993a. Aspects of the biology and life history of white steenbras Lithognathus

lithognathus in southern Africa. South African Journal of Marine Science 13: 83-96.

BENOIT-BIRD, K., DAHOOD, A. AND WURSIG, B. 2009. Using active acoustics to compare lunar
effects on predator—prey behavior in two marine mammal species. Marine Ecology Progress

Series 395, 119-135.

45



BESTLEY, S., PATTERSON, T. A, HINDELL, M. A AND GUNN, J.S. 2008. Feeding ecology of wild
migratory tunas revealed by archival tag records of visceral warming. Animal Ecology 77(6):

1223-1233.

BIGELOW, K.A., BOGGS, C.H. AND HE, X. 1999. Environmental effects on swordfish and blue shark

catch rates in the US North Pacific longline fishery. Fisheries Oceanography 8(3): 178-198.

BLOCK, B. A AND FINNERTY, J.R. (1994) Endothermy in fishes: a phylogenetic analysis of constraints,

predispositions, and selection pressures. Environmental Biology of Fishes 40, 283-302.

BONFIL, R., MEYER, M., SCHOLL, M.C., JOHNSON, R., O'BRIEN, S., OOSTHUIZEN, H., SWANSON, S.,
KOTZE, D. AND PATERSON, M. 2005. Transoceanic migration, spatial dynamics, and
population linkages of white sharks. Science (New York, N.Y.) 310: 100-103.

BOWMAKER, J.K. 1995. The visual pigments of fish. Progress in Retinal and Eye Research 15(1): 1-
31.

BOZODOGAN, H. 1987. Model selection and Akaike’s information criterion (AIC): the general theory

and its analytical extensions. Psychometrika 52(3): 345-370.

BOZZANAO, A., MURGIA, R., VALLERGA, S., HIRANO, J. AND ARCHER, S. 2001. The photoreceptor
system in the retinae of two dogfishes, Scyliorhinus canicula and Galeus melastomus:
possible relationship with depth distribution and predatory lifestyle. Journal of Fish Biology
59(5): 1258-1278.

BRAUMAN, K. A, DAILY, G.C., DUARTE, T.K. AND MOONEY, H. A 2007. The Nature and Value of
Ecosystem Services: An Overview Highlighting Hydrologic Services. Annual Review of

Environment and Resources 32(1): 67-98.

BRUCE, B.D., STEVENS, J.D. AND MALCOLM, H. 2006. Movements and swimming behaviour of white

sharks (Carcharodon carcharias) in Australian waters. Marine Biology 150: 161-172.

BURGESS, G.H. AND CALLAHAN, M. 1996. Worldwide patterns of white shark attacks on humans. In

Great white sharks: The biology of Carcharodon carcharias. San Diego, CA: Academic Press.

BUTNER, A. AND BRATTSTROM, B.H. 1960. Local Movement in Menidia and Fundulus. Copeia
1960(2): 139-141.

CAMERON, A.C. AND TRIVEDI, P.K. 1986. Econometric models based on count data. Comparisons

and applications of some estimators and tests. Applied Econometrics 1(1): 29-53.

46



CAREY, F.G., KANWISHER, J.W., BRAZIER, O., GABRIELSON, G., CASEY, J.G. AND PRATT, H.L. 1982.
Temperature and activities of a white shark, Carcharodon carcharias. Copeia 1982(2): 254-

260.

CAREY, F.G., SCHAROLD, J.V. AND KALMIJN, A.J. 1990. Movements of blue sharks (Prionace glauca)
in depth and course. Marine Biology 106(3): 329-342.

CAREY, F.G., TEAL, J.M., KANWISHER, J.W., LAWSON, K.D., JAMES, S., CAREY, G. AND LAWSON, D.
1971. Warm-bodied fish. American Zoologist 11(1): 135-143.

CARLSON, J.K., HEUPEL, M.R., BETHEA, D.M. AND HOLLENSEAD, L.D. 2008. Coastal habitat use and
residency of juvenile Atlantic sharpnose sharks (Rhizoprionodon terraenovae). Estuaries and

Coasts 31(5): 931-940.

CARTAMIL, D.P., SEPULVEDA, C. A., WEGNER, N.C., AALBERS, S. A.,, BAQUERO, A. AND GRAHAM, J.B.
2011. Archival tagging of subadult and adult common thresher sharks (Alopias vulpinus) off

the coast of southern California. Marine Biology 158(4): 935-944.

CASEY., J.G. AND PRATT, H.L.J. 1985. Distribution of the white shark, Carcharodon carcharias, in the

western North Atlantic. Memoirs of Southern California Academy of Sciences 9: 2—14.
CHAPIN, F.S.I. {AND 11 OTHERS) 2000. Consequences of changing biodiversity. Nature 405: 234-242.

CLARK, B., BENNETT, B. AND LAMBERTH, S. 1996. Temporal variations in surf zone fish assemblages

from False Bay, South Africa. Marine Ecology Progress Series 131: 35-47.

CLARK, B.M., BENNETT, B.A. AND LAMBERTH, S.J. 1994. Assessment of the impact of commercial
beach-seine netting on juvenile teleost populations in the surf zone of False Bay , South

Africa. South African Journal of Marine Science 14: 225-262.

CLARK, B.M., BENNETT, B.A. AND LAMBERTH, S.J. 1996. Factors affecting spatial variability in seine
net catches of fish in the surf zone of False Bay, South Africa. Marine Ecology Progress Series

131:17-34.

CLIFF, G. 2006. A review of shark attacks in False Bay and the Cape Peninsula between 1960 and
2005. In: Finding a balance: White shark conservation and recreational safety in the inshore
waters of Cape Town, South Africa. Proceedings of a specialist workshop. WWF South Africa

Report Series — 2006/Marine/001 Annexure 1.

47



CLIFF, G., DUDLEY, S.F.J. AND DAVIS, B. 1989. Sharks caught in the protective gill nets off Natal,
South Africa . 2 . The great white shark (Carcharodon carcharias). South African Journal of

Marine Science 8: 131-144.

COHEN, J.L. 1991. Adaptations for scotopic vision in the lemon shark (Negaprion brevirostris).

Experimental Zoology 256(5): 76-84.

COMPAGNO, L.J.V. 1999. Checklist of living elasmobranches, In Sharks, Skates, and Rays: The

Biology of Elasmobranch Fishes, W.C. . Johns Hopkins University Press, Baltimore, MD.

COMPAGNO, L.J.V. 2001. FAO Species Catalogue. Sharks of the world. And annotated and illustrated
catalogue of shark species known to date. Bullhead, mackerel, and carpet sharks
(Heterodontiformes, Lamniformes and Orectolobiformes). Rome, Italy: FAO Fisheries

Synopsis. 2.

COMPAGNO, L.J.V., EBERT, D.A. AND SMALE, M.J. 1989. Guide to the sharks and rays of southern
Africa. New Holland (Publ.) Ltd., London.

CONSUL, P.C. AND JAIN, G.C. 1973. A Generalization of the Poisson Distribution. Technometrics
15(4): 791-799.

CUNNINGHAM, R.B. AND LINDENMAYER, D.B. 2005. Modeling Count Data of Rare Species: Some
Statistical Issues. Ecology 86(5): 1135-1142.

CURTIS, T.H., BRUCE, B.D., CLIFF, G., DUDLEY, S.F.J., KLIMLEY, A.P., KOCK, A., LEA, R.N., LOWE, C.G.,
MCCOSKER, J.E., SKOMAL, G.B., WERRY, J.M. AND WEST, J.G. in Press. Responding to the
Risk of White Shark Attack Updated Statistics, Prevention, Control Methods, and
Recommendations. In: Global Perspectives on the Biology and Life History of the White
Shark. Domeier, L.M. Marine Conservation Science Institute, in Fallbrook, California. CRC

Press.

DAMALAS, D. AND MEGALOFONOQU, P. 2010. Environmental effects on blue shark (Prionace glauca)
and oilfish (Ruvettus pretiosus) distribution based on fishery-dependent data from the
eastern Mediterranean Sea. Marine Biological Association of the United Kingdom 90(3): 467-

480.

48



DAMALAS, D.,, MEGALOFONOU, P. AND APOSTOLOPOULOU, M. 2007. Environmental, spatial,
temporal and operational effects on swordfish (Xiphias gladius) catch rates of eastern

Mediterranean Sea longline fisheries. Fisheries Research 84(2): 233-246.

DE BRUYN, A. AND MEEUWIG, J.J. 2001. Detecting lunar cycles in marine ecology: periodic

regression versus categorical ANOVA. Marine Ecology Progress Series 214: 307-310.

DEWAR, H., DOMEIER, M. AND NASBY-LUCAS, N. 2004 Insights into Young of the Year White Shark,
Carcharodon carcharias, behavior in the Southern California Bight. Environmental Biology of

Fishes 70(2):133-143.

DUDLEY, S.F.J., CLIFF, G., ZUNGU, M.P. AND SMALE, M.J. 2005. Sharks caught in the protective gill
nets off Kwazulu-Natal, South Africa . 10. The dusky shark (Carcharhinus obscurus). South

African Journal of Marine Science 27(1): 107-127.

DUDLEY, S.F.J)., FIELD, J.G. AND SHELTON, P.A. 1985. Distribution and abundance of eggs , larvae
and early juveniles of saury (Scomberesox saurus scombroides) off the south-western Cape

South Africa, 1977 / 78. South African Journal of Marine Science 3: 229-237.

DULVY, N.K. AND REYNOLDS, J.D. 1997. Evolutionary transitions among egg-laying, live-bearing, and
maternal inputs in sharks and rays. Proceedings of the Royal Society, London. B. 264: 1309-
1315.

DURANT, J.M., STENSETH, N.C., ANKER-NILSSEN, T., HARRIS, M.P., THOMPSON, P.M. AND
WANLESS, S. 2004. Marine birds and climate fluctuation in the North Atlantic. In: Marine
ecosystems and climate variation: the North Atlantic: a comparative perspective. Stenseth,

N.C. Oxford University Press. Chapter 7: 95-213.

EDWYN, W. AND ISAAC, W.E. 1937. South African Coastal Waters in Relation to Ocean Currents.
American Geographical Society 27(4): 651-664.

EMMETT, R.L.,, MILLER, T.W. AND BENTLEY, P.J. 2005. Ecological relationships in the Pacific

northwest. Ecology 46: 122-143.

ESTRADA, J.A,, RICE, A.N., NATANSON, L.J., SKOMAL, G.B. AND NATANSON, J. 2006. Use of Isotopic
Analysis of Vertebrae in Reconstructing Ontogenetic Feeding Ecology in White Sharks.

Ecology 87(4): 829-834.

49



FERGUSSON, I|.K.,, COMPAGNO, LJ.V. AND MARKS, M.A. 2000. Predation by white sharks
Carcharodon carcharias (Chondrichthyes: Lamnidae) upon chelonians, with new records
from the Mediterranean Sea and a first record of the ocean sunfish Mola mola
(Osteichthyes: Molidae) as stomach contents. Environmental Biology of Fishes 58(4): 447-
453.

FERREIRA, C.A. AND FERREIRA, T.P. 1996. Population dynamics of white sharks in South Africa. In

Great white sharks: The biology of Carcharodon carcharias. San Diego, CA: Academic Press.

FERRETTI, F., MYERS, R. A, SERENA, F. AND LOTZE, H.K. 2008. Loss of large predatory sharks from
the Mediterranean Sea. Conservation Biology 22(4): 952-964.

FLETCHER, D., MACKENZIE, D. AND VILLOUTA, E. 2005. Modelling skewed data with many zeros: A
simple approach combining ordinary and logistic regression. Environmental and Ecological

Statistics 12(1): 45-54.

FOX, H.M. 1924. Lunar periodicity in reproduction lunar periodicity in reproduction. Proceedings of

the Royal Society, London. B. 95(671): 523-550.

FRITSCHES, K.A., BRILL, R.W. AND WARRANT, E.J. 2005. Warm eyes provide superior vision in
swordfishes. Current Biology 15(1): 55-58.

GALLAGHER, A. AND HAMMERSCHLAG, N. 2011. Global shark currency: the distribution, frequency,

and economic value of shark ecotourism. Current Issues in Tourism, 1-16.

GOLDMAN, K.J. 1997. Regulation of body temperature in the white shark, Carcharodon carcharias.
Comparative Physiology B 167(6): 423-429.

GONZALEZ-ANIA, V.L., BROWN, C.A. AND CORTES, E. 2001. Standardized catch rates for yellowfin
tuna (thunnus albacares) in the 1992-1999 gulf of Mexico longline fishery based upon
observer programs from Mexico and the United States. Collective Volume of Scientific

Papers 52: 222-237.

GRUBER, S. 1977. The visual system of sharks: adaptations and capability. American Zoologist 17(2):
453-469.

GUBILI, C., JOHNSON, R., GENNARI, E., OOSTHUIZEN, W.H., KOTZE, D., MEYER, M., SIMS, DW.,
JONES, C.S., NOBLE, L.R. 2009. Concordance of genetic and fin photo identification in the

50



great white shark, Carcharodon carcharias, off Mossel Bay, South Africa. Marine Biology

156(10): 2199-2207.

GUERRERO, J.C., MARIO VARGAS J. AND REAL R. 2005. A hypothetico-deductive analysis of the
environmental factors involved in the current reptile distribution pattern in the Canary

Islands. Journal of Biogeography 32(8): 1343-1351.

GUTTRIDGE, T. 2009. The Social Organisation and Behaviour of the juvenile lemon shark, Negaprion
brevirostris. Doctor of Philosophy, University of Leeds, Institute of Integrative and

Comparative Biology. pages 1-194.

HAMMERSCHLAG, N., MARTIN, R.A. AND FALLOWS, C. 2006. Effects of environmental conditions on
predator—prey interactions between white sharks (Carcharodon carcharias) and Cape fur
seals (Arctocephalus pusillus pusillus) at Seal Island, South Africa. Environmental Biology of

Fishes 76(2-4): 341-350.

HARLEY, C.D.G., RANDALL H.A., HULTGREN, K.M., MINER, B.G., SORTE, C.J.B., THORNBER, C.S.,
RODRIGUEZ, L.F.,, TOMANEK, L., WILLIAMS, S.L. 2006. The impacts of climate change in

coastal marine systems. Ecology 9(2): 228-241.

HART, N.S., LISNEY, T.J., MARSHALL, N.J. AND COLLIN, S.P. 2004. Multiple cone visual pigments and
the potential for trichromatic colour vision in two species of elasmobranch. Experimental

Biology 207: 4587-4594.

HASTIE, T. AND TIBSHIRANI, R. 1986. Generalized Additive Models. Statistical Science 1(3): 297-
318.

HAZIN, F.H.V., BURGESS, G.H. AND CARVALHO, F.C. 2008. A Shark Attack Outbreak Off Recife,
Pernambuco, Brazil: 19922006. Bulletin of Marine Science 82(2): 199-212.

HAZIN, H. AND ERZINI, K. 2008.Assessing swordfish distribution in the South Atlantic from spatial
predictions. Fisheries Research 90(1-3): 45-55.

HEITHAUS, M.R., FRID, A., WIRSING, A.J. AND WORM B. 2008. Predicting ecological consequences of

marine top predator declines. Trends in Ecology & Evolution 23(4): 202-210.

HOEY, J., PRITCHARD, E. AND BROWN, C. 2002. Pelagic shark abundance indices based on fishery-
dependent and fishery-independent data from the western North Atlantic. Collective

Volume of Scientific Papers 54(4): 1199-1211.

51



HOLLAND, K.N., WETHERBEE, B.M., PETERSON, J.D., LOWE C.G. 1993. Movements and distribution
of hammerhead shark pups on their Natal grounds. Copeia 1993(2): 495-502.

HOPKINS, T.E. AND CECH, J.J. 2003. The influence of environmental variables on the distribution
and abundance of three elasmobranchs in Tomales Bay , California. Environmental Biology

of Fishes 66: 279-291.

HORNING, M. AND TRILLMICH, F. 1999. Lunar cycles in diel prey migrations exert a stronger effect
on the diving of juveniles Galapagos fur seals than adult Gala. Proceedings of the Royal

Society, London. B. 266: 1127-1132.

HUEY, R.B. 1991. Physiological Consequences of Habitat Selection. The American Naturalist 137: 91-
115.

HUTCHINGS, K. AND LAMBERTH ,S.J. 2002. Bycatch in the gillnet and beach-seine fisheries in the
Western Cape, South Africa, with implications for management. South African Journal of

Marine Science 24: 227-241.

JOHANNES, R.E. AND HVIDING, E. 2000. Traditional knowledge possessed by the fishers of Marovo
Lagoon, Solomon Islands, concerning fish aggregating behaviour. SPC traditional Marine

Resource Management and Knowledge Information Bulletin 12: 22-29.

JOHNSON, J.B. AND OMLAND, K.S. 2004. Model selection in ecology and evolution. Trends in
Ecology & Evolution 19(2): 101-8.

JOHNSON, R. AND KOCK, A. 2006. South Africa’s White Shark cage-diving industry-is their cause for

concern. Inshore waters of Cape Town, South Africa, 40-59.

JORGENSEN, S.J., REEB, C.A., CHAPPLE, T.K., ANDERSON, S., PERLE, C., VAN SOMMERAN, S.R., FRITZ-
COPE, C.,, BROWN, A.C., KLIMLEY, A.P., BLOCK, B.A. 2010. Philopatry and migration of Pacific
white sharks. Proceedings of the Royal Society, Biological Science B. 277(1682): 679-688.

KATSELIS, G., KOUKOU, K., DIMITRIOU, E. AND KOUTSIKOPOULQS, C. 2007. Short-term seaward fish
migration in the Messolonghi—Etoliko lagoons (Western Greek coast) in relation to climatic

variables and the lunar cycle. Estuarine, Coastal and Shelf Science 73(3-4): 571-582.

KLIMLEY, A.P. 1985. The areal distribution and autoecology of the white shark Carcharodon
carcharias, off the west coast of North America. Memoirs of the Southern California

Academy of Sciences 9: 15-40.

52



KLIMLEY, A.P. AND CURTIS, T.H. 2006. Shark attack versus ecotourism: Negative and positive
interactions. In: Proceedings of the 22nd Vertebrate Pest Conference. (eds R.M. Timm and

J.M. O’Brien). University of California, Davis, pp. 33—44.

KLIMLEY, A.P., LE BOEUF, B.J.,, CANTARA, K.M., RICHERT, J.E., DAVIS S.F., VAN SOMMERAN, S. AND
KELLY, J.T. 2001. The hunting strategy of white sharks (Carcharodon carcharias) near a seal

colony. Marine Biology 138(3): 617-636.

KNIP, D., HEUPEL, M. AND SIMPFENDORFER, C. 2010. Sharks in nearshore environments: models,

importance, and consequences. Marine Ecology Progress Series 402: 1-11.

KOCK, A., TITLEY, S., PETERSEN, W., SIKWEYIYA, M., DAVIDS, P., TSOTSOBE, S., COLENBRANDER, D.,
GOLD, H., OELOFSE, G. 2012. Shark Spotters: A pioneering shark safety program in Cape
Town, South Africa. In: Global Perspectives on the Biology and Life History of the White
Shark. Domeier, L.M. Marine Conservation Science Institute, in Fallbrook, California. CRC

Press. Chapter 29, pages 447-466.

LAMBERTH, S.J. 2006a. White shark and other chondrichthyan interactions with the beach-seine
(treknet) fishery in False Bay, South Africa. South African Journal of Marine Science 28(3-4):
723-727.

LAMBERTH, S.J., CLARK, B.M. AND BENNETT, B.A. 1995. Seasonality of beach-seine catches in False
Bay , South Africa , and implications for management. South African Journal of Marine

Science 15: 157-167.

LAROCHE, J., BARAN, E. AND RASOANANDRASANA, N. 1997. Temporal patterns in a fish assemblage

of a semiarid mangrove zone in Madagascar. Fish Biology 51(1): 3-20.

LAROCHE, R., KOCK, A., DILL, L. AND OOSTHUIZEN, W. 2007. Effects of provisioning ecotourism
activity on the behaviour of white sharks Carcharodon carcharias. Marine Ecology Progress

Series 338: 199-209.

LAROCHE, R., KOCK, A., DILL, L. AND OOSTHUIZEN, W. 2008. Running the gauntlet: a predator—prey

game between sharks and two age classes of seals. Animal Behaviour 76(6): 1901-1917.

LESSA, R.P.T. 1994. Distribution and relative abundance of the blue shark, Prionace glauca, in the

southwestern equatorial Atlantic Ocean. Fishery Bulletin 92: 474—480.

53



LEVINE, M. 1996. Unprovoked attacks by white sharks off the South African coast. In Great white

sharks: The biology of Carcharodon carcharias. San Diego, CA: Academic Press.

LISNEY, T.J. AND COLLIN, S.P. 2007. Relative eye size in elasmobranchs. Brain, Behavior and
Evolution 69(4): 266-279.

LITHERLAND, L., COLLIN, S.P. AND FRITSCHES, K. A 2009. Eye growth in sharks: ecological
implications for changes in retinal topography and visual resolution. Visual Neuroscience

26(4): 397-409.

LITTAYE, A., GANNIER, A., LARAN, S. AND WILSON J.P.F. 2004 The relationship between summer
aggregation of fin whales and satellite-derived environmental conditions in the

northwestern Mediterranean Sea. Remote Sensing of Environment 90(1): 44-52.

LUTJEHARMS, J.R.E., MONTEIRQ, P.M.S., TYSON, P.D. AND OBURA, D. 2001. The oceans around
southern Africa and regional effects of global change. South African Journal of Marine

Science 97: 119-120.

MAC NEIL, M. A, CARLSON, J.K. AND BEERKIRCHER, L.R. 2009 Shark depredation rates in pelagic
longline fisheries: a case study from the Northwest Atlantic. /CES Journal of Marine Science

66(4): 708-719.

MARTIN, R. A, ROSSMO, D.K. AND HAMMERSCHLAG, N. 2009. Hunting patterns and geographic
profiling of white shark predation. Zoology 279(2): 111-118.

MARTIN, R.A. 2004. Northerly distribution of white sharks, Carcharodon carcharias, in the eastern

Pacific and relation to ENSO events. Marine Fisheries Review 66(18): 16—26.

MARTIN, R.A., HAMMERSCHLAG, N., COLLIER, R.S. AND FALLOWS, C. 2005. Predatory behaviour of
white sharks (Carcharodon carcharias) at Seal lIsland, South Africa. Marine Biological

Association of the UK 85: 1121-1135.

MARTIN, T.E. 2001. Abiotic vs. Biotic Influences on Habitat Selection of Coexisting Speciesl: Climate

Change Impacts? Ecology 82(1): 175-188.

MC COMB, D.M. AND KAJIURA, S.M. 2008. Visual fields of four batoid fishes: a comparative study.
Experimental Biology 211: 482-490.

54



MC COMB, D.M., FRANK, T.M., HUETER, R.E. AND KAJIURA, S.M. 2010. Temporal resolution and
spectral sensitivity of the visual system of three coastal shark species from different light

environments. Physiological and Biochemical Zoology 83(2): 299-307.

MC DOWALL, R.M. 1969. Lunar rhythms in aquatic animals: a general review. Tuatara 17(3): 133-
143.

MC FARLAND, W. 1990. Light in the sea: the optical world of elasmobranchs. Experimental Zoology
256(5): 3-12.

MINAMI, M., LENNERTCODY, C., GAO, W. AND ROMANVERDESOTO, M. 2007. Modeling shark
bycatch: The zero-inflated negative binomial regression model with smoothing. Fisheries

Research 84(2): 210-221.
MOSS, S.A. 1977. Feeding mechanisms in sharks. American Zoologist 17(2): 355-364.

MUTHS, E., PILLIOD, D.S. AND LIVO, LJ. 2008. Distribution and environmental limitations of an
amphibian pathogen in the Rocky Mountains, USA. Biological Conservation 141(6): 1484-
1492.

MYERS, R. A, BAUM, J.K., SHEPHERD, T.D., POWERS, S.P. AND PETERSON, C.H. 2007. Cascading
effects of the loss of apex predatory sharks from a coastal ocean. Science (New York, N.Y.)

315: 1846-1850.

NAKADA, M. 2002. Yellowtail Culture Development and Solutions for the Future. Reviews in
Fisheries Science 10(3-4): 559-575.

NATANSON, L.J. AND KOHLER, N.E. 1996. A preliminary estimate of age and growth of the dusky
shark Carcharhinus obscurus from the South-West Indian Ocean, with comparisons to the

western North Atlantic population. South African Journal of Marine Science 17: 217-224.

NAYLOR, E. 2001. Marine animal behaviour in relation to lunar phase. Earth, Moon and Planets 85-
86:291-302.

NAYLOR, E. 2005. Chronobiology®: implications for marine resource exploitation and management.

Scientia Marina 69: 157-167.

NEL, D.C. AND PESCHAK, T.P. 2006. Finding a balance: White shark conservation and recreational
safety in the inshore waters of Cape Town, South Africa. WWF SA report series, Proceedings

of a specialist workshop.

55



O’'DONOGHUE, S.H., DRAPEAU, L., DUDLEY, S.F. AND PEDDEMORS, V.M. 2010. The Kwazulu-Natal
sardine run: shoal distribution in relation to nearshore environmental conditions, 1997—

2007. South African Journal of Marine Science 32(2): 293-307.

O’NEILL, M.F. AND FADDY, M.J. 2003. Use of binary and truncated negative binomial modelling in

the analysis of recreational catch data. Fisheries Research 60: 471-477.

OLIVE, P.J.W. 1995. Annual breeding cycles in marine invertebrates and environmental
temperature: Probing the proximate and ultimate causes of reproductive synchrony.

Thermal Biology 20(1-5): 79-90.

OLSON, R.J. AND BOGGS, C.H. 1986. Apex predation by yellowfin tuna (Thunnus albacares):
Independent estimates from gastric evacuation and stomach contents, bioenergetics, and

cesium concentrations. Canadian Journal of Fisheries and Aquatic Sciences 43(9): 1760-1775.

ORTEGA, L.A. 2008. Movement and distribution of juvenile bull sharks, Carcharhinus leucas, in
response to water quality and quantity modifications in a Florida nursery. Masters if Science,

University of South Florida, Thesis and Dissertations, Paper 436, pages 1-79.

ORTE-GAGARCIA, S., PONCEDIAZ, G., OHARA, R. AND MERILA, J. 2008 The relative importance of
lunar phase and environmental conditions on striped marlin (Tetrapturus audax) catches in

sport fishing. Fisheries Research 93(1-2): 190-194.

ORTON, J.H. 1920. Sea-Temperature, Breeding and Distribution in Marine Animals. Marine

Biological Association of the United Kingdom 12: 339.

PITTMAN, S.J. AND MC ALPINE, C. A 2003. Movements of marine fish and decapod crustaceans:

process, theory and application. Advances in Marine Biology 44: 205-94.

PODLICH, H.M., FADDY, M.J. AND SMYTH, G.K. 2002. A general approach to modeling and analysis
of species abundance data with extra zeros. Agricultural, Biological, and Environmental

Statistics 7(3): 324-334.

POISSON, F., GAERTNER, J.C., TAQUET, M., DURBEC, J.P. AND BIGELOW K. 2010. Effects of lunar
cycle and fishing operations on longline-caught pelagic fish: fishing performance, capture

time, and survival of fish. Fishery Bulletin 108(3): 268—281.

R DEVELOPMENT CORE TEAM. 2009. R: A language and environment for statistical computing.

Vienna, Austria.

56



RAYE, G.D. 2005. A Characterization of the Habitat of Charcharodon carcharias Between Hawaii and
the Line IslandsPl: To What Extent is Productivity a Determining Factor in Habitat Choice?

Dissertation. Stanford University, 1-27.

REAKA, L.M. 1976. Lunar and tidal periodicity of molting and reproduction in stomatopod

crustacea: a selfish herd hypothesis. Biological Bulletin 150: 468-490.

REAL, R., MARCIA BARBOSA, A., PORRAS, D., KIN, M.S., MARQUEZ, A.L., GUERRERO, J.C., JAVIER
PALOMO, .L., JUSTO, E.R. AND MARIO VARGAS, J. 2003. Relative importance of
environment, human activity and spatial situation in determining the distribution of

terrestrial mammal diversity in Argentina. Biogeography 30(6): 939-947.

ROBERTSON, D.R., PETERSON, C.W. AND BRAWN, J.D. 1990. Lunar Reproductive Cycles of Benthic-
Brooding Reef Fishesl: Reflections of Larval Biology or Adult Biology? Ecological

Monographs 60(3): 311-329.

ROSE, G.A. AND LEGGETT, W.C. 1988. Atmosphere—Ocean Coupling and Atlantic Cod Migrations:
Effect of Wind-Forced Variations in Sea Temperatures and Currents or Nearshore
Distributions and Catch Rates of Gadus morhua. Canadian Journal of Fisheries and Aquatic

Sciences 45(7): 1234-1243.

SAUNDERS, R. A, ROYER, F. AND CLARKE, M.W. 2011. Winter migration and diving behaviour of
porbeagle shark, Lamna nasus, in the Northeast Atlantic. ICES Journal of Marine Science
68(1): 166-174.

SCHUMANN, E., PERRINS, L. AND HUNTER, I. 1982. Upwelling along the south coast of the Cape
Province, South Africa. South African Journal of Science 78: 238-242.

SEOANE, J., BUSTAMANTE, J. AND DIAZ-DELGADO, R. 2005. Effect of Expert Opinion on the
Predictive Ability of Environmental Models of Bird Distribution. Conservation Biology 19(2):

512-522.

SHEAVES, M. 2006. Is the timing of spawning in sparid fishes a response to sea temperature
regimes? Coral Reefs 25(4): 655-669.

SIMS, D.W., SOUTHALL, E.J., RICHARDSON, A.., REID, P.C. AND METCALFE, J.D. 2003. Seasonal
movements and behaviour of basking sharks from archival tagging: no evidence of winter

hibernation. Marine Ecology Progress Series 248: 187—-196.

57



SPONAUGLE, S. AND COWEN, R. 1994, Larval durations and recruitment patterns of two Caribbean
gobies (Gobiidae): contrasting early life histories in demersal spawners. Marine Biology

120(1): 133-143.

SVENDSEN, G.E. 2011. Behavioral and environmental factors in the spatial distribution and

population dynamics of a yellow-bellied marmot population. Ecology 55(4): 760-771.
TALBOT, M.M.B. AND BATE, G.C. 1986. the dynamics of cell patches. Oceanology 32: 81-89.

TRICAS, T.C. AND MCCOSKER J.E. 1984. Predatory behaviour of white shark (Carcharodon
carcharias), with notes on its biology. Proceedings of the California Academy of Science 43:

221-238.

TRILLMICH, F., LIMBERGER, D. AND URL, S. 1985. Drastic Effects of El Nifio on Galapagos Pinnipeds.
Oecologia 67(1): 19-22.

TRILLMICH, F., MOHREN, W. AND URL, S. 1981. Effects of the Lunar Cycle on the Galapagos Fur Seal,

Arctocephalus galapagoensis. Oecologia 48(1): 85-92.

TSERPES, G., PERISTERAKI, P. AND VALAVANIS, V.D. 2008. Distribution of swordfish in the eastern
Mediterranean, in relation to environmental factors and the species biology. Hydrobiologia

612(1): 241-250.

VELEZ-MARTIN, R. AND MARQUEZ-FARIAS, M. 2009. Distribution and size of the shortfin mako
(Isurus oxyrinchus) in the Mexican Pacific Ocean. Pan-American Journal of Aquatic Science

4(4): 490-499.

VOGLER, R., MILESSI, A. AND QUINONES, R. 2008. Influence of environmental variables on the
distribution of Squatina guggenheim (Chondrichthyes, Squatinidae) in the Argentine—

Uruguayan Common Fishing Zone. Fisheries Research 91(2-3): 212-221.

WALDRON, N.H., WAIMAN, C.K., WALDRON, M.E., WHITTLE, C. AND BRUNDRIT, G.B. 2008. A
prominent colour front in False Bay, South Africa: Cross-frontal structure, composition and

origin. Estuarine, Coastal and Shelf Science 77: 614-622.

WALSH, W., HOWELL, E., BIGELOW, K.A. AND MCCRACKEN, M.L. 2006. Analyses of observed
longline catches of blue marlin, Makaira nigricans, using generalized additive models with

operational and environmental predictors. Bulletin of Marine Science 79(3): 607-622.

58



WALSH, W., ITO, R., KAWAMOTO, K. AND MCCRACKEN, M. 2005. Analysis of logbook accuracy for
blue marlin (Makaira nigricans) in the Hawaii-based longline fishery with a generalized

additive model and commercial sales data. Fisheries Research 75(1-3): 175-192.

WALSH, W.A. AND KLEIBER, P. 2001. Generalized additive model and regression tree analyses of
blue shark (Prionace glauca) catch rates by the Hawaii-based commercial longline fishery.

Fisheries Research 53(2): 115-131.

WATSON, J.T., ESSINGTON, T.E., LENNERT-CODY, C.E. AND HALL, M. A 2008. Trade-offs in the design
of fishery closures: Management of silky shark bycatch in the eastern Pacific ocean tuna

fishery. Conservation Biology 23(3): 626-635.

WEBB, P., PERISSINOTTO, R. AND WOOLDRIDGE, T.H. 1988. Diet and feeding of Gastrosaccus
psammodytes (Crustacea, Mysidacea) with special reference to the surf diatom Anaulua

birostratus. Marine Ecology Progress Series 45: 255-261.

WELSH, A. 1996. Modelling the abundance of rare species: statistical models for counts with extra

zeros. Ecological Modelling 88(1-3): 297-308.

WEST, G.J. AND STEVENS, 1.D. 2001. Archival tagging of school shark, Galeorhinus galeus , in

Australial®: initial results. Enviromental Biology of Fishes 60: 283-298.

WETHERBEE, B., GRUBER, S. AND ROSA, R. 2007. Movement patterns of juvenile lemon sharks
Negaprion brevirostris within Atol das Rocas, Brazil: a nursery characterized by tidal

extremes. Marine Ecology Progress Series 343: 283-293.

WHITE, W.T. AND POTTER, I.C. 2004. Habitat partitioning among four elasmobranch species in
nearshore, shallow waters of a subtropical embayment in Western Australia. Marine Biology

145(5): 1023-1032.
WOOD, S.N. 2006. Generalized additive models: an introduction with R. Chapman Hall/CRC.

YAMAHIRA, K. 2004. How do multiple environmental cycles in combination determine reproductive

timing in marine organisms? A model and test. Functional Ecology 18(1): 4-15.

YOPAK, K.E., LISNEY, T.., COLLIN, S.P. AND MONTGOMERY. J.C. 2007. Variation in brain
organization and cerebellar foliation in chondrichthyans: Sharks and holocephalans. Brain,

Behavior, and Evolution 69(4): 280-300.

59



ZAGAGLIA, C., LORENZZETTI, J. AND STECH, J. 2004. Remote sensing data and longline catches of
yellowfin tuna (Thunnus albacares) in the equatorial Atlantic. Remote Sensing of

Environment 93(1-2): 267-281.

ZUUR, AF.,, LENO, E.N. AND SMITH, G.M. 2007. Analysing ecological data: Statistics for biology and

health. Springer Science and Business Media.

ZUUR, A.F., LENO, E.N., WALKER, N.J., SAVELIEV, A.A. AND SMITH, G.M. 2009. Mixed effects models
and extensions in ecology with R, Statistics for Biology and Health. Springer Science and

Business Media.

60





