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Abstract

This thesis examines the effects of a provisioning ecotourism operation on the
behaviour of white sharks Carcharodon carcharias and their prey, Cape fur seals
Arctocephalus pusillus pusillus, around a small island seal colony in South Africa. In the
absence of human activity, adult seal tactics appear evolved to minimize predatory risk
from the sharks, whereas shark tactics do not seem to consider adult seal availability. Pup
seals, however, often behave in a manner which leaves them at substantial risk, and shark
tactics appear influenced by this behaviour. The system is probably not affected by
ecotourism, which seems to have a relatively minor effect on the movement patterns of
most sharks. The result is that shark predatory pressure on the seals likely remains at near
constant levels during ecotourism activity, and thus that white shark ecotourism probably

has little effect on seal behaviour, or on the remainder of the ecosystem.

Key Words: white shark, Cape fur seal, provisioning ecotourism, predator-prey

behavioural tactics, behavioural game, indirect interactions
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Chapter 1

General Introduction

Indirect interactions on an ecological scale require at least three species. They
occur when changing a property of one species, termed the ‘initiator’, causes some
change in a second species, called the ‘transmitter’. This in turn affects a third species
within the community, dubbed the ‘receiver’ (after Abrams 1995). Thus, two distinct
direct interactions (initiator-transmitter, transmitter-receiver) are mediated through some
change in the transmitter to produce an indirect interaction between the initiator and
receiver (Wootton 1993, Abrams 1995). This would be labelled a behaviourally mediated
indirect interaction (BMII) if it arose from a change in the transmitter’s behaviour (Dill et
al. 2003). It would further qualify as a facilitating BMII if the end result improved the

receiver’s condition, or ability to engage in some beneficial activity.

This definition does not exclude human activity. In fact, humans most likely
generate, or form a link in, a substantial number of such interactions: we can easily adopt
the role of initiator, transmitter, or even receiver, depending on the context (Carney and
Sydeman 1999, Pinnegar et al. 2000, Frid and Dill 2002, Alonzo et al. 2003a, Dill et al.
2003). One context within which humans may be creating a BMII is the white shark

Carcharodon carcharias ecotourism industry in South Africa. Every winter, tour boats



transport eager tourists out to Cape fur seal Arctocephalus pusillus pusillus colonies
located along the south coast of South Africa to attract and observe the white sharks
which congregate in those areas, during those times of the year, to prey on the seals
(Ferreira and Ferreira 1996, personal observation). In this particular environment, a BMII
would be occurring if human presence, as an initiator, changes shark behaviour
(transmitter) from hunting seals to scavenging on tourist offerings, and the seals, as
receivers, are able to detect this alteration in shark behaviour and change their own as a

consequence.

The key to describing this speculative BMII lies in developing a solid
understanding of the direct predator-prey interaction between sharks and seals. There are
two generally accepted routes by which predators can exert an influence on prey
populations. The first of these is through actual predation, or directly reducing prey
numbers through imposed mortality. Alternatively, predators can affect their prey
indirectly, in a sub-lethal manner,b by causing a shift in behaviour or life history strategies
away from those observed in the absence of the predator (Lima and Dill 1990, Hugie and
Dill 1994, Yodzis 2000, Altendorf et al. 2001). Indeed, prey species will often avoid
engaging in some beneficial activity to reduce predation risk, and a sizeable body of
literature exists demonstrating a foraging gain/predation risk trade-off in many animal
species (see Lima and Dill 1990 for an overview, Brown 1999, 2002). Should the Cape
fur seals be engaging in a trade-off while the sharks are present, then the indirect
interaction alluded to above could be considered facilitating if ecotourism activity altered

shark behaviour such that the predation risk they imposed upon the seals was reduced,



thus improving the seals’ ability to engage in some beneficial activity such as feeding

(Dill et al. 2003).

The sharks too are players in the direct predator-prey interaction, however, and
are free to change or adapt their behaviour in response to any change on the seals’ part,
just as they could for any stimulus presented by the ecotourism operators. In fact, because
the preferred outcome of this direct interaction will necessarily differ for both hunter and
hunted, but will ultimately only be under the partial control of either, the optimal course
of action for one will most likely depend on the other’s behaviour (Hugie and Dill 1994).
Thus, cultivating a clear understanding of the predator-prey interaction dynamics will
require adopting a game-theoretical approach (Maynard Smith 1982, van Baalen and
Sabelis 1993, Brown et al. 1999, 2001, Alonzo 2002, Alonzo et al. 2003b) and this can

then be used to assess the effect of ecotourism.

The goal of this thesis was therefore to examine the behaviour of Cape fur seals
and white sharks around a South African island colony which supports ecotourism
activity. More specifically, the objectives were: (i) to investigate the natural behaviour of
sharks and seals in isolation and in relation to each other, and to use these data to develop
a model of the predator-prey interaction around the colony every winter; and (ii) to
quantify ecotourism activity at this colony and determine whether this had an impact on

the relationship described above.

1.1  Study site

The research for this thesis was conducted at Seal Island in False Bay, South

Africa (Fig. 1.1). This island supports a year round colony of Cape fur seals which at any



time numbers between 30 000 and 60 000 individuals (Warneke and Shaughnessy 1985,).
Every winter (in the southern hemisphere), large numbers of white sharks congregate
around the island, resulting in a high rate of predatory interactions (Stewardson 1999,
personal observation). As a result, the island also sustains a small white shark ecotourism
industry, with two boats making the daily trip to the island. Seal Island is an ideal
location to study this speculated BMII for two reasons: (i) the overt predatory activity
(that which can be observed at the surface) is seemingly greater at Seal Island than at any
other location in the world (predations occur at a ten-fold greater frequency here than at
any other South African colony, and are several times more frequent than at colonies in
California where predatory events have been recorded; Klimley et al. 1992, Martin et al.
2005), ensuring that the potential exists for an important game between the sharks and
seals; (ii) the ecotourism activity at Seal Island is minor compared to other locations in
South Africa (personal observation), which not only allows an examination of natural
conditions, but also makes it possible to exert some experimental control over the

amount and types of organic material used to attract the sharks to the boat.

1.2 Study species

My research examined the movements of South African (or Cape) fur seals
Arctocephalus pusillus pusillus and white sharks Carcharodon carcharias around Seal
Island. Cape fur seals are pinnipeds of the family Otariidae, and thus possess the strong
foreflippers characteristic of this family, which allow for increased mobility on land as
compared to pinnipeds of the family Phocidae (true seals; David 1987). Male seals are

about 230-235 cm long and weigh about 360 kg., while females are about 180 cm long



and weigh 120 kg. Pups are 60-80 cm long and weigh 6 kg at birth. The research in this

thesis focused primarily on the movements of nursing mothers and pups.

Cape fur seals can be found along the coasts of South Africa and Namibia, and are
the only pinniped species indigenous to the area (David 1987). They are generalist
predators, and have been noted to consume numerous species of bony and cartilaginous
fishes, along with cephalopods, crustaceans, and even birds. Female seals mature at the
age of 3, while the age at maturity for males is unknown. Adult males arrive at breeding
sites in mid-October and fight for territory before females come ashore. These arrive at
the end of November, and give birth within a two week span in December. They will
mate with males approximately a week after giving birth, but delay implantation for
approximately 4 months. Lactation can last up to 12 months, but is typically 6-9 months,
with pups first being weaned at the beginning of the winter, typically in May or June

(David 1987).

White sharks are the largest predatory fish in the world (Compagno 1984). They
can reach nearly 7 m in length and weigh more than 2 tons. Juveniles are primarily
piscivorous, eating bony fish, rays and other sharks. Adults are also piscivorous, but also
hunt larger prey, including pinnipeds, small toothed whales, sea otters and sea turtles.
They also eat carrion, including the carcasses of large whales. White sharks are highly
migratory animals, capable of trans-oceanic migrations and deep dives (up to 1000 m),
but are often found in association with isolated islets and archipelagos inhabited by

pinnipeds (Compagno 1984).



1.3 Chapter summaries

During the South African winter of 2004 I conducted experiments around Seal
Island which mimicked ecotourism, while using acoustic telemetry equipment to track the
movements of both seals and sharks. In Chapter 2, I present the tracking results collected
during periods with no ecotourism activity, along with a game model of shark and seal
tactics. In Chapter 3, I address whether ecotourism activity has an effect on the natural

movements described in Chapter 2.
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1.5 Figures legends

Fig. 1.1: Seal Island, in False Bay, South Africa. Waters to the South and West of the
island drop off quickly to depths greater than 20 m, while depths to the North
and East increase more gradually.



1.6 Figures
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Chapter 2

Interactions between sharks and seals around a small
island colony: a predator-prey behavioural game?

10



2.1 Abstract

Behaviour of both species in predator-prey systems often evolve within the
context of behavioural games, the result of which should be equilibrium strategies for
each species which maximize payoffs based on the other’s tactics. Here we present
results from research exploring a potential predator-prey game between white sharks
Carcharodon carcharias and Cape fur seals Arctocephalus pusillus pusillus around a
small island colony in South Africa. Behavioural tactics recorded for adult seals appeared
to account for the hypothesized variance in risk from the sharks, but, although shark
tactics corresponded well with the generally accepted hypothesis for how sharks hunt
pinnipeds, they did not seem to consider availability of adult seals. Instead, recorded
shark tactics seemed more influenced by the behaviour of pup seals, likely because these
acted in a manner which left them at substantial risk. This suggests that seal pups are
players in a game with the sharks which has not evolved to an equilibrium where the
strategy of each player is the best response to that of their opponent, possibly because of
a constraint on their behaviour, because they trade-off predation risk against some other
important factor, or because Seal Island represents an open system. Instead, it seems
likely that seal pups act as initiators in a behaviourally mediated indirect interaction with
adults, mediated by the behaviour of the sharks. The results of this study demonstrate that
separate ‘subunits’ within a population may behave differently, and that this variation

needs to be accounted for when modeling the behaviour of a species.
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2.2 Imtroduction

Prey species will often trade-off a degree of benefit to reduce predation risk
imposed on them by predators (see Lima & Dill 1990 for an overview, Bouskila et al.
1998, Brown et al. 1999, Lima 2002). However, predators can also alter their behaviour
in response to prey. Thus, the optimal course of action for either species will most likely
depend heavily on the other’s behaviour (Hugie & Dill 1994, Sih 1998, Welton et al.
2003), and interactions between a predator and prey can often be viewed as a behavioural

game.

The importance of considering behavioural games when modeling predator-prey
interactions has been demonstrated repeatedly (Brown 1992, Van Baalen & Sabelis 1993,
Hugie & Dill 1994, Bouskila et al. 1998, Sih 1998, Altendorf et al. 2001, Brown 2002).
Further, these models have recently been expanded to include consideration of an
individual’s state (Houston & McNamara 1999, Clark & Mangel 2000, Alonzo 2002,
Alonzo et al. 2003). However, to this point, all models have considered prey behaviour in
response to both predation risk and resource distribution. In this paper, we employ the
principles of a behavioural game to explore a system where prey behavioural choices
appear centered around predation risk — that of white shark Carcharodon carcharias

predation on Cape fur seals Arctocephalus pusillus pusillus in South Africa.

White sharks are important pinniped predators, whose primary hunting strategy
appears to involve patrolling the waters near a seal colony and attacking seals as they
move to or from their haul-out sites (Bruce 1992, Klimley et al. 1992, Klimley 1994,
Klimley et al. 2001, Kock 2002). The result is that seals are relatively safe from white

shark predation once they’ve made it about 1000 m from land, or when in the shallow
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waters immediately adjacent to their haul-out, where they are observed rafting (large
groups of seals 'playing' in the water, possibly for thermoregulatory reasons; David
1987). However, they will experience a substantial level of risk when traveling to or from

the colony, because the sharks concentrate within several hundred meters of shore.

This predatory pressure could have led to the evolution of a predator-prey
behavioural game between sharks and seals. For this to have occurred, however, both
species must have a range of behavioural options available to them. A game could then
produce a pair of evolutionarily stable strategies (ESS; Maynard Smith 1979) able to
persist within populations of the two species, and an equilibrium between the two where-

by each one’s strategy is the best response to that of the other.

The key to determining whether this has occurred in our system is to understand
the costs and benefits associated with every behavioural tactic. In this paper, we will
therefore explore the various tactical options available to both species, in terms of risk to
the seals and opportunity for the sharks, to determine whether their interaction has led to

the equilibrium state of a predator-prey behavioural game.

2.3 Materials and methods

2.3.1  Study site

The research was conducted around Seal Island, a small island located in False
Bay, in the Western Cape region of South Africa. Water depths are not uniform around
Seal Island (Fig. 2.1): the ocean floor drops down very quickly to depths greater than
20m off the southern and western sides of the island, while the slope is much more

gradual on the northern and eastern sides. Seal Island is populated year-round by
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anywhere between 36 000 and 77 000 Cape fur seals (unpublished data from South
African Marine and Coastal Management), and is the only Cape fur seal breeding colony
within the bay (Shaughnessy 1987). White sharks are present in large numbers around the
island during the Southern Hemisphere’s winter months (May-September), but are scarce

during other times of the year (Kock 2002).

2.3.2  Acoustic equipment

Fifteen adult female Cape fur seals, who had been observed actively nursing pups,
were tagged with Vemco Rcode acoustic transmitters, of which 5 were model V16, and
the remainder model VI16P (added pressure sensitivity for swimming depth
measurement). In all cases, seals were captured on Seal Island with large nets, restrained
with straps and braces, and transmitters glued to their dorsal fur using quick setting epoxy

which the seals would shed during the summer molt.

Seventeen white sharks were tagged with V16 transmitters, of which 7 were
model V16, and the remainder V16P. In all cases, sharks were enticed to our boat by
means of various forms of attractant (fish oil, sardine, shark liver, whale blubber), and
coaxed to stay with large chunks of fish bait. Sharks were lured very close to the boat, at
which point a tag was attached subcutaneously by means of a small plastic barb and a

metal spear.

Data were collected from the acoustic transmitters using 6 Vemco model VR2
data logging receivers. These were deployed along the ocean floor at various locations
around Seal Island (Fig. 2.1), anchored to the bottom by means of a truck tire filled with

concrete.
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2.3.3 Visual records

Information on seal movement was also collected by means of systematic visual
observation from an 8 m vessel during June-October 2004. Attempts were made to be
present at Seal Island whenever possible, and we averaged 15 days per month. Waters
surrounding Seal Island were divided into 6 sectors (later re-grouped into 2 zones, see
Fig. 2.1), and time of day divided into 4 2.5-hour blocks between 07:30 and 17:30 (hours
were occasionally extended on either side). Our activity at the island was then randomly
assigned to a specific sector for each time block, using Microsoft Excel’s random number

function. In total, we were present for, and collected data during, 169 time blocks.

Two methods were used to collect visual records. The first involved recording all
seal movements observed while in a specific sector, noting the direction a group was
moving (to or from the island), the group size, the average seal size within the group, and
the location of the movement around the island. Movement type was also recorded,
classified either as ‘long distance porpoising’ (LDP; directional surface swimming for
longer than 45 sec), or not; seals which disappeared from view for longer than 30 sec
were recorded as not using LDP. This categorization was used to distinguish visual
records of diving seals from those moving at the surface, and could be applied to most

seal groups that were observed for the requisite amount of time.

Seal movement was also recorded visually by means of focal follows (n=44),
whereby a group of seals moving to or from the island was followed for approx 750 m, at
a distance of approx 50 m. The follows themselves did not appear to affect seal
behaviour, as similar movement patterns were observed while our vessel was anchored.

All behaviours witnessed within each 50 m segment of their path were recorded, as well
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as the time between segments. If the seals dove at any point, the boat was stopped until

they were re-sighted; we would then catch up to them and resume the follow.

234 Analysis — Individual species

2.3.4.1 Seals

Four of the VR2 receivers were placed in locations such that their receptive radii
extended to the island itself (Fig. 2.1), making it impossible to directly differentiate those
data which corresponded to seal movement from those which consisted of rafting
behaviour. Consequently, it was necessary to make the following assumptions to isolate

discrete instances of seal movement to or from the island:

1. Seals only raft within a small annulus around Seal Island, and presence
outside of this area indicates movement.

2. Seals moving to or from the island do so with a general intent, i.e., to get
from the island to open water or vice versa as soon as possible, with as
few detours as possible.

3. Seal mothers follow the typical behaviour pattern of leaving the island to
feed for a few days then returning to suckle (Gentry & Kooyman 1986,
Bradshaw et al. 1999, Goldsworthy 1999, Gamel et al. 2005), and the
period between suckling bouts increases throughout the year as the pup is
weaned.

4. Depth records below 20 m on the south and west, and 15 m in other areas,
indicate movement, because seals could not attain these depths within the
rafting zone.

5. Records from the SE and NE VR2s indicate movement, as the receptive
ranges of these receivers didn’t extend into the rafting zone.

6. Seals swim almost exclusively by porpoising at the surface, or by
swimming very near to the ocean floor. While moving, they are only
found in the middle of the water column on their way between the surface
and the bottom.

The first five assumptions are based on personal observation at Seal Island, references
from the literature, and common sense, while the last was conceived theoretically as

optimal risk management behaviour based on patterns of shark swimming depth (see
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Results). Nonetheless, they remain assumptions, and must be considered when weighing

the validity of seal data presented here.

Assumption 4 created a reliance on depth records for identifying many instances
of movement, which effectively rendered unusable the data obtained from seals tagged
with V16 transmitters (not depth-sensitive), reducing the overall seal sample size from 15
to 10. It also had the effect of removing the E receiver from consideration, because the
average depths in this area were too shallow to allow distinction between movement and
rafting records. However, this loss was compensated for by the receptive range of the SE
receiver, which covered most of the area through which the seals would swim before or
after swimming through the E receiver receptive field (see Fig. 2.1). Assumption 5 would
also seem to create a bias towards increased identification of instances of movement for
the SE and NE receivers. However, daytime patterns of movement obtained from all
receivers were quite similar to those expected based on the visual observations, so this

does not seem to be a problem.

Once discrete instances of seal movement were identified, assumption 3 was
applied to the broad-scale temporal patterns within the data recorded from individual
animals, to designate movement as either ‘departing’ or ‘returning’. Data were then
weighted to reflect the variation in receptive ranges for each VR2 (Fig. 2.1), by
measuring the greatest angle subtended by each receiver (radians) against a hypothetical
circle centered at the island’s center. Records were also adjusted to reflect time relative to
sunrise and sunset, rather than clock time, and grouped into one of four time periods:

midnight to sunrise (1), sunrise to noon (2), noon to sunset (3), and sunset to midnight

.

17



Seal receiver records were first analyzed as one-way randomized complete block
ANOVASs to determine whether movement varied as a function of receiver location, time
category, and swimming depth, using individual seal identification as blocking variables.
Having examined these three parameters separately, 3-way ANCOVA was employed to

determine whether interactions existed between them.

Seal visual records provided information on seal group size and movement
direction, as well as on behavioural differences between seal size classes (a surrogate
variable for seal age). One-way ANOVA was used to determine whether any behavioural
differences observed were statistically significant. Unfortunately, it was only possible to
collect seal visual records during the day, as well as in the hours immediately preceding
sunrise and following sunset. Consequently, it was necessary to make a further

assumption:

7. Seal group sizes observed moving at the surface between 06:00 and 20:00

are similar to those throughout the remainder of the night.
This assumption appears reasonable, in that group sizes are likely determined by the
departing and returning circumstances, rather than by time of day or light levels.

Nonetheless, like the other assumptions, it must be taken into account when considering

the results.

2.3.4.2 Sharks

Shark data obtained from individual receivers were first weighted by the receptive
area of each receiver, and then adjusted for sunrise/sunset and grouped into one of four
categories, in a similar manner to the seal data. The depth data (meters below the surface)

obtained from sharks with V16P sensors were analyzed according to depth in meters, and
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subsequently aggregated to reflect the sharks’ presence in each of three levels of the
water column: upper, mid, and lower. These three levels did not correspond to fixed
depths around the island, but rather were conceived to reflect the estimated ability of each

species to detect the other (described in Appendix).

Shark receiver data were analyzed in a similar manner to the seal data. One-way
randomized complete block ANOVAs were first used to determine whether records
varied as a function of location, time, and depth, using individual sharks as the blocking

variables. Interactions between the terms were then explored using a 3-way ANCOVA.

2.3.5 Analysis — Species interaction

Examining the interaction between sharks and seals meant defining the
circumstances leading to the event which characterizes this interaction: the attack. For
both species, these circumstances were taken to represent the approximate payoff for any
tactic, i.e., for seals the payoff was avoiding an attack (and thus staying alive), while for
sharks the payoff was the opportunity to launch an attack (and obtain a meal). For the
purposes of this model, the interaction was deemed to end once an attack was initiated,
implying that all shark attacks resulted in successful kills. Although this certainly wasn’t
the case, it seems reasonable to assume that a seal’s best option would be to avoid being
attacked in the first place, while conversely it seems likely that sharks wouldn’t launch
attacks without some reasonable expectation of success. The result is that the behavioural
tactics adopted by both species likely reflect the chances of an attack occurring,

regardless of its outcome.
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For an individual seal, the risk of shark attack for any specific movement tactic,
characterized by a time of day ¢, a swimming depth D, a location around Seal Island /, a

group size g, and a seal size state s, is defined as:

lower
RtDlgs = ZP'Sd (1)

d=upper

where P is a context-specific relative weight estimated to reflect the effect of
environmental, group size, and seal size conditions on the chance of a predatory strike
occurring if a seal adopted tactic Ripis and a shark was in either of the three possible
shark depth strata d (a matrix of P values was estimated for every possible combination
of seal and shark tactics, see Appendix), and &, is the density of sharks at shark depth
level d for each specific P. Thus, the risk to an individual seal employing any given tactic
is the sum of the shark densities in the three depth strata at the corresponding time and
location, each weighted by the chance that a shark could launch an attack within that

specific context.

Similarly, for a shark, the availability of seals to attack for any specific patrolling
tactic, consisting of a time of day ¢, a swimming depth D, and a location around Seal

Island /, is defined as:

Surface
Ay = ZP "Op @)

D=Deep

where P is the same context-specific relative weight as for the seals, although now
corresponding to the effect of environmental, group size, and seal size conditions on the

chance of a predatory strike occurring if a shark adopted tactic A,y and a seal was in
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either of the two possible seal depth strata D, and Jp is the density of seals at seal depth
level D for each specific P. Thus, the availability of seals for an individual shark
employing any given tactic is the sum of the seal densities in the two depth strata at the
corresponding time and location, each weighted by the chance that a shark could launch
an attack within that specific context (which includes seal group size and seal size). Shark
intraspecific interactions were not considered when formulating R or A4, because no
evidence exists to suggest any form of territoriality or pre-feeding competition within this

species.

2.4 Results
2.4.1 Seals

Seal data obtained from VR2 receivers were analyzed separately according to
whether the seals were departing from, or returning to, Seal Island. This distinction was
made because of the marked difference in average group sizes of seals engaged in the two
activities (Fig. 2.2): departing groups were generally much larger than returning ones.
This discrepancy could theoretically have led to a substantial difference in the risk
incurred by an individual seal in the two contexts, which would have been masked if the

two were grouped together.

2.4.1.1 Returning seals

Seal movement did not differ with receiver location around Seal Island, i.e., the
seals returned in similar numbers from all sides of the island (one-way RCB ANOVA,
p=.203, Fig. 2.3). However, there was a clear difference in the times and depths at which

they chose to move (Fig. 2.4). Seals returned to the island substantially more under the
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cover of darkness, returning throughout the night; they also chose to return primarily at
depth. There was a significant interaction between these two variables (2-way ANCOVA,
p=0.0154), but this likely resulted from a lack of ‘Surface’ data, rather than from any

meaningful biological phenomenon.

2.4.1.2 Departing seals

Departing seals demonstrated a clear preference for the South side of the island
(the S and SE receivers; Fig. 2.3), as well as for swimming at the surface (71% of
departing records). They also chose to depart the island almost exclusively in the dark
(78% at night), although their movement was concentrated within a period of
approximately two hours following sunset, rather than spread out over the entire night.
There was a highly significant interaction between the three variables (3-way ANCOVA,
p<0.0001; Table 2.1), indicating that the preferred seal choice for departing from Seal

Island is to porpoise at the surface, in a southerly direction, immediately after sunset.

2.4.1.3 Seal visual records

Visual records were used to determine seal group sizes for the two movement
directions (Fig. 2.2) and to provide resolution of daytime movement on an hourly scale
(Fig. 2.5). They were also used to explore differences in seal behaviour based on age
class. Only results pertaining to returning seals will be presented here; most departing

seals, regardless of age, appeared to use the tactics discussed above.

Seals of different age spent different amounts of time swimming at the surface
(Fig. 2.6). From the focal follows, it was possible to count the total number of 50 m

segments in which seals were observed at the surface, as well as how far they swam when
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they dove. Smaller seals didn’t travel as far underwater as the larger ones, with a
difference in mean diving distance of almost 400 m between pups and adults.
Consequently, younger seals spent a significantly greater proportion of their time

swimming at the surface.

The visual records also provided a means to compare choice of returning location
between adult seals and pups. Whereas adults returned in relatively similar numbers from
all directions, pups returned significantly more over the deeper waters from the southerly
and westerly directions (X = 4.2 counts/hour =+ 3.3 sd) than over the more shallow waters

to the north and east (X = .8 counts/hour + 1.1 sd; t= 12.426; p<0.0001).

24.2 Sharks

The same three variables used to investigate seal VR2 records (location, time,
swimming depth) were also used to examine shark movement. The sharks clearly
displayed an inclination for swimming on the South side of the island, and were present
in the greatest numbers in the morning (Fig. 2.7). Mean shark swimming depth was also
approximately the same, between 12 and 14m, regardless of prevailing water depth (Fig.
2.8). These depths corresponded to the ‘Mid’ range of the water column, resulting in a
very clear preference for swimming at this level (LSM Transmissions/m?, X upper level
=3.5+.14 E-05 se; X mid level = 11.2 + .22 E-05 se; X lower level = 4.4 &+ .25 E-05 se;
one-way ANOVA p<0.0001). Depth also explained 65% of the variance observed in a 3-
way co-variance model (Depth Level F Ratio=251.2368; 3-way interaction term
p<0.0001), and was therefore removed from the model in order to further explore the
relationship between location and time. The result was a clear interaction between South

and morning (2-way ANCOVA, p<0.0001; Fig. 2.7).
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243 Shark-seal interaction

The first P matrix was created solely for adult seals, because this was the size
class for which telemetry data existed. Shark receiver records were used as the measure
of shark density to calculate R,pj for every seal movement tactic, and these were then
plotted against actual seal receiver data (Fig. 2.9). The result suggests that seals moved
more frequently when the risk index was lower, i.e. that adult seals were maximizing
their payoff (chance of avoiding an attack) from the predator-prey interaction by moving
when risk of predation was lowest. The converse side of the interaction was then
explored, using adult seal receiver records to calculate 4, for each shark tactic. These
hypothetical values were then plotted against real shark data, but no clear pattern
emerged (Fig. 2.10), suggesting that the sharks didn’t consider adult seal availability
when choosing when and where to patrol. This would imply that sharks were not
maximizing their payoff (opportunity to attack) from the interaction, at least with regard

to adult seal tactics.

However, adult seals comprised only 22% of the visual records, meaning that the
Az values in Fig. 2,10 fail to account for 78% of the animals available to the sharks.
Since transmitters were only attached to nursing mothers, telemetry data were only
available for adult female seals. It was therefore necessary to employ visual records,
obtained for all seal size classes as the indicators of seal density required to calculate 4,4.
These were adapted to correspond with the criteria for each relative context weight by
employing the seal data assumptions, by using the Long Distance Porpoising (LDP)

distinction to differentiate between ‘deep’ and ‘surface’ seals, and by roughly equating
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the locations of visual records with the VR2 receptive radii (Fig. 2.1; see Materials and

methods section).

Expanding P to include all size classes and adjusting for differences in mass
(unpublished data from seal captures) indicated that younger seals were substantially
more available to the sharks than the older ones (Fig. 2.11). One explanation for this is
that seal pups, unlike adults, didn’t predominantly choose tactics which would limit their
overall risk (Fig. 2.12). Consequently, it seems reasonable to assume that the sharks
would behave in a manner that takes the availability of smaller seals into consideration;
indeed, a plot of A4,y for all seals against the shark presence data obtained from the

receivers produced a very strong relationship (Fig. 2.13).

These results are very speculative, given that most values in the P matrix are
essentially educated guesses. Consequently, a sensitivity analysis was conducted to assess
the relative importance of the estimated P weights. This analysis indicated that the basic
trends presented in the results above were inherent in the data themselves. Thus, it seems
likely that the context dependent weights only strengthened the relationships observed,

rather than actually creating them (see Appendix).

2.5 Discussion

The evolution of a behavioural game requires the presence of at least two
‘players’ with conflicting interests, each of whose actions directly impact on the other’s
evolutionary fitness; it also necessitates that each player have available to them a
‘strategy set’ of various behavioural tactics (Maynard Smith 1979). The shark—seal

system at Seal Island would appear to meet these criteria, suggesting that a predator-prey

25



game may exist. However, to determine whether the tactics recorded reflect the
equilibrium state of such a game, it is necessary to comprehend why the animals might

have chosen to exhibit the behavioural patterns we observed.

2.5.1 Behavioural patterns

Much of our data can be explained using the widely accepted hypothesis for how
white sharks hunt for seals: swimming at depth to exploit the visual advantage that light
provides them against seals at the surface (see Appendix for discussion of the importance
of light levels), and using this advantage to launch ambush attacks (Klimley 1994,

Ferreira & Ferreira 1996, Strong 1996, Kock 2002; unpublished data from Seal Island).

2.5.1.1 Temporal patterns

This hunting strategy can account for the temporal distribution pattern of both
species. For one, low light levels at night would reduce any visual advantage, making it
difficult to launch successful attacks. Thus, independent of any potential behavioural
game, shark density should be higher during the day and lower at night, which is what we
observed. However, increased light levels would also provide for greater visibility
underwater, allowing seals to detect sharks at greater depths. Consequently, sharks would
have to swim lower in the water column during the day to maintain their visual
advantage, which was also observed (unpublished data). This could have a negative
impact on the sharks’ hunting success, however, in that the time provided for the seals to

detect an attacking shark and avoid it would increase.

It thus follows that crepuscular periods might provide the best conditions for
hunting seals. The light levels necessary for backlighting are probably achieved long

before sunrise, while underwater visibility will still be relatively low, as light penetration
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into the water is minimal until mid-morning. This would provide the sharks with the
optimal combination of seal spotting ability and crypsis, allowing them to swim relatively

high in the water column while remaining undetected.

However, a preference for crepuscular periods doesn’t explain why the sharks
would be present in high numbers at dawn but minimal levels at dusk, as we observed
(Fig. 2.7). Instead, an explanation for this result could come from the temporal pattern of
seal behaviour. Seals moved predominantly at night (Fig. 2.4; Table 2.1), most likely due
to the decreased risk of predation afforded by low light levels. However, the need to
separate seal receiver records into four time periods obscured an important facet of the
data: a large number of seals moved at sunrise, mostly in the return direction, but
movement of any kind was negligible in the hours preceding sunset (Fig. 2.5). It instead
began as soon as the last vestiges of light had disappeared, with extremely large seal
groups departing from the island in unison for approximately an hour, after which
movement decreased to moderate levels. This meant that there were seals for the sharks
to hunt during the optimal conditions at sunrise, but that sunset offered very few

opportunities. Shark temporal presence reflected this pattern perfectly.

One might wonder, then, why seals would avoid moving at dusk, but not at dawn.
The answer to this question could lie in their foraging habits. Cape fur seals can travel
long distances (David 1987), and have been observed feeding several hundred kilometres
offshore (Shaughnessy et al. 1981, Trillmich 1987, Amould & Hindell 2001).
Consequently, the inbound trip to Seal Island could take many hours or even days,
undoubtedly making the total travel time difficult for the seals to gauge. Thus, seal

movement at sunrise may simply represent a miscalculation of total traveling time.
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However, this explanation only holds if predation risk is low enough to keep late seals
from waiting outside the danger zone for safer conditions. This may be the case, as we
recorded a mean of 15 predatory events per day (Kock et al. in prep) but typically close to

100 seal groups in the morning alone.

Departing seals wouldn’t face this timing problem, as they could synchronize
their departure in order to leave when risk is lowest, i.e. once the sun has completely set.
Such coordination of movement would serve to explain the large group sizes observed
when the seals departed the island. Conversely, fur seals are typically solitary foragers
(Arnould & Hindell 2001, Staniland et al. 2004), and return to Seal Island from any
number of different directions. Thus, the coordinated timing of departure would be
impossible to achieve upon return, forcing the seals to make their way back alone or in
small groups, with arrival times spaced out over the course of the night and the morning.
These basic results (more returning than departing seals in the morning) differ from
visual records of seal movement presented in Martin et al. (2005). However, their data

were not collected in a systematic fashion, and are thus highly suspect.

2.5.1.2 Depth

Shark hunting strategy may also help to explain the depth patterns evident in our
data. While searching for seals, shark swimming depth is likely influenced by several
factors. The first of these is the ability to remain undetected by seals at the surface, a
selective pressure which would favour sharks remaining deeper in the water column.
Conversely, the visibility of Snell’s window decreases with depth (Muntz 1974),
reducing the contrast of surface seals; this would act as a selective pressure towards

swimming higher in the water column. These two factors, acting in opposition, would
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define an optimal hunting depth independent of bottom depth — a pattern evident in our

data (Fig. 2.8).

Seal swimming depth around Seal Island may also be an evolved response to
shark hunting strategy, although the form of the response is probably related to group
size. Large seal groups are extremely obvious, regardless of movement tactic. However,
the benefits accrued from large group size (see Bertram 1978) probably outweigh these
costs, making big groups advantageous for the individual seal. With no possibility of
remaining covert, the seals would then likely adopt the easiest and fastest means of
moving away from the island. Surface porpoising is a more energetically efficient means
of aquatic movement (Au & Weihs 1980, Weihs 2002), and also appears to be faster
(unpublished data from seal focal follows), so large seal groups would be expected to

adopt this tactic.

This likely would not apply to returning seals, however, because small groups don
not offer the same benefits are large ones. Stealth should therefore become the seals’ best
tactic. Seals that swim along the ocean floor in small inconspicuous groups could
potentially avoid detection by a majority of the sharks, and wouldn’t be splashing at the
surface and providing obvious silhouettes. This deep diving tactic has been observed in
other pinniped species (Le Boeuf et al. 1996), and was evident from our data, with
returning seals moving almost exclusively at depth. In contrast, most departing seals we

recorded did so at the surface.

2.5.1.3 Location

Location of seal movement was probably influenced by the physical geography of

the surrounding area. Seal Island is located on the north side of False Bay, which opens to
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the south (Fig. 2.1). Therefore, although seals can be observed in all parts of the bay, a
majority likely head south to forage. Still, a higher proportion of departing records than
expected indicated movement to the south. The most likely explanation for this is that the
benefits of large groups outweigh the costs of a protracted detour. Thus, seals that
intended to move in another direction may have departed towards the south with the
majority of their conspecifics, only to double back in the direction they preferred to go
once outside the danger zone. Returning seals don’t benefit from large groups, but this
also means that their direction of movement would not be determined by majority rule.
Consequently, seals might return directly to the island from any location, and we did

observe a higher proportion of non-southerly returns in the data.

Finally, shark choice of location initially appears easy to comprehend: more seals
were recorded on the south side of the island, and so it is logical for shark presence to

mimic this pattern.

2.5.2 Interaction

Both shark and seal behavioural patterns can thus be explained, to a degree, by the
behaviour of the other species. In particular, adult seal tactics seem chosen to minimize
risk from the sharks (Fig. 2.9), while shark location appears to be influenced by seal
presence. Shark temporal behaviour, however, doesn’t appear to take adult seal activity
into account (Fig. 2.10). If sharks were seeking to maximize their payoffs from the
predator-prey interaction with adult seals, the expectation would be that sharks would
adjust their behaviour based on 4,4 of adults, which was at its highest overnight owing to
the number of seals in the water. Thus, even with limited visual hunting capacities, sharks

would theoretically have profited from increased opportunities at night, which should
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have led to a greater shark presence in the dark. Instead, low night-time shark presence

suggests that the shark strategy did not evolve in response to the strategy of adult seals.

Young seals, however, appear to be much more available to the sharks than
adults. A portion of this availability stems from temporal movement tactics, since pups
comprised the bulk of seals recorded moving at dawn. However, pups also spent more
time at the surface of the water than any other age class. Even the largest bull seals
observed appeared to require a small amount of surface time before the final dive to the
island, but they were able to initiate this approximately 800 m from land, allowing them
to traverse the most dangerous stretch underwater. Slightly smaller seals didn’t seem able
to swim quite as far, and were thus forced to surface in the heart of the high risk zone.
This need for air creates a trade-off within the returning deep dive tactic: seals are likely
at little risk when swimming inconspicuously at the bottom, but are at high risk during

the brief periods when they surface to breath.

Many pups didn’t bother diving at all, and those that did were not able to swim
very far underwater (Fig. 2.6). This pattern could reflect a degree of naiveté among the
pups, but may also result from a physiological inability to hold their breath for extended
periods of time (Le Boeuf et al. 1996, McCafferty et al. 1998, Hastings et al. 2001,
Arnould et al. 2003). Regardless, it meant that there were many more pups than adults at
the surface of the water in the high risk zone, resulting in substantial availability for the

sharks.

When all seal age classes were considered, 4,4 values suggested that sharks were
responding almost exclusively to the behaviour of pups (Fig. 2.13), and that these did not

appear to behave in a manner that accounts for risk (Fig. 2.12). Such behaviour could
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arise if pups are constrained from responding to predation risk, or if they trade-off risk
against some other important factor. Unfortunately, identifying any such pup constraints
or trade-offs was beyond the scope of this study, leaving it as a question for further

research.

Thus, although the behavioural tactics recorded around Seal Island display the
presence of obvious game elements (adult seal and shark tactics seemingly influenced by
R and A4, respectively), our current understanding of pup seal behaviour prevents analysis
of the system within a complete game framework. For one, shark and adult seal tactics
most likely don’t constitute a complete game, because pup behaviour probably prevents
adult tactics from affecting shark fitness. Conversely, seal pups and sharks appear to have
an impact on each other’s fitness, and clearly each has a set of behavioural tactics
available to them; thus, by definition their interaction represents a game, and yet pup
behaviour does not appear to be influenced by predation risk. Pup strategy may still
represent an ESS, if any potential trade-offs or constraints on seal behaviour make a risk-
ignoring pup strategy the best response to a population of pups who have adopted this
same strategy. If this is true, and shark strategy also represents an ESS, then the game
interaction between the two would be at an equilibrium point, because the strategies of
both players would be resistant to invasion by other strategies. However, a complete

analysis would require a more substantial understanding of pup behaviour.

This interpretation assumes that the Seal Island represents a closed system, where
resident sharks and seals evolve strictly in relation to each other and to local
environmental variables. In reality, both sharks and seals are free to move to other

colonies, where local conditions could dictate optimal tactics different to those postulated
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here. In particular, male seals often move between colonies in an attempt to establish
successful breeding territories (Oosthuizen 1991). The possibility therefore exists that
breeding males at Seal Island were subjected to different selective pressures when they
were weaned, which would remove the genetic component required for a shark-pup game
at Seal Island to evolve towards equilibrium, and would explain why observed pup tactics

don’t appear to account for risk levels.

Regardless of whether risky pup behaviour reflects some physiological constraint,
a developmental trade-off against predation risk, or the gene flow between seals from
varying colonies, it appears to be at the root of an interesting intra-specific behaviourally
mediated indirect interaction: seal pup behaviour influences the behavioural tactics
adopted by the sharks, which in turn dictate the tactics employed by adult seals. Thus,
seal pup behaviour may indirectly influence adult seal behaviour, through the behavioural

response of their common predator.

Despite the apparent logic of this conclusion, it must still be considered with
caution, in that it was arrived at based on a foundation of speculation: R and 4 were
essentially derived on the basis of estimation and assumptions (but see sensitivity
analysis in Appendix), as were seal movement data. However, despite these conjectures,
the final result is supported by empirical data. For one, the sharks’ distribution pattern
around Seal Island corresponded more closely to movements of the pups than to those of
the adults, whose pattern of return direction (even those obtained from visual records;
unpublished data) was not as skewed to the south as that of the pups. Further, sharks are
only present in large numbers at Seal Island during the Southern Hemisphere’s winter

months (May-September), the exact time when pups are weaned (Warneke &
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Shaughnessy 1985, Gentry & Kooyman 1986). Finally, predatory data clearly
demonstrate that many more young seals are consumed than adults, even after adjustment

for the total number of seals in the water (Kock et al. in prep).

The ultimate goal of this study was to examine a unique system which seemed
likely to be at the evolutionary equilibrium point of a predator-prey behavioural game.
However, the discovery that there probably wasn’t a simple game occurring leads to an
important conclusion. Most predator-prey game models created to this point consider
prey as a uniform group, although some extend this to include a distribution of prey
energy states (Alonzo 2002, Alonzo et al. 2003). However, as this study clearly
demonstrates, a prey population as a whole, particularly those of larger vertebrates, may
be composed of subunits that differ markedly in behavioural patterns. In this study these
subunits were based on age, but other possible factors could include size, sex, or social
rank. It thus becomes imperative to consider these behaviourally distinct subunits when
modeling the choices and actions of a species, because otherwise the end result could
differ substantially from that expected, and may obscure important inter- and intra-

specific relationships.
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2.7 Tables

Table 2.1.

Interaction of location, time and depth parameters for departing seals,
produced by 3-way ANCOVA analysis. Numbers represent least square
mean values of seal transits (radian)”’. The interaction term of the three
parameters was highly significant (p<0.0001), and was driven by the
combinations highlighted in bold, which were not statistically discernable
from each other. The results suggest that adult seals highly favour departing
at the surface, on the south side of Seal Island, some time between sunset and
midnight.

Time Period
Location | Depth | 'sinte’| "Noon | Sunset | mionignt
N Deep 0.064 0 0.065 0
Surface 0 0 0 0
NE Deep 0 0 0 0.091
Surface 0 0 0 0
W Deep 0 0.162 0 0
Surface 0 0 0 0
SE Deep 0 0 0.081 0
Surface 0.081 0.081 0.161 0.745
Deep 0.211 0 0 0
S Surface 0.249 0 0 0.806
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2.8 Figure legends

Fig. 2.1:

Fig. 2.2:

Fig. 2.3:

Fig. 2.4:

Fig. 2.5:

Fig. 2.6:

Seal Island, False Bay, South Africa. Indicated on the map are the locations of
the six VR2 receivers, as well as the approximate receptive area of each.
Waters around the island were divided into six sectors; these were
subsequently grouped into two zones, corresponding to the major water depth
trends of deeper waters to the south and west, and more shallow waters to the
north and east.

Frequency distribution of seal group sizes for each movement direction. X axis
shows group size categories, as well as number of seals per group size
category. Departing group sizes were substantially larger than returning ones.

Total movement events of tagged seals per VR2 receiver, weighted by the
radians of island circumference covered by each. Whereas seals departed
almost exclusively to the south and southeast, return trips were more evenly
spaced out around the island.

Interaction of time period and seal swimming depth for seals returning to Seal

Island. The Y axis shows the least square mean values of seal transits to the
island, weighted by the radians of island covered by the respective receivers;
the X axis displays the 4 time periods (1: midnight - sunrise; 2: sunrise - noon;
3: noon - sunset; 4: sunset - midnight). Error bars represent 95% confidence
intervals. Seals returned to the island substantially more often at depth and in
the dark.

Visual records of seal movement for both movement directions, displayed as
the mean number of seal groups observed per hour, for each hour that visual
observations were conducted. Returning seal movement was greatest in the
morning, while departures occurred most often immediately after sunset.
Movement of any kind was negligible in the hours preceding sunset.

Seal travel swimming patterns. Left Y axis (light line, squares) represents the
mean distances travelled underwater by seals of the different age classes. Right
Y axis (black line, circles) shows the percent time spent at the surface while
moving. Dive distance for young seals was substantially less than for adults,
resulting in them spending significantly more time at the surface of the water.
Error bars represent 95% confidence intervals.
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Fig. 2.7:

Fig. 2.8:

Fig. 2.9:

Fig. 2.10:

Fig. 2.11:

Fig. 2.12:

Fig. 2.13:

Shark density in relation to location around Seal Island and time period. Y
axis shows the least square means of shark transmissions weighted by the
receptive area of each receiver; X axis displays 4 time periods as in Fig. 2.4.
Error bars represent 95% confidence intervals. Sharks spend more time to the
south of the island, and are present in greater numbers in the morning (time
period 2). Consequently, there is a strong significant interaction between the
south and period 2 variables, isolating this as the preferred choice in time and
space for shark presence.

Mean shark swimming depth for each receiver as a function of the average
bottom depth within the receptive area of each receiver. Error bars represent
one standard deviation, hatched line indicates 1:1 line of maximum shark
swimming depth. Mean shark depth appears similar for all areas of the island,
despite increasing bottom depth, except for the east (E) receiver, where the
sharks are swimming at the bottom which is shallower than their usual
swimming depth.

Seal movement data obtained from VR2 receivers plotted against estimated
shark risk. Risk values for all group sizes were summed to account for lack of
telemetry data. The negative trend line suggests that adult seals take shark risk
into account when choosing movement tactics.

Shark density obtained from VR2 receivers plotted against estimated adult seal
availability. The flat trend line suggests that sharks don’t take the behaviour of
adult seals into account when choosing hunting tactics.

Estimated seal availability for each seal age class, weighted by the average
biomass of each class. Seal pups are substantially more available to the sharks
than are adults.

Seal pup movement obtained from visual records plotted against estimated
shark risk. Visual records were obtained for daylight hours, and 6 visual
sectors were grouped into two receptive zones (Fig. 2.1). The flat trend line
suggests that seal pups don’t consider risk when moving to or from Seal Island.

Shark density obtained from VR2 receiver records plotted against estimated
seal availability for all seal age classes combined. Shark receiver records were
pooled together to roughly correspond with the two zones used to categorize
visual records, and only receiver records collected during time periods with
corresponding visual records were used. When all age classes are considered,
shark presence closely matches expected values of food availability.
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2.9 Figures

Fig. 2.1:
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Fig. 2.2:

XXL
(25+)

XL

# Departing
Returning
(10-15) (16-25)

L

(6-9)

)
(3-5)
Number of Seals in Groups

4

T T T

< ® N =

o (=] (=] (=]
sdnous jo uorodold

o

0.5 -

43



uth

SouthEast So

West
VR2

NorthEast

44

Fig. 2.3:

raly 9ARdasay ueipey / sysues|

orth



Fig. 2.4:
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Fig. 2.5:

V2273

EDeparting
Returning

V22222

V2222772727772

40 -
0
0
0
0

(3] ~N -—

Y / sdnoug) |eag "oON uespy

18 19 20

12 13 14 15 16 17

9 10 M1

8

Time

46



T 100 .

92BJING e dW] Juddiad

. 400

Fig. 2.6

0 o
|
T
(= (=} (= o
[=] (=] (=]
) o~ -

(w) s93eMIBpUN pallaARI] a2ue)SI]

Juvenile Adult

Seal Age Class

Pup

47



Fig. 2.7:
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Fig. 2.8:
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Fig. 2.9:
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Fig. 2.10:
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Fig. 2.11:
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Fig. 2.12:
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Fig. 2.13:
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2.10 Appendix
2.10.1 The importance of light

The probability of an attack occurring is presumably influenced by how well each
species is able to detect the other. Consequently, light levels and vision are probably the
key elements which shape the patterns of predatory behaviour observed at Seal Island. Of
course, on top of excellent vision, both species also possess acute auditory and olfactory
senses, as well as the ability to detect minute water vibrations (through whiskers in seals
and the lateral line in sharks; Dehnhardt 2002, Hueter et al. 2004). However, it is unlikely
that any of these senses play as large a part as vision in the initiation of predatory

interactions.

For instance, the large number of seals and sharks in the vicinity of Seal Island
ensures that the surrounding waters already contain copious amounts of seal and shark
olfactory traces, making it highly improbable that any individual animal could be singled
out by means of olfaction. Further, the mechanosenses of sharks and seals are
predominantly near-field in nature, in that they respond to a stimulus (flow amplitude)
which decreases rapidly with distance from the source (dissipated within one or two body
lengths of the source; Bleckmann 1994). Consequently, they’re probably only useful

during relatively close encounters (Enger et al. 1989, Dehnhardt et al. 1998).

Finally, although sound could play a minor role, because seals create a lot of noise
while porpoising at the surface, it’s doubtful that these cues rival the importance of visual
stimuli. For one, low frequency ambient noise levels around Seal Island are extremely

high (unpublished data obtained using alternative acoustic tracking methods), as swells

55



are constantly breaking over the South facing reefs. These sounds are likely in the same
frequency range as those produced by porpoising seals, and could thus potentially mask
the noise produced by groups of seals. Further, localization of a sound source can be
difficult, certainly when compared to a light source. Laboratory studies on other species
of elasmobranch demonstrated that they can localize a sound source to within
approximately 10" (Nelson 1967). Assuming this resolution also applies to white sharks
(comparative studies of elasmobranch brain sizes indicate that the auditory center of
white sharks is proportionately of similar size to that of many other species; Demski &
Northcutt 1996), such auditory capabilities would serve well for initially identifying the
presence of prey, but would likely be insufficient for launching the precise, high-speed

attacks required to kill seals.

Vision is different, however. The exponential absorption of light with increasing
depth (Lythgoe 1984), the scattering of light by water and suspended particles (Muntz
1974), and the phenomenon of Snell’s window (Lythgoe 1979) all create a range of
visual conditions around the island which the animals can exploit. For one, these
properties mean that an individual of either species would gain visual obscurity with
depth. Furthermore, an animal that wasn’t too deep would be afforded excellent contrast
between the silhouettes of any animals above it and the backlighting provided by Snell’s
window (Strong 1996). Finally, both of these properties fluctuate dramatically with light
levels, meaning that visual conditions vary over the course of the day, as the oblique solar
angles during crepuscular periods result in less light penetrating into the water (Lythgoe
1979). The end result is that the visual environment provides opportunities for both

species to gain the upper hand, depending upon the tactic they choose. Consequently,
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although both species have impressive senses at their disposal, predation at Seal Island is
likely mediated by light levels, and relative visual advantage almost certainly determines

whether or not an attack will occur.

This assertion is supported by empirical data, as well as by observations collected
during our field season. Of primary importance is the fact that the vast majority of
predatory events occur in the morning (Kock et al. in prep, Martin et al. 2005). Light
conditions during these hours provide the optimal combination of back-lighting contrast
and low light penetrance into the water, allowing the sharks to swim relatively near to the
surface while remaining undetected by seals above them. No other physical properties

can account for this daily pattern of predatory activity.

Incidental observations also support the importance of vision. White sharks have
been observed inspecting a variety of floating objects in many areas around the world
(Anderson et al. 1996, Collier et al. 1996, Strong 1996), and were recorded doing the
same at Seal Island. In fact, we could reliably attract sharks to the surface by simply
floating a small seal shaped piece of carpet approximately Sm from our boat. This seal
decoy was a purely visual stimulus, presenting no auditory, olfactory, mechanosensory,
or electrosensory signals whatsoever, yet sharks would routinely approach it vertically,

from below, to visually inspect, mouth (mechanically inspect), or attack it.

Seal observations also illustrated the importance of vision in identifying and
avoiding predators. A notable seal behaviour recorded around Seal Island was ‘looking
down’, where seals would invert themselves at the surface, such that their hind flippers
were protruding from the water and their heads were pointing towards the ocean floor.

They would then clearly move their heads from side to side, presumably visually
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scanning the water below them for any signs of a shark (although they may have been
employing other senses as well). This behaviour was most commonly observed after a
failed predation attempt, presumably as the seal tried to re-localize its attacker, but was

also often noted before seals prepared to dive.

Ultimately, then, it seems probable that the physical properties of light in the
ocean determine how well sharks and seals are able to detect each other, and thus play an
important role in the choice of swimming depth for both species, as well as in the

probability that an attack will occur.

2.10.2 Depth levels

Seal swimming depth was classified as either ‘surface’ or ‘deep’ (see Materials
and methods), while shark depth was aggregated to reflect the sharks’ presence in each of
three levels of the water column: upper, mid, and lower. However, these levels were not
defined based on fixed depths. Instead, they were a function of mean shark swimming
depth, the attenuation of light with increasing depth, and on estimates of how the

interaction of these would impact on each species’ ability to detect the other.

The ‘upper’ level was thus defined as the depths at which we assumed a seal
could spot a shark swimming below it, impeding the shark’s ability to launch a surprise
attack. The assumed ‘mid’ level upper boundary was defined as the depth below which it
was estimated that the attenuation of light would allow a shark to remain unseen by a seal
at the surface. The ‘mid’ level lower boundary was then an estimate of the deepest depth
still providing optimal opportunities for attacking seals at the surface. Below this depth,
the decreasing resolution of Snell’s window as a result of light scattering by suspended

particles (Muntz 1974) would lead to a reduction in contrast between a seal and the
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surface, likely making surface seals more difficult to spot. The ‘attack time’, or time
between initiation of the attack and the actual strike, would also increase with depth. The
result would be increased opportunities for the seal to detect the shark and avoid it, or
even an increased chance that the seal would alter its course at random, thus inadvertently
defeating the shark’s predation attempt. Both of these factors combined would likely
render successful attacks increasingly difficult from greater depths, and the lower ‘mid’
level boundary was defined as the depth at which these costs became prohibitive. Finally,
the ‘lower’ level was estimated as the depths where a seal, swimming along the ocean
floor, could remain unseen by a shark present at the mean shark swimming depth.
Because the ‘lower’ level’s upper limit wasn’t always identical to the lower boundary of
the ‘mid’ level, the actual demarcation between the two levels was set as the average of

the two borders.

2.10.3 P matrix

The probability of an attack occurring was defined as being contingent on the
following variables: time of day (¢), swimming depth of both species (D for seals, d for
sharks), location of the animals around Seal Island (/), seal group size (g), and average
seal size in a group (s). Each possible combination of these therefore characterized a

unique probability context {P = (t,D,d ,, g,s)} (Table 2.A.I). Unfortunately, insufficient

data exist to explicitly quantify each possible P. Instead, the relative effects of the
specific environmental, group size, and seal size conditions on the probability of attack
were estimated as weighting values scaled against an arbitrary baseline value of 1, which
was allocated to the context of an adult seal (s), swimming alone (g) at the surface (D)

above the South receiver (/) during daylight hours (¢), versus a shark who was also
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swimming at the surface, or ‘upper’ level (d), during the aforementioned conditions. The
value of 1 was assigned because it was assumed that this context offered the most equal
footing between the species, a situation where the probability of the shark spotting the
seal first and launching an ambush attack was equal to the probability of the seal
detecting the shark first and initiating evasive manoeuvres, thus preventing an attack. All
other values, for every other P, were defined relative to this baseline value of 1, based on
the product of relative weights which were estimated for discrete categories of each
variable. The specific numbers comprising each of these individual weights remain
educated guesses, and are therefore open to debate. However, the patterns which formed
the basis for these approximations are each rooted in scientific theory and common sense,

and thus likely represent the general trends occurring at Seal Island.

2.10.3.1 Visual conditions

The visual conditions for a particular context were defined by the interaction of ¢,
D and d. As a result, we did not attempt to tease apart the effects of each of these
variables, but instead assigned a relative weighting value to each possible combination of

their discrete categories.

The overall probability of attack was estimated to be lower at night, as extremely
low light levels would all but eliminate any visual tactical advantages. The sharks and
seals would therefore have to rely predominantly on their other senses, and, since these
are well developed in both species, their ability to detect each other should be
approximately on par for most night-time contexts. Consequently, the night-time relative
context weights did not differ greatly from 1. For example, ‘deep’ seals are likely at the

most risk from sharks in the ‘lower’ segment of the water column (Fig. 2.A.I, panel A),
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where they should be on approximately equal footing (similar to the base value of 1
assigned to surface seals and upper sharks). However, seals swimming along the bottom
would eventually have to come up for air, where they would be at increased levels of risk
from sharks at all depths. Consequently, the relative ‘night’ weight for ‘deep’ seals and
‘lower’ sharks was estimated to be higher than 1, while for ‘mid’ sharks it was set at 1,
and for ‘upper’ sharks at 0.1. ‘Deep’ seals would most likely face no risk at all from
‘upper’ sharks were it not for these brief intervals of surface breathing, for it would seem

highly unlikely that a shark could identify a seal 20m below it in the dark.

Departures from the baseline value of 1 were similarly small in the relative
weights estimated for seals swimming at the surface during the night (Fig. 2.A.I, panel
B). A weight of 1 was assigned to the combination of ‘surface’ and ‘upper’, as this was
assumed to be equivalent to the base value set for daylight conditions. However, instead
of the weighting factors decreasing as differences in swimming depth increased (as they
did for deep seals), they were assigned a marginal increase. This was based on the
potential effect of moonlight: during our study, there were numerous occasions where
moonlight would have provided ample light for visual hunting. This would have put
surface seals at substantial risk from sharks at the ‘mid’ and ‘lower’ levels, although less
so from the latter because, even in the brightest moonlight, it would probably have been
difficult to spot seals at the surface from a 20m depth. Still, despite this potential for
increased risk, the relative rarity of these extremely bright nights limited the increase in

relative weight which we estimated for these contexts.

The general trends estimated for night conditions were carried over into the day,

as the interactions were assumed to be governed by the same general principles.
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However, given the likely importance of vision to the sharks’ hunting strategy, the
increase in light levels with daylight were estimated to increase the relative weights
beyond those for night, meaning an increased probability of an attack occurring in the
daytime (Fig. 2.A.1, panels C and D). This was particularly the case for surface seals,
which would find themselves at the greatest of all visual disadvantages against sharks
below them. This context is likely the one which leads to the majority of observed
predatory events, indicating that the risk (and corresponding relative P weighting value)
for ‘surface’ seals from ‘mid’ sharks is probably substantially higher than for any other
context. ‘Surface’ seals would also face a considerable risk from ‘lower’ sharks, although
probably less than from sharks in the middle of the water column, due to the decrease in
contrast of surface seals and the increased attack time which both accompany greater

depths (see section on Depth levels).

2.10.3.2 Location around Seal Island

The relative context weights assigned for each combination of ¢, D, and d formed
the basis for the P matrix. However, other variables (/,g,s) also played a part in defining
individual attack contexts. Specific functions were therefore derived for each of these,
based on relative weights estimated for each of their discrete categories, and these were
multiplied by the weights which defined the visual environment, to obtain final values for
P in each context. Relative weights for each of these secondary variables were estimated
in the same manner as previously described, i.e. scaling the relative effect for each
category of a specific variable against the category of that variable used in the baseline

context (defined above), which was assigned a value of 1.
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The first of the secondary variables considered was the location around Seal
Island, as defined by the receptive areas of each VR2 receiver. Location was actually a
surrogate variable for water depth, and was therefore only pertinent for certain contexts.
All contexts where the shark was at the surface, as well as when seals were at the surface
and sharks were ‘mid’, were thus deemed to be equivalent to the baseline context, and

were assigned weighting values of 1 (Fig. 2.A.1I).

Location, and hence water depth, was estimated to have an inverse effect on the
probability of an attack occurring. The basis for this assertion is the absorption and
scattering of light in water; being further away from something underwater decreases its
visual contrast and thus detectability (Muntz 1974). This phenomenon is compounded by
environmental conditions (wind, swells, and currents, all of which are prevalent at Seal
Island), which lead to increases in suspended particulate matter, and an increase in the
scattering of light. The result is that waters around Seal Island typically have poor

visibility, in the range of 3-10m (unpublished data collected using a secchi disk).

Visibility was assumed to have little effect on the North and East sides of the
island, where average bottom depths rarely exceeded the ‘mid’ shark level. However, on
the Southern and Western sides, the bottom drops off very quickly to greater depths.
Thus, sharks swimming near the bottom, in the ‘lower’ level, probably had a reduced
view of the surface; similarly, sharks swimming mid-water probably would not have been
able to detect seals swimming along the bottom, as they could have been over 10 meters
away. The end result was that the increased depths on the Southern and Western sides of

Seal Island were assumed to decrease the probability of attack for certain contexts.
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To reflect this assumption, relative weights for affected contexts were assigned
decimal values. The greatest drop was estimated to occur at night for ‘deep’ seals vs.
‘mid’ sharks (Fig. 2.A.III, panel A), where the low light conditions would probably have
made it extremely difficult for a shark to spot a seal only a few meters below it. Thus, a
precipitous drop in weights was assigned between the ‘mid’ range average depths of the
Northern VR2s, and the ‘Lower’ average depths of the Southern and Western ones. This
reasoning was also applied to the combination of ‘deep’ seals and ‘mid’ sharks during the
day (Fig. 2.A.IlI, panel B). However, this decline was estimated as being more linear,
because the greater visibility provided in daylight would likely have made it easier for

‘mid’ sharks to spot ‘deep’ seals, even in Southern waters.

Relative weights were also estimated to decrease slightly with average bottom
depth for the combination of ‘deep’ seals and ‘lower’ sharks at night (Fig. 2.A.IV), while
during the day it was estimated that there would be no effect (Fig. 2.A.II). This
differential effect was once again based on light levels. Greater depths towards the south
mean a greater separation distance between the ocean floor and the upper boundary of the
‘lower’ level. Thus, seals might manage to escape totally undetected at night, when
sharks would be obliged to rely on short range senses, and would therefore be less likely
to have full cognizance of seal movement in the entire level at once. However, this
opportunity wouldn’t exist during the day, as light levels would likely allow sharks to

monitor the entire ‘lower’ level at once.

Finally, the combination of ‘surface’ seals and ‘lower’ sharks was also estimated
to produce a declining probability of attack with depth, once again due to a decrease in

underwater contrast with distance and an increase in attack time (Fig.2.A.V, panels A and
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B). However, these effects were presumed to be greater at night, given the further

constraints imposed by low light levels.

2.10.3.3 Group size

It is well-documented in the literature that an individual within a large group will
gain a measure of anti-predatory benefit in the event of an attack (Hamilton 1971,
Bertram 1978, Taylor 1984). However, what is also well-documented is that these
benefits must be traded-off against detectability; large groups are often easy for predators
to detect and hunt, yet remain advantageous to individuals within the group because of an
overall decrease in the chance of predation (Taylor 1979, Pitcher 1986). These principles
likely apply just as well to seals moving to or from Seal Island. Consequently, relative P
weights for group size were derived from the interaction between a weighting function
estimating the risk to an individual seal within a group, and a second weighting function
estimating the relative effect of group size on detection. These functions were derived
such that their products would represent the context weight for an individual seal in a
given seal group size relative to the baseline context value of 1, which was assigned to a

group size of 1.

Separate weighting functions were created for ‘deep’ and ‘surface’ seals, given
the dramatically different visual conditions associated with each tactic. ‘Surface’ seals are
undoubtedly easy to detect visually, regardless of group size. Consequently, the detection
curve was estimated based predominantly on sound, such that it increased quickly with
more than 1 seal (more seals meant more noise) but levelled off as seal numbers reached
a point where any extra surface noise made little difference. Conversely, risk to an

individual seal was estimated to decrease with group size, although marginal benefits
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would diminish as group size increased. The product of the two curves estimated that the
relative P context weight would decrease with group size, although the additional

benefits accrued would become minimal as groups became extremely large (Fig. 2.A.VI).

‘Deep’ seals would face an entirely different set of circumstances. They move in
an environment where visual conditions are in their favour, allowing them to detect
sharks above them, while remaining undetected below. Thus, in ‘deep’ contexts, the
expectation would be of a premium on stealth, at the expense of group benefits.
Consequently, the effect of group size on detection was modeled to increase
exponentially, reflecting the non-cryptic nature of extremely large groups, while the
decrease in individual risk was modeled in the same manner as for surface seals. The
relative product weights reflected our estimate that smaller group sizes would be more

beneficial for ‘deep’ movement (Fig. 2.A.VII).

2.10.3.4 Seal size

The final factor which defined P was seal size, used as a surrogate for age class. It
is a nearly ubiquitous fact in nature that juvenile animals are more susceptible to
predation than adults, and the relative P context weights for s were modeled to reflect this
trend (Fig. 2.A.VIII). Seal size 1 represented neonates, 2 were young of the year pups, 3
were juveniles/adult females, and 4 were mature bulls. Neonates were not observed, as
pupping occurred 4 months before our field season began. However, over the course of
the study, several seals were observed which, for whatever reason, were smaller than size
2 pups. These were classified as size 1.5, and were invariably attacked (although not
always consumed). Consequently, the relative weight was set extremely high for this size

class (Fig. 2.A.VIII). It was also estimated to be high for pups because of their nature as
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physiologically limited, naive explorers of a new environment. The base context was
defined as a size 3 seal, meaning that this size class was assigned a 1. Finally, size 4 seals
were assigned a weight below 1, as it was estimated that their imposing size would
intimidate many of the smaller sharks around Seal Island, ultimately decreasing the
overall chance of an attack occurring. Calculated relative P values for all possible

contexts are presented in Table 2.A 1.

2.10.3.5 Final product

Final values of P were calculated as the product of the individual weights which
comprised a specific contexts. Thus, for example, in a context where a size 3 seal
(weight: 1) was swimming at the surface in a small group (weight: 0.82) on the South
side of the island at night vs. a shark at the ‘lower’ depth (visual condition weight for
Lower in Surface Seals — Night: 1.3; location weight for S in Surface-Lower-Night:
0.05), the estimated relative weight was 0.05. This number represented the prediction
that, in our estimation, an attack was only 5% as likely to occur in this context as in the
baseline context of an adult seal, swimming alone at the surface during the day, vs. a

shark that was also swimming at the surface.

2.10.4  Sensitivity analysis

Given the speculative nature of the P matrix, a sensitivity analysis was conducted
in order to assess the robustness of the conclusions under a variety of relative context
weights. Each of the 4 variables (location /, group size g, seal size s, and ‘visual
conditions’ (time ¢, seal depth d, and shark depth D)) was examined separately to isolate
its impact on the final results (Table 2.A.II). For each variable, every individual weight

was first doubled, then halved, and finally set to 1 to assess a ‘no effect’ situation.
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Finally, the entire P matrix was removed from consideration by setting every weight to 1,
in order to test the worst case scenario that none of the variables actually influence the

shark seal interaction.

The conclusions proved relatively robust, such that only the ‘no effect’ case
produced significant changes. The result illustrating a clear shark response to seal
availability (Fig. 2.13) was primarily affected by elimination (no effect) of seal size (Fig.
2.A.IX) and group size (Fig. 2.A.X) weights, owing to the high weights attributed to
solitary pups (which comprised the majority of predation events). However, the basic
pattern remained consistent (albeit not significant), even when all context weights were
ignored (Fig. 2.A.XI), indicating that the data themselves, rather than the chosen P

values, drove the observed relationship.

The result indicating an adult seal response to shark behaviour (Fig. 2.9) remained
similarly unaffected. Adjusting and eliminating the relative weights for seal size and
group size had very little effect (the former because only adults were considered, the
latter because adult group sizes were fairly consistent), while the effect of manipulating
location weights was discernable but not significant. Only the elimination of the visual
condition weights had an important effect (Fig. 2.A.XII), most likely as a result of
removing the relative safety attributed to moving in the darkness. Nonetheless, as before,
even the worst case scenario displayed the same basic pattern (Fig. 2.A.XIII), once again
indicating that the results presented were primarily driven by the data themselves, and

were merely reinforced by the relative context weights we assigned.
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2.10.5 Appendix Tables

Table 2.A.I: P matrix, comprising the products of context weights for visual conditions,
average receiver bottom depth (i.e., receiver location), and group size.
Numbers represent estimates for size 3 seals. P for other size classes is
obtained by multiplying the entire table by the appropriate age weight (Fig.

2.A.VIID).
Group Size 1 1 1 2 2 2
Shark Depth | Upper | Mid Lower | Upper | Mid Lower

Seal Depth | Time Period Receiver

Deep 1 North 0.10 1.00 1.10 0.10 0.95 1.05
Deep 1 NorthEast 0.10 0.90 1.08 0.10 0.86 1.03
Deep 1 West 0.10 0.20 1.06 0.10 0.19 1.01
Deep 1 SouthEast 0.10 0.13 1.03 0.10 0.12 | 0.99
Deep 1 South 0.10 0.10 1.01 0.10 0.10 | 096
Surface 1 North 1.00 1 2.00 1.30 1.03 2.06 1.34
Surface 1 NorthEast 1.00 | 2.00 1.21 1.03 2.06 1.25
Surface 1 West 1.00 2,00 |0.81 1.03 2,06 | 0.83
Surface 1 SouthEast 1.00 | 2.00 0.42 1.03 2.06 |043
Surface 1 South 1.00 | 2.00 0.07 1.03 2.06 | 0.07
Deep 2 North 0.10 1.40 1.65 0.10 1.33 1.57
Deep 2 NorthEast 0.10 1.33 1.62 0.10 1.27 1.54
Deep 2 West 0.10 0.95 1.58 0.10 0.91 1.51
Deep 2 SouthEast 0.10 0.66 1.55 0.10 0.63 1.48
Deep 2 South 0.10 0.36 1.52 0.10 0.35 1.45
Surface 2 North 1.00 10.00 | 8.00 1.03 10.30 | 8.24
Surface 2 NorthEast 1.00 10.00 | 7.76 1.03 10.30 | 7.99
Surface 2 West 1.00 10.00 | 6.80 1.03 10.30 | 7.00
Surface 2 SouthEast 1.00 10.00 | 5.52 1.03 10.30 | 5.69
Surface 2 South 1.00 10.00 | 4.16 1.03 10.30 | 4.28
Deep 3 North 0.10 1.40 1.65 0.10 1.33 1.57
Deep 3 NorthEast 0.10 1.33 1.62 0.10 1.27 1.54
Deep 3 West 0.10 0.95 1.58 0.10 0.91 1.51
Deep 3 SouthEast 0.10 0.66 1.55 0.10 0.63 1.48
Deep 3 South 0.10 0.36 1.52 0.10 0.35 1.45
Surface 3 North 1.00 10.00 | 8.00 1.03 10.30 | 8.24
Surface 3 NorthEast 1.00 10.00 | 7.76 1.03 10.30 | 7.99
Surface 3 West 1.00 10.00 | 6.80 1.03 10.30 | 7.00
Surface 3 SouthEast 1.00 10.00 | 5.52 1.03 10.30 | 5.69
Surface 3 South 1.00 10.00 | 4.16 1.03 10.30 | 4.28
Deep 4 North 0.10 1.00 1.10 0.10 0.95 1.05
Deep 4 NorthEast 0.10 0.90 1.08 0.10 0.86 1.03
Deep 4 West 0.10 0.20 1.06 0.10 0.19 1.01
Deep 4 SouthEast 0.10 0.13 1.03 0.10 0.12 {099
Deep 4 South 0.10 0.10 1.01 0.10 0.10 | 0.96
Surface 4 North 1.00 | 2.00 1.30 1.03 2.06 1.34
Surface 4 NorthEast 1.00 | 2.00 1.21 1.03 2.06 1.25
Surface 4 West 1.00 2.00 0.81 1.03 206 | 0.83
Surface 4 SouthEast 1.00 2.00 0.42 1.03 2.06 0.43
Surface 4 South 1.00 2.00 0.07 1.03 2.06 0.07
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Group Size S S S M M M
Shark Depth Upper | Mid Lower | Upper | Mid Lower

Seal Depth | Time Period Receiver

Deep 1 North 0.10 0.99 1.09 0.13 1.33 1.46
Deep 1 NorthEast 0.10 0.89 1.07 0.13 1.20 1.43
Deep 1 West 0.10 0.20 1.05 0.13 0.27 1.40
Deep 1 SouthEast 0.10 0.13 1.03 0.13 0.17 1.37
Deep 1 South 0.10 0.10 1.01 0.13 0.13 1.35
Surface 1 North 0.82 1.65 1.07 0.62 1.24 0.81
Surface 1 NorthEast 0.82 1.65 1.00 0.62 1.24 0.75
Surface 1 West 0.82 1.65 0.66 0.62 1.24 0.50
Surface 1 SouthEast 0.82 1.65 0.34 0.62 1.24 0.26
Surface 1 South 0.82 1.65 0.05 0.62 1.24 0.04
Deep 2 North 0.10 1.39 1.64 0.13 1.86 2.19
Deep 2 NorthEast 0.10 1.32 1.61 0.13 1.77 |2.15
Deep 2 West 0.10 0.95 1.57 0.13 1.27 2.11
Deep 2 SouthEast 0.10 0.65 1.54 0.13 0.87 2.06
Deep 2 South 0.10 0.36 1.51 0.13 0.48 2.02
Surface 2 North 0.82 8.24 6.59 0.62 622 | 498
Surface 2 NorthEast 0.82 8.24 6.40 0.62 6.22 4.83
Surface 2 West 0.82 8.24 5.61 0.62 6.22 423
Surface 2 SouthEast 0.82 8.24 4.55 0.62 6.22 3.43
Surface 2 South 0.82 8.24 3.43 0.62 622 2.59
Deep 3 North 0.10 1.39 1.64 0.13 1.86 | 2.19
Deep 3 NorthEast 0.10 1.32 1.61 0.13 1.77 2.15
Deep 3 West 0.10 0.95 1.57 0.13 1.27 2.11
Deep 3 SouthEast 0.10 0.65 1.54 0.13 0.87 2.06
Deep 3 South 0.10 0.36 1.51 0.13 048 2.02
Surface 3 North 0.82 8.24 6.59 0.62 6.22 | 4.98
Surface 3 NorthEast 0.82 8.24 6.40 0.62 6.22 |4.83
Surface 3 West 0.82 8.24 5.61 0.62 6.22 4.23
Surface 3 SouthEast 0.82 8.24 4.55 0.62 6.22 3.43
Surface 3 South 0.82 8.24 343 0.62 6.22 2.59
Deep 4 North 0.10 0.99 1.09 0.13 1.33 1.46
Deep 4 NorthEast 0.10 0.89 1.07 0.13 1.20 1.43
Deep 4 West 0.10 0.20 1.05 0.13 0.27 1.40
Deep 4 SouthEast 0.10 0.13 1.03 0.13 0.17 1.37
Deep 4 South 0.10 0.10 1.01 0.13 0.13 1.35
Surface 4 North 0.82 1.65 1.07 0.62 1.24 0.81
Surface 4 NorthEast 0.82 1.65 1.00 0.62 1.24 0.75
Surface 4 West 0.82 1.65 0.66 0.62 1.24 0.50
Surface 4 SouthEast 0.82 1.65 0.34 0.62 1.24 0.26
Surface 4 South 0.82 1.65 0.05 0.62 1.24 0.04

70




Group Size L L L XL XL XL
Shark Depth | Upper | Mid Lower | Upper | Mid Lower

Seal Depth | Time Period Receiver

Deep 1 North 020 |2.04 2.24 0.30 6.00 | 6.30
Deep 1 NorthEast 0.20 1.83 2.20 0.30 6.00 6.30
Deep 1 West 0.20 | 041 2.15 0.30 1.80 6.15
Deep 1 SouthEast 0.20 0.26 2.11 0.30 1.80 6.00
Deep 1 South 0.20 0.20 2.06 0.30 0.60 6.00
Surface 1 North 0.50 1.01 0.66 0.40 0.81 0.52
Surface 1 NorthEast 0.50 1.01 0.61 0.40 0.81 0.52
Surface 1 West 0.50 1.01 0.41 0.40 0.81 0.28
Surface 1 SouthEast 0.50 1.01 0.21 0.40 0.81 0.28
Surface 1 South 0.50 1.01 0.03 0.40 0.81 0.16
Deep 2 North 020 |2.85 3.36 0.23 6.30 6.75
Deep 2 NorthEast 020 |271 3.29 0.23 6.30 6.75
Deep 2 West 0.20 1.94 3.23 0.23 3.60 6.30
Deep 2 SouthEast 0.20 1.34 3.16 0.23 3.60 5.85
Deep 2 South 0.20 0.74 3.09 0.23 2.25 4.50
Surface 2 North 0.50 5.04 4.03 0.40 0.81 0.52
Surface 2 NorthEast 0.50 5.04 3.91 0.40 0.81 0.52
Surface 2 West 0.50 5.04 343 0.40 0.81 0.28
Surface 2 SouthEast 0.50 5.04 2.78 0.40 0.81 0.28
Surface 2 South 0.50 5.04 2.10 0.40 0.81 0.16
Deep 3 North 020 |[2.85 3.36 0.23 6.30 6.75
Deep 3 NorthEast 0.20 271 3.29 0.23 6.30 6.75
Deep 3 West 0.20 1.94 3.23 0.23 3.60 6.30
Deep 3 SouthEast 0.20 1.34 3.16 0.23 3.60 5.85
Deep 3 South 0.20 0.74 3.09 0.23 2.25 4.50
Surface 3 North 0.50 |5.04 4.03 0.40 0.81 0.52
Surface 3 NorthEast 0.50 5.04 391 0.40 0.81 0.52
Surface 3 West 0.50 5.04 343 0.40 0.81 0.28
Surface 3 SouthEast 0.50 5.04 2.78 0.40 0.81 0.28
Surface 3 South 0.50 |5.04 2.10 0.40 0.81 0.16
Deep 4 North 020 |2.04 2.24 0.30 6.00 6.30
Deep 4 NorthEast 0.20 1.83 2.20 0.30 6.00 6.30
Deep 4 West 0.20 041 2.15 0.30 0.60 6.00
Deep 4 SouthEast 0.20 0.26 2.11 0.30 0.60 6.00
Deep 4 South 0.20 0.20 2.06 0.30 0.60 6.00
Surface 4 North 0.50 1.01 0.66 0.40 0.81 0.52
Surface 4 NorthEast 0.50 1.01 0.61 0.40 0.81 0.52
Surface 4 West 0.50 1.01 0.41 0.40 0.81 0.28
Surface 4 SouthEast 0.50 1.01 0.21 0.40 0.81 0.28
Surface 4 South 0.50 1.01 0.03 0.40 0.81 0.16
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Group Size XXL | XXL | XXL
Shark Depth | Upper | Mid Lower

Seal Depth | Time Period Receiver

Deep 1 North 0.33 6.50 6.83
Deep 1 NorthEast 0.33 6.50 6.83
Deep 1 West 0.33 1.95 6.66
Deep 1 SouthEast 0.33 1.95 6.50
Deep 1 South 0.33 0.65 6.50
Surface 1 North 0.32 0.65 0.42
Surface 1 NorthEast 0.32 0.65 0.42
Surface 1 West 0.32 0.65 0.23
Surface 1 SouthEast 0.32 0.65 0.23
Surface 1 South 0.32 0.65 0.13
Deep 2 North 0.25 7.00 7.50
Deep 2 NorthEast 0.25 7.00 7.50
Deep 2 West 0.25 4.00 7.00
Deep 2 SouthEast 0.25 4.00 6.50
Deep 2 South 0.25 2.50 5.00
Surface 2 North 0.32 0.65 0.42
Surface 2 NorthEast 032 0.65 0.42
Surface 2 West 0.32 0.65 0.23
Surface 2 SouthEast 0.32 0.65 0.23
Surface 2 South 0.32 0.65 0.13
Deep 3 North 0.25 7.00 7.50
Deep 3 NorthEast 0.25 7.00 7.50
Deep 3 West 0.25 4.00 7.00
Deep 3 SouthEast 0.25 4.00 6.50
Deep 3 South 0.25 2.50 5.00
Surface 3 North 0.32 0.65 0.42
Surface 3 NorthEast 0.32 0.65 0.42
Surface 3 West 0.32 0.65 0.23
Surface 3 SouthEast 0.32 0.65 0.23
Surface 3 South 0.32 0.65 0.13
Deep 4 North 0.33 6.50 6.83
Deep 4 NorthEast 0.33 6.50 6.83
Deep 4 West 0.33 0.65 6.50
Deep 4 SouthEast 0.33 0.65 6.50
Deep 4 South 0.33 0.65 6.50
Surface 4 North 0.32 0.65 0.42
Surface 4 NorthEast 0.32 0.65 0.42
Surface 4 West 0.32 0.65 0.23
Surface 4 SouthEast 0.32 0.65 0.23
Surface 4 South 0.32 0.65 0.13

72




Table 2.A.II: Table of values used in the sensitivity analysis. Each of the four P
variables was tested separately, and for each all relevant categories (those
with values other than 1) were doubled, halved, or set to 1. Values were
doubled and halved relative to 1, i.e. a value of 6.5 has an effect of 5.5
more than 1, so a doubled effectis 11 + 1, or 12.

P Matrix Variable Category P Weight | Double | Half | No Effect
Size (Age) Class Pup 6.5 12 3.75 1
S Adult 0.5 0.05 0.75 1
2 0.95 0.9 0.975 1
S 0.99 0.98 | 0.995 1
Deep M 1.33 1.66 | 1.165 1
L 2.04 3.08 1.52 1
Group Size XL 4.27 7.54 | 2.635 1
g 2 1.03 1.06 | 1.015 1
S 0.82 0.64 0.91 1
Surface M 0.62 0.24 0.81 1
L 0.5 0.05 0.75 1
XL 0.4 0.04 0.7 1
XXL 0.33 0.033 | 0.665 1
N 1 1 1 1
NE 0.9 0.8 0.95 1
Deep - Mid - Night W 0.2 0.02 0.6 1
SE 0.13 0.013 | 0.565 1
S 0.1 0.01 0.55 1
N 1 1 1 1
NE 0.95 0.9 0.975 1
Deep - Mid - Day wW 0.68 0.36 0.84 1
Location SE 0.47 0.047 {0.735 1
(Bottorn Depth) S 0.26 0.026 | 0.63 1
/ N 1 1 1 1
NE 0.93 0.86 | 0.965 1
Surface - Lower - Night w 0.62 0.24 0.81 1
SE 0.32 0.032 | 0.66 1
S 0.05 0.005 | 0.525 1
N 1 1 1 1
NE 0.97 0.94 | 0.985 1
Surface - Lower - Day w 0.85 0.7 0.925 1
SE 0.69 0.38 | 0.845 1
S 0.52 0.04 0.76 1
Deep - Upper - Night 0.1 0.01 0.55 1
Deep - Upper - Day 0.1 0.01 0.55 1
Deep - Lower - Day 1.65 2.3 1.325 1
Visual Conditions Deep - Mid - Day 1.4 1.8 1.2 1
(t,d,D) Surface - Lower - Night 1.3 1.6 1.15 1
Surface - Mid - Night 2 3 1.5 1
Surface - Mid - Day 10 19 5.5 1
Surface - Lower - Day 8 15 4.5 1
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2.10.6  Appendix Figure Legends

Fig. 2.A.L:

Fig. 2.A.II:

Fig. 2.A.IIL:

Fig. 2.A.IV:

Fig.2.A.V:

Fig. 2.A.VI:

Fig. 2.A.VIIL:

Fig. 2.A . VIIIL:

Fig. 2.AIX:

Fig. 2.A.X:

Relative context weights for visual conditions, as defined by light
levels (day or night), and by the swimming depths of both species.

Relative context weights based on varying bottom depth. N, NE, W,
SE, and S refer to receiver location. Water depth was not estimated to
have an effect on any contexts where sharks were in the ‘upper’ level
of the water column, as well as any contexts defined by seals at the
‘surface’ and sharks at ‘mid’ level, and the contexts comprising ‘deep’
seals and ‘lower’ sharks during the day.

Relative context weights based on average receiver bottom depth for
‘deep’ seals and ‘mid” sharks during both light level conditions. N,
NE, W, SE, and S refer to receiver location.

Relative context weights based on average receiver bottom depth for
‘deep’ seals and ‘lower’ sharks at night. N, NE, W, SE, and S refer to
receiver location. During the day, location was assumed to have no
effect on the deep seal — lower shark relative weight (Fig. 2.A.II).

Relative context weights based on average receiver bottom depth for
‘surface’ seals and ‘lower’ sharks during both light level conditions. N,
NE, W, SE, and S refer to receiver location.

Relative context weights assigned as a function of surface seal group
size. These weights were modeled to have a ‘effect on detection’
component, and a ‘risk to an individual seal’ component, which were
multiplied together to give the final group size weight.

Relative context weights assigned as a function of deep seal group
size. Weights were modeled using the same method as for Fig. 2.A.VI.
However, the effect on detection curve was modeled to increase
sharply with group size, rather than level off (as for ‘surface’ seals), in
order to express the importance of stealth in the ‘deep’ swimming
tactic.

Relative context weights assigned as a function of seal size, used as a
surrogate for seal age. Size 1.5 seals were pups that were not large
enough to be size 2, and yet were observed moving in the water. These
were invariably attacked, and thus necessitated a high relative context
weight. Size 4 seals were mature bulls, too large for many of the
sharks around Seal Island to attack.

Sensitivity analysis of Fig. 2.13, conducted with no effect (relative
weights set to 1) of seal size s.

Sensitivity analysis of Fig. 2.13 conducted with no effect (relative
weights set to 1) of seal group size g.
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Fig. 2. A XI:

Fig. 2.A.XII:

Fig. 2. A XIII:

Sensitivity analysis of Fig. 2.13, conducted as the worst case context
of no effect, i.e. all weights, for every P matrix variable, set to 1.
Despite elimination of all P values, the observed pattern is similar to
that in Fig. 2.13, indicating that the data were prevalent in producing
the results presented.

Sensitivity analysis of Fig. 2.9, conducted with no effect (relative
weights set to 1) of visual conditions (t, d, D).

Sensitivity analysis of Fig. 2.9, conducted as the worst case context of
no effect, i.e. all weights, for every P matrix variable, set to 1. Despite
elimination of all P values, the observed trend is similar to that in Fig.
2.9, once again indicating that the data were of primary importance in
producing the results presented.
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2.10.7 Appendix Figures
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Fig. 2.A.IL:
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Fig. 2.A.I111:
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Fig. 2.A.IV:
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Fig.2.A.V:
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Fig. 2.A.VI:
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Fig. 2.A.VII:
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Fig. 2.A.VIII:
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Fig. 2.A.IX:
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Fig. 2.A.X:

0.07 -

0.8214

o~
14

(1] n < [ ] N ‘,I
o < o Q ] o
o o o o o o
AF-ANEV suoissiwsues]) Aysuaq yieys

15 20 25

Seal Availability Index

10

85



Fig. 2.A.XI:
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Fig. 2.A.XII:
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Fig. 2.AXIII:
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Chapter 3

Effects of provisioning ecotourism on the movement
patterns of white sharks, Carcharodon carcharias

&9



3.1 Abstract

Ecotourism operations which provide food to large predators have the potential to
negatively affect their target species, by conditioning them to associate humans with
food, or by generally altering their behavioural patterns. This latter effect could
potentially have detrimental consequences for the predator’s ecosystem, because any
behavioural changes could affect the species with which they interact. Here we present
the results of an experimental study examining the effects of provisioning ecotourism on
the behaviour of white sharks around a seal colony on a small island in South Africa.
Although ecotourism activity had an effect on the behaviour of some sharks, this was
relatively minor, and the majority of sharks showed little interest in the food rewards
being presented. It’s unlikely that conditioning would occur from the amount of
ecotourism activity tested, because even those identified sharks which supplied most of
the data presented here (and which may possess a stronger predisposition towards
conditioning, because their persistence around the boat is what allowed them to be
identified) showed a nearly ubiquitous trend of decreasing response with time. Further,
even those sharks which succeeded in frequently acquiring food rewards typically
stopped responding after several interactions. Consequently, moderate levels of
ecotourism probably have only a minor impact on the behaviour of white sharks, and are

therefore unlikely to create behavioural effects at the ecosystem level.
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3.2 Introduction

Nature-based tourism, or ecotourism, is a rapidly growing industry on a
worldwide scale (Wearing & Neill 1999). It allows humans to interact with a multitude of
species in different environments, and can offer benefits ranging from local economic
development, to the fostering of conservation-friendly attitudes in the general populace
(Miller 1993, Orams 1995, Mangel et al. 1996, Barkin 2003, Kiss 2004, Jones 2005,
Krueger 2005). However, ecotourism activity also has the potential to adversely affect a
target species, by creating a disturbance which significantly alters an animal’s behaviour.
One way this could happen is if the animals being observed perceive benign human
presence as a predation risk (Burger & Gochfeld 1998, Williams et al. 2002, McClung et
al. 2004, Nevin & Gilbert 2005). In this context, any risk averse behaviour adopted by the
animals would likely result in the reduction of other fitness accruing activities (i.e.,

foraging, resting, etc.; Gill & Sutherland 2000, Frid & Dill 2002).

However, other forms of ecotourism seek to deliberately alter the behaviour of
their target species, by using food incentives to bring animals to the tourists (Orams
2002). These operations often showcase elusive predators that would usually ignore or
avoid tourists altogether (Orams et al. 1996, Burgess 1998). Still, despite such invasive
practices, it’s unlikely that this type of provisioning ecotourism would affect an animal’s
fitness in the manner described above: tourist food can be obtained at little or no energy
cost, and the animals can depart if conditions become unfavourable. Thus, tourist
presence would not be perceived as a negative threat, but rather as a positive feeding

opportunity. Nonetheless, provisioning ecotourism could negatively affect a target
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species, for example by creating a dependency on tourist food, fostering aggression

towards humans, or through incidental disease or injury (Orams 2002).

Further, and perhaps most importantly, the predators sought out by these
operations are a component of an ecosystem, and surely interact with numerous species,
including their prey. Consequently, changing the predator’s behaviour brings with it the
possibility of altering the dynamics of these interactions (Orams 2002). The end result
could be a series of behaviourally mediated indirect interactions between the tourists, the
predators, and any other species; the positive and negative effects of which could
theoretically cascade throughout the ecosystem (Wootton 1993, Abrams et al. 1996,

Yodzis 2000, Dill et al. 2003).

Given its apparent potential for inducing behavioural changes, the need to
determine the direct impact of provisioning ecotourism on the behaviour of a target
species should be evident. To address these questions, we explored the potential effects
of a provisioning ecotourism operation on a large predator: South Africa’s white shark,

Carcharodon carcharias, ecotourism industry.

Shark ecotours operate at several locations along the South African coastline, all
based on specific Cape fur seal, Arctocephalus pusillus pusillus, colonies (Ferreira &
Ferreira 1996), a preferred prey item of the white shark. The waters surrounding these
colonies have large numbers of sharks during the Southern Hemisphere’s winter (May-
September), a time at which sharks are in full hunting mode (Martin et al. 2005).
Evidence from numerous sites around the world suggest that this involves swimming at
depth and inspecting the water above for seal-shaped silhouettes (Klimley 1994,

Anderson et al. 1996, Strong 1996, Kock 2002; unpublished data from Seal Island). This
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strategy would allow the sharks to easily spot any seals above them, while remaining
cryptic themselves. The end result is an ambush attack, limiting the shark’s energy

expenditure and risk of injury, while maximizing success rate (Martin et al. 2005).

Unfortunately, the basic goals of the ecotourism industry are in complete conflict
with this strategy. These goals are simple: to attract as many sharks as possible to the
surface, and to keep them around the tour boat for as long as possible. If successful, the
sharks could spend far less time hunting, and at the very least would forfeit the tactical
advantage they gain by remaining low in the water column and not remaining in one
clearly defined area. Thus, the potential exists for the white shark tourism industry to not
only alter the sharks’ behaviour, but for this result to reduce the predatory pressure they
exert on the seals: a possible step towards tourism effect cascading throughout the entire
ecosystem. The key to determining whether this is occurring is to first establish if white

shark ecotourism boats are altering the behaviour of their target species.

3.3 Materials and methods

3.3.1 Study site

The research was conducted around Seal Island, a small island located in False
Bay, in the Western Cape region of South Africa (Fig. 3.1). The island is populated year-
round by anywhere between 36 000 and 77 000 Cape fur seals (unpublished data from
South African Marine and Coastal Management), and is the only seal breeding colony
within the bay (Butterworth et al. 1987, Shaughnessy 1987). The waters surrounding the
island also support large numbers of white sharks from May through September. The

South African government issues permits to three white shark ecotourism operators every
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year for the ‘high season’, allowing these individuals to approach close to natural

predatory events, as well as to attract sharks to their boats for tourists to view.

The typical ecotour excursion to Seal Island involves arriving at the island shortly
before sunrise and drifting for 2-3 hours to freely move to predation events. A seal-
shaped decoy is then usually towed around the island (an activity designed to elicit shark
predatory breaches) for approximately 30 minutes, and finally the boats anchor and
disperse organic attractant (chum: typically mashed sardine and fish oil, although
occasionally including minced tuna or shark liver; bait: fish chunks or shark heads) in the
water with the hopes of luring nearby sharks to the boat. Chumming will often continue
into the early afternoon, after which operators return to port. This standard of ecotourism
activity is adhered to on the majority of excursions, and was developed to exploit the fact
that most shark predatory behaviour at the island is observed during the hours around
sunrise (Martin et al. 2005). Still, operators did occasionally deviate from the model, for

example by chumming or towing the entire day.

3.3.2 Acoustic equipment

At various times during the field season (May-October, 2004), 17 white sharks
were tagged with Vemco Rcode acoustic transmitters, of which 7 were model V16, and
the remainder V16P (added pressure sensitivity for swimming depth measurement). In all
cases, sharks were enticed to our boat by means of various forms of attractant (fish oil,
sardine, shark liver, whale blubber; also a seal-shaped decoy cut from carpet), and coaxed
to stay with large chunks of fish bait. Sharks were lured close to the boat, at which point a

tag was attached subcutaneously by means of a small plastic barb and a metal spear.
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Data were collected from the acoustic transmitters using 6 Vemco model VR2
data logging receivers. These were deployed along the ocean floor at various locations
around Seal Island (Fig. 3.1), anchored to the bottom by means of a truck tire filled with

concrete.

3.33 Experimental activity

Chumming experiments were conducted from June-October 2004, during which
time we traveled to Seal Island whenever possible, for an average of 15 days per month.
When present at the island, our time was split between two distinct activities: (1)
dedicated watching for predatory activity and seal movement (Watching), which meant
that the boat was adrift and no attractant was placed in the water; and (2) chumming for

sharks (Chumming), where the boat was anchored and attractant was deployed.

Waters surrounding Seal Island were divided into 6 sectors (Fig. 3.1), and time of
day broken up into four 2.5 hour blocks between 0730 and 1730 (hours were occasionally
extended on either side). Our choice of either activity at the island was then randomly
assigned to a specific sector for each time block, using Microsoft Excel’s random number

function. In total, we were present for, and collected data during, 169 time blocks.

3.34 Visual records

Visual records were kept of observed shark activity around our boat. Individual
sharks were described using unique scarring or pigmentation patterns, to facilitate
identification. Unfortunately, markings on most sharks were not distinct enough to allow
for clear recognition over multiple days. However, some sharks were -easily
distinguishable, and were thus recorded as ‘identified sharks’ if re-sighted on any

subsequent days. All tagged sharks were individually identified.
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Shark presence at the boat was recorded on a minute by minute basis. The total
number of minutes during which a shark was recorded at our boat on a single day was
defined as its ‘contact time’. This measure was weighted by the total potential contact
time during a day (i.e., the total number of minutes during which attractant was in the
water), providing a ‘proportional contact time’ with which to measure shark response to

chum.

335 Analysis

The general hypothesis underpinning this study was that sharks would respond
favourably to the presence of chum. As a result, the expectation was that sharks would
spend more time within the vicinity of the boat (and the nearest VR2 receiver) when
chum was in the water, and correspondingly less time around other areas of the island
(i.e. the other 5 receivers). This expectation was tested by contrasting the differences in
receiver records between chumming and non-chumming conditions for the receivers
closest to the chum source (anchoring location around the island was randomly assigned),

as well as those that were successively further away.

However, despite implementation of the experimental protocols described above,
the realized ‘chumming’ environment around Seal Island often departed from ideal
experimental conditions. The presence of ecotourism boats sometimes meant that there
were several sources of attractant at once, occasionally on opposite sides of the island.
Further, the basic pattern of ecotourist activity was very predictable, which meant that the

application of experimental treatments (chumming bouts) was not randomized.

Consequently, data recorded during ecotourist chumming could not be reconciled

with the requirements of rigorous statistical analysis, making it necessary to exclude them
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from the final results. This dramatically decreased the overall data set, and imposed
several constraints on the analysis. Most importantly, we were forced to make the
assumption that sharks would only respond to chum, and not to the presence of the boats
themselves. This was mandated because the reduced data set was not large enough to
provide for two separate control states differing only in the presence or absence of boats.
Instead, those data recorded with and without boats were combined into one unified ‘no

chum’ control, making the assumption of no boat effect necessary.

The non-regimented nature of ecotourist presence also forced us to analyze the
data within a different time frame than the one established through experimental
protocols. Although our activity at Seal Island was based around four 2.5 hour blocks,
these delineations proved unworkable during the analysis because too many data were
lost to ecotourist activity (e.g., ecotourist chumming from 1200-1300 would have
invalidated all the data from 1000-1500). Thus, data were broken up into 1 hour
collection periods, usually making it possible to salvage data recorded before, and

occasionally even after ecotourism activity.

Two facets of shark behaviour were explored separately within the VR2 receiver
data: shark presence, and shark swimming depth. Both were examined by delineating
within the data a set of paired ‘chumming’ and ‘control’ (or non-chumming) one hour
periods. A pair of these periods thus consisted of the data collected by each receiver
during an hour of chumming, and the data collected by each receiver during the same
hour on a separate day when no chumming was taking place. Periods were selected to be
as similar as possible with regard to individual shark presence and acoustic conditions.

The following criteria were used to identify the periods:
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1. Paired periods could be no more than two days apart
2. Wind strength could differ by no more than 10 Kph

3. Swell height could differ by no more than one meter

The first hour-long experimental chumming period for a particular day (and its
corresponding control) was only defined one hour after chumming actually began,
providing for chum dispersal time. Successive hour-long periods were then identified up
until the point where chumming ceased, or until a disruptive event occurred, such as the
initiation of ecotourist chumming. In total, 54 separate one hour-long pairs of
experimental and control periods (108 total hours) were isolated over 20 different paired
days (40 total days). The hour preceding experimental chumming, along with the one
situated one hour after the cessation of chumming (to allow for any chum effects to
abate), were also considered whenever possible, and were defined as ‘pre-chumming’ and

‘post-chumming’ periods, respectively.

Before conducting any analyses, all records of shark presence were first weighted
by their respective receiver’s average receptive area, as well as by the shortest distance
from their receiver to the chum source (to control for varying anchoring locations; the
mean distance from the source to the closest receiver was 153 m, to the furthest 964 m).
Data were then summed for each receiver during each hour-long period, and these values
divided by the total records collected from all 6 receivers within the time period. This
transformed the data for each receiver into a proportion of total records for that period,
correcting for any differences in overall shark abundance between pairs of periods. These
proportional values were used to calculate the mean proportional presence per hour-long

period per day for each receiver. In so doing, the unit of measurement was shifted from a
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period to a day, a step which was required to address the obvious non-independence of

successive hours measured over one day.

Paired experimental and control days were contrasted as the difference between
the mean proportional presence/period/day for each receiver during both conditions (exp.
— con.). These results were then grouped to reflect receiver distance from the chum
source on each experimental day, i.e., the receiver nearest to our chumming position on
any given day was considered together with the closest receivers from other days,
regardless of where around Seal Island we set anchor, and similarly for successively
further receivers. Mean differences were found for each receiver distance group, and t-
tests used to ascertain whether mean differences between chumming and control
conditions varied with distance from a chum source, as well as to determine whether any
of the means were statistically distinguishable from zero. Analysis of shark depth was
conducted using the same methodology, but by substituting a measure of mean

swimming depth/period/day for each receiver in the place of proportional shark presence.

The same analysis was also conducted by first calculating the difference in
proportional shark presence data during experimental and control hour-long periods for
each separate shark at each receiver. However, for this analysis, periods were defined on
an individual basis for each animal, to prevent artificial constructs from influencing the
results. For each shark, the first hour-long period started at the point when the shark was
first recorded after chumming commenced (or the corresponding time on control days),
and the last period was defined as the last full hour before the end of experimental
conditions. Data were transformed into proportions by weighting the records for each

shark at a particular receiver during a time period by the total records for that shark
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collected from all receivers within the same period. These measures were used to
examine the records with regard to each individual shark’s reactions to chumming
conditions over time. However, this further limited the data set, because only sharks
which were recorded during both experimental and control conditions within each paired

data set could be utilized.

The first analysis undertaken was an examination of effect differences over the
course of successive hours in one day. To this end, all hour periods during which sharks
were recorded were considered separately. Means were calculated for each receiver using
the first hour exp. — con. differences of each individual shark on a given day (mean first
hour difference in proportional presence/receiver/day), and t-tests employed to test the
same statistical hypotheses as above. The subsequent hour-long period was also analyzed
in the same fashion to provide a comparison between successive hours, but there were

insufficient data to test the hypotheses beyond the second hour.

Individual shark differences were also used to test chum effects over repeated
days of exposure. For this, only records taken from the receivers nearest to the chum
source were considered, and periods were again defined on an individual basis. A
measure of mean difference in proportional presence/period/day was calculated for each
shark, on each successive day it was recorded. A 2-way ANCOVA was then employed to
test for independence of individual data points, by determining whether a statistically
significant interaction existed between sighting number and the measure of shark
presence for each individual shark. A simple linear regression was used on a scatter-plot

of the data to describe any prevailing patterns.
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Visual records were also used to analyze shark contact times. A two-sample
Kolmogorov-Smirnov test was employed to test the hypothesis of no difference between
the distribution of proportional contact times of tagged and untagged animals. Visual
records over repeated encounters were also analyzed in the same manner as the receiver
records, presenting the regression of a scatter-plot of proportional contact times as a
function of the number of times a shark had been sighted. A 2-way ANCOVA was also

employed to test for statistical independence of these data.

3.4 Results
34.1 Shark presence

No statistical differences between paired segments were observed in the receiver
records collected during the hour immediately preceding chumming (Fig. 3.2a; n=19),
nor during post-chumming (Fig. 3.2¢; n=9). However, a significant difference between
receiver distances was apparent when contrasting experimental and control conditions,
driven by a mean positive difference for the receiver nearest to the chum source (greater
shark presence while chumming; Fig. 3.2b; n=20, p=0.039). This would be the expected
result if chum were influencing shark spatial behaviour, but the associated error bars

suggest that any possible effects of chum may not be great.

This result is supported by visual records. The distribution of contact times for all
sharks observed at our boat indicates that the vast majority of sharks only passed by
briefly (Fig. 3.3a), and demonstrated very little response to the food incentive we were
offering. Tagged individuals (which supplied the data for Fig. 3.2), did demonstrate a

greater inclination towards remaining within sight of the boat than untagged sharks
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(Fig. 3.3b,c; Kolmogorov-Smirnov test, Z=3.884, p<0.001), but even these sharks most

frequently responded with a quick pass.

These results were obtained by summing the data (either receiver or visual
records) for all sharks. However, when the same analyses were conducted by first
measuring differences in proportional presence for individual animals, a more distinct
result emerged. During the first experimental hour that a shark was recorded, chum
appeared to have a significant effect on its behaviour (Fig. 3.4a; n=20, p=0.0016).
However, this effect was greatly diminished during the second hour (Fig. 3.4b; n=13),

although a small sample size and large variances render this result suspect.

The data were further explored to gauge the response of individual animals to
chum over repeated days of exposure. Unfortunately, this placed further constraints on
the data set, because only 9 sharks appeared in the period records on more than one day,
and of these only 5 appeared on more than two. Nonetheless, a scatter-plot of the mean
paired differences per day for each shark (only for the receivers closest to the chum
source) suggests a declining trend in shark response with repeated exposure (Fig. 3.5).
This trend was not statistically significant (p=0.1720), but is supported by the
establishment of a clear empty domain in the upper right portion of the graph. A test of
independence did not demonstrate a significant interaction between the number of days
recorded and the weighted signal measure of each individual shark (2-way ANCOVA

interaction term p=0.4864), providing confidence in the observed result.

Once again visual records support the receiver data. A regression run through a
similar scatter plot of proportional contact times for all successive sightings of identified

sharks demonstrates the same decreasing trend in response, this time with statistical
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significance (Fig. 3.6a; 16 re-sighted sharks, p=0.0029). Unfortunately, very few sharks
were sighted more than 5 times, raising the possibility that this pattern was driven by the
behaviour of only one or two animals. However, a plot of the data gathered from the 7
sharks that were sighted at least 5 times reveals the same significant trend (Fig. 3.6b,
p=0.0023), lending credence to the previous outcome. Unfortunately, a test of
independence revealed a significant interaction between the number of days a shark was
sighted and proportional contact time for all 16 sharks, suggesting non-independence of
the data (2-way ANCOVA interaction term p=0.0171). However, a closer inspection of
these data reveals that this interaction is primarily driven by the behaviour of one shark,
who displayed the proposed pattern substantially more than the other sharks (Shark 31;
see Appendix). When this shark is removed from consideration, the interaction is no
longer significant (2-way ANCOVA interaction term p=0.1649). Proportional contact

time plots for all sharks are presented in the Appendix.

Although the receiver and visual records display similar results, a contrast of the
two provides further support that shark response to chum is limited and decreases with
time. Overall, sharks were only observed at our boat while we were chumming on 36% of
the occasions that they were concurrently recorded around Seal Island, and the majority
of these appearances occurred early in the season. This pattern is illustrated by three of
the most frequently observed sharks (Fig. 3.7), who obtained more reward than any
others (no other shark obtained more than 1 bait). Despite this, all three responded to the
attractant only occasionally, and sharks 32 and 39 clearly stopped responding completely

with time.
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3.4.2 Shark swimming depth

Chumming appeared to have a slightly more obvious impact on shark swimming
depth. A significant difference in change of swimming depth was observed between the
receiver nearest to the chum source and the remaining 5 (Fig. 3.8; n=20, p=0.023),
stemming from a negative difference in swimming depth (more shallow) nearest to the
chum source and the boat, while none of the other mean differences were statistically
distinguishable from zero. This result likely reflects that sharks venture up to the surface
to investigate the chum source, while they maintain their normal swimming depth

patterns around the remainder of the island.

3.5 Discussion

Despite offering numerous positive benefits, nature-based tourism also has several
potential pitfalls, the most important of which is the possibility of altering the behaviour
of the target species. This problem is of particular importance when considering
ecotourism operations which provide food to the animals, because their success
guarantees at least some deviation away from natural behaviour in the absence of human
activity. This study sought to examine the effect of such provisioning practices by the

South African white shark ecotourism industry on the behaviour of their target species.

3.5.1 Direct impact on sharks

Sharks are probably present at Seal Island for the sole purpose of hunting seals.
Consequently, if chumming had a direct impact on the sharks, this would likely be most
evident through a change in some element of their feeding behaviour. Data collected over
the field season suggest that no decrease in predation rate occurred during chumming

periods, although the non-systematic methodology used to collect these data renders the
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result highly suspect, and prevented its inclusion in this paper. Nonetheless, an unaffected
predation rate does not necessarily preclude the possibility of direct impacts on the

sharks’ feeding activities.

For one, ecotourists could be conditioning sharks to associate tour boats with food
rewards. Such effects could theoretically occur without a drop in predation rate, assuming
the sharks never substituted ecotourism fare for live kills, but rather only supplemented
their intake. Alternatively, the effects of conditioning in this system might only be
manifested over a period longer than the course of this study. However, even in this
event, the expectation would be that the overall behavioural patterns prevalent in the data

would point towards the potential for conditioning to occur.

This clearly did not appear to be the case. The expected result from a conditioning
effect would be an escalation in response or contact time with increased exposure, one
which would be especially prevalent in those animals that consistently received more
reward. Instead, we observed a nearly ubiquitous trend of decreasing response with time,
and those animals that obtained more reward showed no greater inclination for femaining
near the boat (Fig. 3.7). It should be noted that the contrasts of visual and receiver records
don’t necessarily rule out the possibility that sharks were present at other tour boats on
days when not observed at ours. However, several identified sharks (including those
depicted in Fig. 3.7) were easy enough to recognize that it was possible to confirm their

presence/absence with observers on the tour boats (N. Hammerschlag, pers. comm.).

These results emerged despite the fact that our data may represent a sample of
sharks that actually have a greater predisposition towards conditioning. Over the course

of the field season, it became clear that certain sharks consistently have different
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temperaments than others, for example by displaying decreased wariness around boats or
increased aggression towards the bait. These sharks were generally ones that displayed a
greater affinity for ecotourism offerings, and were more likely to obtain reward. They
also were the ones that placed themselves in situations which allowed them to be
identified or tagged. Consequently, our results likely overestimate the potential for

chumming to lead to conditioning in white sharks.

Unfortunately, conditioning is not the only way that chumming can directly affect
the sharks. Extra provisioning could potentially alter residency times at the island, in
either a positive or negative direction. It could also theoretically affect shark population
structure around the island, if dominant and subordinate individuals react to the chum in
different ways. However, despite the fact that it would seem reasonable to surmise that
the patterns observed in our data would not translate into changes in shark residency
times at the island, nor could the impacts of sparse provisioning have substantial effects
on population structure, the short-term nature of the study makes it impossible to draw

any inferences regarding these topics.

3.5.2 Indirect effects on other species

The species most closely associated with white sharks at Seal Island are their
specific prey in this area, the Cape fur seals. Consequently, any changes in shark
behaviour elicited by ecotourism would likely have the greatest impact on the seals.
However, behavioural data recorded for these animals during this study suggested no
change in seal activity as a result of ecotourism presence (Laroche et al. submitted),
despite the significant change in shark swimming depth during chumming (Fig. 3.8),

which could theoretically have led to a reduction in shark predatory pressure (Strong
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1996, Chapter 2). The most likely explanation for this, and our estimation that predation
rates were unaffected by chumming, is the general disinterest in the chum source which
most sharks displayed (Fig. 3.3). During most daylight hours over the ‘high season’, there
are between 10 and 20 white sharks circling the waters around Seal Island (unpublished
data), and although several of them may have a greater inclination towards remaining
near the surface of the water and within proximity of the boat, the majority pay very little
attention, thus maintaining predatory pressure at near constant levels. The result is that
the mild effect of ecotourism, displayed in only a small subset of the shark population,

likely has little effect on the remainder of the ecosystem.

353 No boat effect assumption

Many of the results presented in this paper rest on the assumption that white
sharks respond only to the attractant which is dispensed, and not to the presence of the
boats themselves. Were the latter effect to have occurred, the receiver results would be
obscured by the fact that a portion of the control data actually reflected experimental
conditions. However, several lines of evidence are consistent with the assumption, and

the interpretation of the receiver data based on it.

The first of these comes from the visual records. If sharks were responding in a
similar manner to boat presence itself, they would have been sighted during non-
chumming conditions. Instead, although sharks did occasionally approach the boat
unsolicited, these occurrences were rare, and were always extremely brief (unless some

form of bait or decoy was deployed to catch their interest).

Further evidence in favour of the assumption comes from the manner in which

sharks typically approached the boat. Over 85% of the initial sightings were of sharks
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approaching from directly below, and, of these initial approaches, the majority were
made towards the seal-shaped decoy (unpublished data). This suggests that sharks were
initially responding to the visual cues provided by the floating objects, in accord with
their hypothesized hunting strategy (Klimley 1994), rather than responding to the
olfactory cues offered by the chum. This result is significant because it provides
additional evidence against conditioning, which would have needed to occur for sharks to
respond to boats without chum, because this response would not have developed on its
own. The visual records of contact time also contradict the notion of conditioning, and
these would not have been impacted by the assumption. Thus, our assumption of no boat

effect is probably sound, and the receiver results interpreted appropriately.

354 Experimental power

Seal Island is only one of three locations along the South African coast which
support ecotourism operations. However, it is unique in the amount of overt predatory
activity which occurs in its waters, because visible interactions occur roughly two orders
of magnitude more frequently at Seal Island than anywhere else in South Africa
(unpublished data). Consequently, the possibility does exist that white sharks behave
differently at Seal Island than anywhere else, and are less prone to respond to ecotourism

offerings.

Another potential pitfall with our results is that they are limited to the impact of a
sole ecotourism operation, given that the data presented here were collected when we
were the only boat chumming. However, three operators are granted permits to attract
sharks at Seal Island, while another location on the South African coast supports eight

operations (Dyer Island, Gansbaai; Johnson et al. in prep.). This raises the possibility that
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the amount of chum used in our study simply was not strong enough to elicit the changes

in shark behaviour that can occur through current ecotourism activities.

Consequently, the results of this study must be viewed cautiously, and apply
predominantly in the context of low ecotourism activity at Seal Island. However,
emerging data from the other ecotourism locations resemble the results presented here
(Johnson et al. in prep), suggesting that moderate levels of ecotourism activity may not
have a significant impact on white shark behaviour. Regardless, this study has provided
evidence that, although white sharks do respond to attractant (if they did not, ecotourism
operations would not be viable), they are equally able to ignore the stimulus, and are thus
not mindless eating machines as they have so often been portrayed. This result also
brings into question whether other ecotourism operations, invasive or otherwise, have
significant impacts on their target species. Our expectation was that tour boats would
substantially affect shark behaviour, because this was their ultimate goal, and yet this did
not appear to be the result. Further research is required, with this species and with others,
to determine whether ours was an isolated result, or whether moderate levels of

ecotourism are ubiquitously benign.
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3.7 Figure legends

Fig. 3.1:

Fig. 3.2:

Fig. 3.3:

Fig. 3.4:

Seal Island, False Bay, South Africa. Indicated on the map are the locations
of the six VR2 receivers, as well as the average receptive area of each. Waters
around the island were divided into six sectors, from which the location of a
given activity was randomly selected.

Means of the differences between proportional shark presence during paired
experimental and control days for the pre- (panel a) and post-chumming
(panel c) hours, as well as during experimental chumming conditions (panel
b). Records from each paired hour-long period for each receiver were
transformed into proportions of the total records for that period by dividing by
the sum of all weighted records collected by the 6 receivers during that period.
For the pre- and post-chumming periods, these proportions were immediately
contrasted as experimental — control for each receiver. For chumming
conditions, however, the means of the proportions from all periods were
calculated for each day, providing a measurement of mean proportional
presence per hour-long period per day for every receiver. These were then
categorized for each set of paired conditions based on proximity of the
receiver to the source of attractant, and grouped together using these
categories (represented on the X axes; closest at the origin). Y axes in panels a
and c represent the mean difference in proportional shark presence for the
hour-long pre- or post-chumming periods, respectively; Y axis in panel b
displays the mean difference in the mean proportional presence per hour on
any day. Error bars are 95% confidence intervals. Attractant was not
dispensed during either pre- or post- periods, and thus the expectation would
be of no difference between experimental and control conditions, which is
what was observed. However, an effect of chum on shark movement was
detected, indicated by a positive mean difference closer to the chum source.
However, the error bars suggest that this effect is likely not substantial.

Distribution of visual shark contact times at the boat, weighted by the total
amount of time spent chumming on a given day, to give a measure of
proportional contact time. Distinction was made between all sharks sighted
(panel a), untagged animals (panel b), and only those sharks tagged with
acoustic transmitters (panel c). The vast majority of sightings were very brief,
although identified sharks, particularly tagged ones, did spend a higher
proportion of time within visual range of the boat.

Mean effect differences over single chumming bouts. Results were calculated
by first contrasting paired experimental and control hour-long periods for each
shark, rather than by combining data for all sharks as in Fig. 3.2. These
individual differences were then categorized and grouped as in Fig. 3.2. Error
bars are 95% confidence intervals. The first (panel a) and second (panel b)
hours during which a shark was recorded were considered separately from any
subsequent hours, from which there were insufficient data to test the
hypotheses (see text). The effect of chum on shark movement was more
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Fig. 3.5:

Fig. 3.6:

Fig. 3.7:

Fig. 3.8:

clearly defined and statistically significant during the first hour. This effect
was greatly diminished during the second hour, although a small sample size
and large variances created substantial errors for these data, preventing the
inclusion of confidence intervals in panel b.

Mean effect differences for individual sharks measured over each successive
day the shark was recorded. Y axis represents the difference in proportional
shark presence per hour-long period recorded for each individual at the
receiver nearest to the chum source; X axis represents the days a particular
individual was recorded. A non-statistically-significant decreasing trend was
observed in shark response with repeated exposure (supported by the empty
domain in the upper right portion of the graph), although few sharks appeared
in paired records more than 3 times.

Proportional contact times (as per Fig. 3.3) as a function of the number of
times a shark was re-sighted for all 16 re-sighted individuals (panel a), and for
the 7 sharks which were sighted at least 5 times (panel b). Both plots reflect a
decreasing trend in shark presence at the boat with repeated sightings, but a
test of independence revealed non-independence for the data plotted in panel
a. However, this likely resulted from the exceptionally dramatic decrease in
response of a single shark, and is not considered to be biologically significant.
The plots of response over time for each individual shark are included in the
Appendix.

The number of days that the 3 most observed and most well provisioned
sharks were recorded visually during chumming conditions, along with the
number of days that they were recorded by the VR2 receivers while we were
chumming. These data include periods where ecotourism boats were
chumming as well, but information from observers on the boats suggests that
ecotourism response would be similar to that presented here. The last visual
observation of shark 32 was extremely brief and uncertain, as the shark only
swam past the boat at approximately 8m depth. Identification thus needed to
be confirmed with receiver records.

Means of the differences between paired experimental and control days for
shark swimming depth. Results were calculated in the same way as for Fig.
3.2, except to substitute recorded values of shark swimming depth in the place
of measures of proportional shark presence. X axis therefore displays the same
categories as Fig. 3.2, and the Y axis represents the difference in depth (m).
Error bars are 95% confidence intervals. Sharks nearest to the chum source
demonstrated a significant negative change in swimming depth (their average
swimming depth was more shallow), while sharks recorded around the
remainder of the island showed no change.
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3.8 Figures

Fig. 3.1:
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Fig. 3.2:
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Fig. 3.3:
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Fig. 3.4:
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Fig. 3.5:
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Fig. 3.6:
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Fig. 3.7:
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Fig. 3.8:
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3.9 Appendix

Fig. 3.A.I: Plots of proportional contact times against number of days sighted for all 16

re-sighted identified sharks. Only sharks 38 and D demonstrated a positive
response to chum, while the increase in slope for shark 521 is mitigated by a
single point. A 2-way ANCOVA test of independence resulted in a
statistically significant interaction term between contact time and sighting
number for all 16 sharks (p=0.0171). However, shark 31 demonstrated an
extremely sharp decrease in response. When this animal was removed from
the analysis, a test of independence suggested no statistically significant

interaction between the terms (p=0.1649).
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Chapter 4

General Discussion

There are many ways that humans can affect natural systems, both by having
direct impacts upon certain species, and also through indirect interactions with other
species not directly affected by human activity. This thesis sought to examine whether a
reportedly conservation-friendly ecotourism industry, South Africa’s white shark viewing
industry, could be creating such direct and indirect effects, with potential repercussions
for the local ecosystem. The first step towards answering this question, however, was to
develop a clear understanding of the natural interactions between sharks and their

primary prey in the areas where ecotourism is prevalent, the Cape fur seals.

Data collected for Chapter 2 suggested that both the sharks and adult seals have
evolved strategies for moving around Seal Island (the small island seal colony where the
research was conducted) whose tactics have the best chance of maximizing payoffs, i.e.,
for seals staying alive, and for sharks obtaining a meal. For adult seals, this meant
moving predominantly at night and during periods of low shark abundance, as well as
departing in large, obvious groups at the surface of the water, but returning in small,
inconspicuous groups and swimming along the ocean floor. For sharks, the best

opportunities for killing seals presented themselves in the early morning if they were
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swimming in the middle of the water column, which allowed them to exploit the visual
advantage gained from low light levels at sunrise (providing sufficient backlighting for
viewing surface silhouettes from below, but insufficient light penetrance into the water to

allow surface seals to spot sharks below them).

Seal pups, however, did not appear to employ tactics to minimize the risk
associated with a movement decision; they were often recorded moving by themselves at
the surface of the water in the hours around sunrise, which would almost certainly be the
riskiest possible context. As a result, most predatory events were recorded around
sunrise, and the vast majority of these were on seal pups. This seemingly sub-optimal
behaviour could be explained if seals were trading-off predation risk against some other
developmentally important factor which yielded benefits which outweighed the cost of

potential predation.

Regardless of why they do it, pup behaviour appears key to the dynamics of
shark-seal interactions around Seal Island. By placing themselves in high risk situations,
pups prevent adults from having to do the same, and shark tactics do not need to evolve
to compensate for the adult’s risk-averse (night swimming) strategy because the sharks
can easily feed on pups. The result appears to be an intra-specific behaviourally mediated
indirect interaction (BMII), whereby adult tactics are indirectly influenced by those of the
pups, mediated by shark response to pup availability. This result is important, because it
suggests that adult seals might not necessarily exploit any daytime reduction in predation
risk associated with ecotourism activity, unless moving during the day conferred some

extra benefit that wasn’t available to those seals that moved at night. It also implies that
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pup seals probably wouldn’t take advantage of any potential reduction in risk either,

because their current behaviour doesn’t appear to account for risk levels.

Nonetheless, Chapter 3 explored the potential effects of ecotourism activity on the
movement patterns of sharks around Seal Island, as a first step towards uncovering any
potential BMII between tourists and seals. The results indicated, however, that effects on
shark movement were relatively minimal, and that most sharks failed to respond to
ecotourist offerings to any significant degree. Consequently, it seems unlikely that
ecotourism activity, to the extent practiced at Seal Island, could have indirect effects on
seal fitness, because the predation risk imposed on them by sharks did not fluctuate to a

significant extent with ecotourist presence.

The effects of provisioning ecotourism can’t solely be gauged based on
population means, however. For organisms like white sharks, that are potentially
dangerous to humans, effects must also be examined on an individual basis, for
conditioning even one shark to expect food from boats could have extremely serious
consequences. Fortunately, my results suggested that conditioning did not occur in any of
the sharks observed; even those sharks which demonstrated the greatest inclination for
responding to attractant and bait, and which correspondingly obtained more reward than
others, showed a decreasing trend in response with time, the exact opposite of the

expected result if conditioning were occurring.

4.1 Future studies

The most intriguing question to arise from this study revolves around pup

behaviour. The results presented in Chapter 2 would suggest that pups behave sub-
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optimally, by employing movement tactics which place them at high levels of risk.
Although simplistic explanations for this behaviour could contend that pups are naive or
physiologically incapable of adopting more risk averse tactics (like diving for extended
periods while returning), these don’t explain why pups haven’t evolved to be more
capable or to swim exclusively at night. One hypothesis for this behaviour could be that
pups trade-off predation risk against some other developmentally important factor.
However, further research will be required to ascertain whether this is true, and if so to

determine exactly what it is that’s worth more than the high cost of predation risk.

The most important avenue for future research, however, remains the exploration
of the effects of ecotourism, primarily on shark movements. Although this study
demonstrated relatively conclusively that conditioning wasn’t occurring, only instances
of low ecotourism activity (i.e., one source of attractant) were considered. However, three
locations in South Africa currently support ecotourism operations, and entrepreneurs in
other areas of the world appear to be following the South African model for success. In
some of these areas, ecotourism levels are similar to those tested at Seal Island; in others,
the amount of activity is much higher (Dyer Island, off a town called Gansbaai approx.
200 Km from False Bay, supports 8 operations; Johnson et al. in prep.). Thus, it is
possible that the quantity of attractant used in this study wasn’t sufficient to create a
conditioning response in sharks, but that this could still be a concern in locations with

more tour boats.

Furthermore, white shark behaviour around Seal Island appears to be unique.
Overt predatory interactions between sharks and seals, including shark vertical breaches

out of the water, are recorded substantially more often at Seal Island than anywhere else
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in the world (Martin et al. 2005, Kock et al. in prep.). Reasons for this behavioural
difference remain unclear. Regardless, although most white shark ecotourism operations
in the world are based on pinniped colonies, or at the very least situated near them
(Burgess 1998), it is possible that sharks present at Seal Island may be more focused on
hunting seals than are sharks in other parts of the world, and could thus be less prone to
the conditioning effects of ecotourism activity. Given the potentially dangerous
consequences of conditioning white sharks to expect food from boats, it behooves
government regulatory agencies to ensure that the activities of any white shark
ecotourism operations are not having an effect on these animals first and foremost, but
also to explore whether effects on the target species are having an indirect impact on the

remainder of the biological system of which they are a part.
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