& =

% Deakin University’s Research Repository %

~4. o o . o !
2 = = s ©

This is the published version:

Huveneers, Charlie, Holman, Dirk, Robbins, Rachel, Fox, Andrew, Endler, John A. and Taylor, Alex
H. 2015, White sharks exploit the sun during predatory approaches, American naturalist, vol. 185,
no. 4, pp. 562-570.

Available from Deakin Research Online:

http://hdlL.handle.net/10536/DR0O/DU:30075365

Reproduced with the kind permission of the copyright owner.

Copyright : 2015, University of Chicago Press

o =
N o

-

" % .dro.deakin.edu.au

L] L



& | CHICAGO JOURNALS

American
Society of
Naturalists

The University of Chicago

White Sharks Exploit the Sun during Predatory Approaches

Author (s): Charlie Huveneers, Dirk Holman, Rachel Robbins, Andrew Fox, John A. Endler,
Alex H. Taylor

Source: The American Naturalist, Vol. 185, No. 4 (April 2015), pp. 562-570

Published by: The University of Chicago Press for The American Society of Naturalists

S able URL: http://www.jstor.org/stable/10.1086/680010

Accessed: 06/ 11/ 2015 00:02

Your use of the JISTOR archive indicates your acceptance of the Terms & Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp

JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of
content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms
of scholarship. For more information about JSSTOR, please contact support@jstor.org.

The University of Chicago Press, The American Society of Naturalists, The University of Chicago are
collaborating with JSTOR to digitize, preserve and extend access to The American Naturalist.

http://www.jstor.org

This content downloaded from 23.235.32.0 on Fri, 6 Nov 2015 00:02:34 AM
All use subject to JSTOR Terms and Conditions




vol. 185, no. 4 the american naturalist april 2015

Natural History Note

White Sharks Exploit the Sun during Predatory Approaches

Charlie Huveneers,*?>* Dirk Holman,* Rachel Robbins,® Andrew Fox,® John A. Endler,*

and Alex H. Taylor®

1. School of Biological Sciences, Flinders University, Adelaide, South Australia 5042, Australia;

2. Threatened, Endangered, and Protected

Species Subprogram, Aquatic Sciences, South Australian Research and Development Institute, Adelaide, South Australia 5024, Australia;
3. Fox Shark Research Foundation, Adelaide, South Australia 5070, Australia; 4. School of Life and Environmental Sciences, Deakin

University, Waurn Ponds, Victoria 3216, Australia;
New Zealand

5. School of Psychology, University of Auckland, Private Bag 92019, Auckland,

Submitted May 25, 2014; Accepted October 14, 2014; Electronically published February 13, 2015

Online enhancements: appendix, video, zip file.

abstract: There is no conclusive evidence of any nonhuman an-
imal using the sun as part of its predation strategy. Here, we show
that the world’s largest predatory fish— the white shark (Carcharo-
don carcharias)— exploits the sun when approaching baits by posi-
tioning the sun directly behind them. On sunny days, sharks reversed
their direction of approach along an east-west axis from morning to
afternoon but had uniformly distributed approach directions during
overcast conditions. These results show that white sharks have suffi-
cient behavioral flexibility to exploit fluctuating environmental fea-
tures when predating. This sun-tracking predation strategy has a
number of potential functional roles, including improvement of prey
detection, avoidance of retinal overstimulation, and predator con-
cealment.

Keywords: Carcharodon carcharias, behavioral flexibility, conceal-
ment, hiding strategy, predation strategy, prey detection.

Introduction

Predation is one of the key forces driving animal evolu-
tion, with predator-prey interactions being fundamental to
the survivorship of both participants (Darwin 1871; Daw-
kins and Krebs 1979; Endler 1991). Although most studies
have historically treated predators as abstract sources of
risk to which prey respond, the fundamental role of pred-
ators and their malleable behavioral response in predator-
prey dynamics has only been recognized recently (Lima
2002). Nevertheless, the behavior and movements of pred-
ators affects antipredator responses and the scale at which
they occur and should be accounted for when investigat-
ing predator-prey relationships (Lima 2002; Heithaus and
Vaudo 2012).

Many species of sharks are considered apex predators
within the ecosystem in which they live and fill a diverse
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range of predatory niches in marine and some freshwater
ecosystems (Cortés 1999; Heithauset al. 2010). The predator-
prey relationship between sharks and lower trophic levels
has previously been used as a successful model to predict
ecological consequences of marine predator declines (Heit-
haus et al. 2008) and to develop a predictive framework
for predatory risk effects (Heithaus et al. 2009). Sharks are
therefore a useful model species to investigate predation
strategies during predator-prey interactions. Here, we ex-
amine a strategy used by the white shark (Carcharodon
carcharias) to facilitate food capture. This species has com-
plex movement and foraging behaviors that vary between
prey types and habitat (Bruce et al. 2006; Sims et al. 2012).
Most previous studies on the predatory behavior of white
sharks have focused on interactions with pinnipeds (Klim-
ley et al. 1996; Martin et al. 2005), environmental factors
influencing predation frequencies (Klimley et al. 1992; An-
derson et al. 1996; Pyle et al. 1996; Hammerschlag et al.
2006), and how pinniped-shark interactions affect the rel-
ative spatiotemporal distribution of white sharks (Klimley
et al. 2001; Laroche et al. 2008; Domeier et al. 2012; Fal-
lows et al. 2012; Kock et al. 2013). Comparatively little is
known about the predation or approach strategy of white
sharks because of the logistic difficulties and relatively
rare opportunity to observe natural predatory events. A
conceptual model based on optics and physical laws re-
cently suggested that white sharks ambush from depth and
around dawn and dusk to take advantage of backlighting
and scotopic conditions and to hide from their prey (Mar-
tin and Hammerschlag 2012). However, there currently
are limited empirical and no experimental studies that have
examined in detail the predation strategies or approach
behavior of white sharks.

Here, we examined whether white sharks direct their
approach to baits in relation to a key environmental var-
iable— the sun— and suggest the functional role of this ap-
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proach strategy. To enable us to obtain larger sample sizes
than accidental observations of natural predation events,
the approach behavior of white sharks toward bait was used
as a proxy to test the hypothesis that white sharks can ex-
ploit the sun when approaching an object of interest.

Methods

We investigated the approach behavior of white sharks to
tuna bait during 30 days between July and November 2011
at the North and South Neptune Island Groups (357149 'S,
1367049 'E), South Australia, near the approach to Spencer
Gulf, about 30 km from the Australian mainland. We sam-
pled during both clear and overcast days. Overcast days
eliminate any directional or glare effects from the sun.
White sharks were attracted to the vessel using an odor
plume (berley), which was established by continuously dis-
bursing a mix of unrefined fish oil and minced southern
bluefin tuna (Thunnus maccoyii) flesh and blood into the
water at the stern of an anchored vessel. Sections of south-
ern bluefin tuna (~6 kg) were used as bait and attached to
a float secured by a 15-m line. Tuna forms part of the
white shark’s natural diet (Cliff et al. 1989) and so was
selected to elicit a feeding motivation similar to that for
natural prey. The tuna section was retracted as soon as a
shark attempted to bite the bait, making it difficult for the
shark to gain the bait, and it created, from the shark’s
perspective, a situation analogous to a failed attack on a
fleeing prey. This was reflected by the observed speed of
approach, which was faster than when sharks approach
carrion (Dudley et al. 2000; Dicken 2008; C. Huveneers,
personal observation). Although the behavior observed
does not necessarily represent that of a hunting white
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shark, it allows experimental investigation of the behavior
of unrestrained wild sharks. The bait was allowed to drift
from the stern of the vessel to attract white sharks. Only
one line with one bait was used per approach. The bait and
line were deployed from about 0700 to 1800 hours, with
the bait being refreshed approximately every 2 h. For each
approach, the following parameters were recorded: shark
sex, size, and identification marks; direction of approach;
type of approach; and the sun direction (table 1).

We used only initial predatory approaches to the bait to
investigate approach direction in relation to the sun. Ac-
cording to optimal foraging theory, sharks would be more
likely to employ a strategy that optimizes chances of suc-
cess during predatory approaches than during an investi-
gatory approach (Dill 1983; Helfman and Winkleman 1991;
for definitions of each type of approach, see table 1). Ad-
ditionally, secondary or subsequent approaches— where the
shark made repeated attempts at the bait in a single inter-
action— were more likely a response of the shark position
in relation to the bait following the first approach rather
than an indication of any approach strategy.

During each predatory interaction, we measured the di-
rection of both the sun (if present) and the sharks’ ap-
proach to the bait relative to the boat and then adjusted
for the boat orientation. Approaches under overcast con-
ditions— when sun glare was not present— were analyzed
separately to examine whether environmental factors other
than sun direction were responsible for our results. We
categorized all approaches and sun directions into twelve
307segments. Recording exact approach direction or using
bins smaller than 307segments would have implied a higher
level of precision than achievable in this study. As sharks
swam toward the bait, the directionality of approach could

Table 1: Descriptions of the parameters recorded for each shark approach

Sex of sharks was recorded on the basis of the presence or absence of claspers and could be determined

Parameter recorded Description
Shark sex

from the surface or underwater while diving.
Shark size

Experienced observers on the boat estimated shark length by comparing shark lengths to known dimen-

sions, such as vessel or diving cage width.

Shark identification

Shark identity was recorded for each individual shark, using natural markings and coloration (Domeier and

Nasby-Lucas 2007). Three physical features were used for identification: trailing edge of the first dorsal
fin (Anderson et al. 2011; Chapple et al. 2011), pigmentation of the lower caudal fin (Domeier and
Nasby-Lucas 2007), and external markings or scars (e.g., fin damage, major scars, mutilations).

Direction of approach

The direction from which the sharks approached the bait. Quantified using 307segments in relation to the

boat, where 07is positioned directly in front of the transom deck (from which baits were deployed) and
1807is directly behind (i.e., the bow of the vessel).

Type of approach

Classified as either predatory or investigative. Predatory approaches were defined as the shark actively

pursuing the bait; attempting to take the bait by snapping, lunging, or partially breaching; following the
bait as it was retracted; or changing its swimming course direction toward the exact location of the bait.
Investigative approaches were defined as approaches where the shark swam past, under, or around the
bait without changing course toward the bait location or pursuing the bait.

Direction of the sun

Quantified similarly to direction of approach by using 307 segments in relation to the boat.
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564 The American Naturalist

slightly change, such that the body angle measured when
sharks were 5 m from the bait was not exactly the same as
when sharks were 1 m from the bait. For each approach, the
307segment was recorded on the basis of the average body
angle of the shark from when sharks where first sighted
(up to a maximum of 5 m from the bait) until it attempted
to consume the bait. We tested whether sharks were ap-
proaching from the same direction as the sun (i.e., with the
sun behind them) more often than would be expected by
chance, using the modified Rayleigh test for circular distri-
bution, also known as the V test (Rayleigh 1919; Greenwood
and Durand 1955).

We examined shark approach direction in the morning
(0700—1000 hours) and in the afternoon (1500—1800 hours)
with respect to compass direction. V tests were used to test
whether sharks were more likely to approach from the east
in the morning and from the west in the afternoon com-
pared with a uniform distribution. For this analysis, sharks
were considered to approach from the same direction as the
sun if they were approaching from 307907in the morning
or 2707-3307in the afternoon (07p north). The 607angle
allowed for the progression of the sun within the 3-h ob-
servation period (Johnsen 2012).

We conducted within-subject analyses of the predatory
behavior of sharks to test whether the results across mul-
tiple sharks were also observed at an individual level. The
use of within-subject binomial tests is a standard way of
examining the behavioral strategies of individual humans
and animals in the field of comparative cognition, despite
the issue of independence (e.g., Tomasello et al. 1997; Ka-
minski et al. 2004; Silva et al. 2005; Seed et al. 2009; Taylor
et al. 2009). For this analysis, we selected sharks (n p 7)
that interacted regularly with the bait, with regular inter-
action defined as a minimum of five predatory approaches
per day for 2 days, with approaches occurring over a time
period of at least 2 h. We used this strict definition because
sun direction could have covaried with odor trails created
by wind or tide direction for short periods on certain days.
By examining only the sharks that approached the bait
over a minimum of 2 h on two different days, we reduced
the possibility that our results could be due to such co-
variation, because wind or tide direction were unlikely to
constantly change in the same way as the sun throughout
the study period. Although wind direction can predictably
change throughout the day, as air temperature increases
over land masses producing onshore winds, the study site
was 30 km from the closest sizable land mass and was not
affected by onshore winds. To ensure that our results were
not solely due to the behavior of these persistent sharks,
we also performed a V test excluding them.

The potential influence of environmental variables on
white shark approach direction was tested using a gener-
alized linear mixed model (GLMM). The error structure

of GLMM corrects for nonindependence of sampling
units due to repeated measures of the same individual and
shared temporal structure. Our GLMM had sun direction,
wind direction and strength, swell height, and water depth
as fixed factors and individual sharks as a random effect.
Before applying the model, collinearity between variables
was tested using a stepwise function to iteratively remove
collinear variables by calculating the variance inflation fac-
tor of variables against each other. Variables with a vari-
ance inflation factor 15 were not included in the GLMM.
Modeling was undertaken using the gimmPQL function
of the MASS R package. The most appropriate statistical
family and error distribution (gamma distribution with in-
verse link) and the validity of the model were determined
through an examination of the distribution of the response
variable, a visual inspection of the residuals for the satu-
rated models, and an ANOVA test between the fitted and
residual values of the model.

The uniformity of approach direction across the twelve
307 segments was also tested during overcast days to de-
termine whether directionality of approaches still occurred
when light was diffused by clouds by using the Rayleigh test
for uniformity, and this was compared with approach di-
rection during sunny days through the Watson-Williams
two-sample test (Mardia and Jupp 2000). The influence of
other behavioral drivers (e.g., boat direction, wind, surface
berley) was assessed by testing directionality of approaches
in relation to boat and wind directions against a uniform
approach direction using the V test.

In addition, circular variance (S? Zar 2010) of approach
direction was compared between sunny and overcast days.
Circular variance was calculated for each shark that inter-
acted regularly with the bait to measure the dispersion of
the data and assess whether approaches originated from the
exact direction of the sun (small variance) or across the 1807
segment with the sun behind the sharks (large variance).

The measure of success rate also enabled us to assess
whether the sun-hiding strategy resulted in higher proba-
bilities of successful predation. The success rate of each ap-
proach was recorded in this study, but differences in the
experience of the various bait handlers used in the study
and the lack of complete recording of who the bait han-
dler was on each approach prevented any analysis from
being meaningful. Some handlers were highly experienced
at preventing the sharks from gaining the bait, others were
not. Thus, the chance of sharks gaining the bait fluctuated
inconsistently over time. The bait was, however, presented
the same way by each bait handler.

Results

A total of 958 approaches by 44 different white sharks
were recorded. Out of those, 579 approaches by 37 sharks
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were categorized as predatory approaches, with 400 ap-
proaches (36 sharks) being initial predatory approaches.
Of these, 63 approaches were by 11 sharks during overcast
conditions, and 337 approaches were by 34 sharks during
sunny conditions (data deposited in the Flinders Univer-
sity of South Australia Repository, http://hdl.handle.net
/2328.1/1125, and in the zip file, available online).

Preliminary analysis combining all initial predatory ap-
proaches (n p 337) showed that approach direction was
not uniformly distributed (u p 0.116, P p .001), with
sharks primarily approaching the bait from the direction
of the 307 segment containing the sun (20.0%; fig. 1A
video 1). If sharks were exploiting the sun, we would expect
them to approach from the east in the morning and the
west in the evening. Out of the 337 recorded approaches,
only 20 approaches were recorded between 0700 and 1000
hours. Eight of those were from 307907 (40.0%), leading
to the overall approach direction during the morning to be
significantly more oriented than expected by chance (u p
0.476, P p .001). Fifty-seven approaches were recorded
between 1500 and 1800 hours. Fifteen approaches were
from 2707-3307(26.3%), which also led to approach direc-
tion during the afternoon being significantly more likely to
come from the direction of the sun (up 0.224,P p .008;
table 2). These results suggested that sharks were more
likely to approach the bait from the east in the morning and
from the west in the afternoon than expected by chance.

Analysis of the behavior of the seven individual sharks
that interacted frequently with the bait showed that four of
the seven sharks approached with the sun behind them
more than would be expected by chance (table Al; ta-
bles A1, A2 available online). Thus, the significant effect
identified across all the sharks in our study was also seen
in the behavioral strategies of individual sharks. Our main
conclusion was not solely due to the behavior of these four
sharks; the analysis of the full data set excluding these
sharks still showed that approaches from the direction of
the sun were marginally more frequent than expected by
chance (n p 190 approaches, u p 0.103, P p .049).

All variables included in the GLMM had a variance in-
flation factor ! 2 and were therefore included in the model.
The only environmental variable that significantly affected
the approach direction of white sharks was the sun direc-
tion (GLMM: t,es p 2 3.35, P ! .0001; table A2), with
wind direction and strength, swell height, and depth not
having a significant effect on the direction of approach of
white sharks (table A2). In addition, the approach direc-
tion of white sharks was also dependent on the individual
shark (random effect: t,os o 5.44, P ! .0001; table A2),
supporting findings from the within-subject analysis that
not all white sharks exploit the sun in similar ways.

In contrast to sunny days, approaches during overcast
days were uniformly distributed (n p 63 approaches, z p
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0.027, P p .954) and were significantly different from
the mean approach directions during sunny conditions
(Watson-Williams test: F p 13.06, P ! .0001). Approach
directions were also homogeneously distributed in relation
to the boat on both sunny and cloudy days (sunny: n p
337,zp 0.075,Pp .153;cloudy:np 63,zp 0.047,Pp
.871) and was not more frequent from the direction of
the surface berley than expected by chance (n p 400 ap-
proaches, u p 0.041, P p .876). Thus, odor trails due to
berley or position of the boat cannot explain our results.

Overall, circular variance of approaches during sunny
days (0.81) was smaller than during overcast days (0.987).
For all sharks that interacted regularly with the bait, cir-
cular variance of the data was less than the variance es-
timated if approaches were random across the 1807 seg-
ment around the sun. Overall, this decrease of circular
variance was more pronounced for sharks approaching
from the sun significantly more than expected by chance
(table A2). The lower circular variances from the data
support our findings that sharks did not just approach the
bait with the sun behind them or to their side but spe-
cifically targeted the exact direction of the sun.

Discussion

Our results show that white sharks approached with the
sun directly behind them more often than expected by
chance and appeared to reverse their direction of approach
along an east-west axis from morning to afternoon. Fur-
ther analyses showed that this behavior was not observed
on overcast days, nor did it correlate with other potential
behavioral drivers, such as the boat or wind direction,
which could affect the dispersal of surface berley. The lack
of correlation with or significant effect from other envi-
ronmental variables— coupled with directionality disap-
pearing on overcast days— demonstrates that our results
are likely due to shark’s sensitivity to the direction of the
sun and not to confounding variables. Given the low num-
ber of approaches observed in the morning and afternoon,
further sampling of shark approaches at these times would
be useful to confirm the hypothesis that individual sharks
reverse their direction of approach across the day.

The approach strategy of using the sun was not observed
in all sharks and suggests interindividual variation. This
variation likely results from differences in feeding histories
or other individual histories, motivations, conditions, or be-
havioral syndromes. This does not negate the findings of
this study but instead reinforces the increasing recognition
that individuals foraging in the same area can exhibit con-
sistent differences in foraging patterns (individual special-
ization; Bolnick et al. 2003). Even within individuals, sharks
can vary strategies with prey type (Heithaus and Vaudo
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B D Sun directly ahead of shark
- Blinded by the Sun
- Affected by sunlight in eyes
- Prey backlight decreasing
identification
- Shark not hidden by sun glare
on water surface

C Sun ahead of shark

- Not directly blinded by Sun

- Affected by sunlight in eyes

- Prey backlight decreasing
identification

- Shark not hidden by sun glare

i on water surface
- -7 S ~
// ‘ hEN
7 A Y
7 \

P \
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% Wi /! B Sun behind the shark

\\ ~ ’ - Not directly blinded by Sun

- Affected by sunlight in eyes
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" ,,’ - Front of prey illuminated by
gkl N8 sunlight improving identification
\- Shark not hidden by sun glare
A Sun directly behind the shark on water surface

- Not directly blinded by Sun

- Not affected by sunlight in eyes

- Front of prey illuminated by
sunlight improving identification

- Shark hidden by sun glare on
water surface

Figure 1: A, Percentage of shark predatory approach direction in relation to the position of the sun. Segments represent the twelve 307
segments, with the bottom segment representing approaches with the sun behind the shark, as illustrated by the shark, sun, and sun glare.
The largest proportion of approaches by white sharks (20% of the 337 approaches) were from the same direction as the sun (i.e., with the sun

directly behind the shark). This was significantly different from the expected random approach (P ! .001). B, lllustration of the hypothesized
functional roles of sharks orienting themselves in relation to the sun (view from above).
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Video 1: Still photograph from a video (video 1, available online)
showing examples of white sharks (Carcharodon carcharias) ap-
proaching a bait to illustrate the difference in visibility due to the sun
glare on the water surface. The first approach illustrates a shark
approaching from a different direction from the sun and shows that
the shark is visible. The second approach illustrates a shark ap-
proaching from the direction of the sun and shows that the shark
cannot be seen until it already has the bait.

2012). For example, whale sharks change their feeding tech-
nique— from active surface feeding to vertical feeding or
passive feeding— with decreasing zooplankton densities
(Nelson and Eckert 2007). White sharks attack sea lions
with greater force than elephant seals because of differences
in escape abilities and probability of getting wounded
(Klimley et al. 1996). Differences in foraging strategies and
tactics can play an important role in population, commu-
nity, and ecosystem dynamics and deserve increased at-
tention (Heithaus and Vaudo 2012).

Our findings represent the first empirical evidence of a
nonhuman animal exploiting the sun as part of its preda-
tion strategy. Past studies have successfully shown that the
behavior of prey species can be mediated by light inten-
sity (Fernandez-Juricic and Tran 2007; Brafia et al. 2010)
and sun direction (Carr and Lima 2014), with those stud-
ies often relating these behavioral changes to the trade-off
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between feeding and predator avoidance. The few studies
that suggested that predators exploit the sun during pre-
dation provide poor or ambiguous evidence. For exam-
ple, the Mauritius kestrel (Falco punctatus) might use sun-
orientated hunting behavior (Temple 1987); however, the
tracking of the sun by that species appears to be driven by
the heliotrophic behavior of its prey, geckos of the genus
Phelsuma. Peregrine falcons (Falco perigrinus) have also
been found to approach prey from the east in the morning
(Tucker et al. 2000). This study was then used by Carr and
Lima (2014) to suggest that prey species predominantly
faced south in response to the behavioral tactics of preda-
tors attacking out of the sun. However, because no obser-
vations of predation were made in the afternoon, the be-
havior described by Tucker et al. (2000) may be affected by
other environmental variables.

There are several non—mutually exclusive hypotheses
that could explain the functional role for sharks to use the
sun (fig. 1B). White sharks may approach with the sun
directly behind them to increase the detectability and vi-
sual identification of the pursued bait. This can occur in
three ways. First, visual detection and identification of the
intended prey is improved when the sun is behind the ap-
proaching shark because the sun directly illuminates the
side of the prey facing the shark (fig. 1B, positions A and
B). In contrast, when the sun is in front of the shark, the
prey side facing the shark is in shadow, hampering prey
identification (fig. 1B, positions C and D).

Second, if the sun is behind the shark, the contrast be-
tween the prey and the visual background is further in-
creased because of the darker visual background. The visual
background consists of the light coming from the water
behind the prey (sidewelling light), which is at its mini-
mum when the sun is behind the shark because this space-
light is a result of water backscattering. Consequently, by
having the sun behind them, sharks will see the prey most
strongly illuminated with the least intense visual back-
ground, maximizing the prey-background contrast. This
also occurs when the prey is within Snell’s window and
the sky rather than when the sidewelling spacelight is the

Table 2: Summary of approach direction in the morning (0700-1000 hours) and afternoon (1500—1800 hours)

No. approaches (%)

P

Compass direction 0700-1000 hours

1500-1800 hours

0700-1000 hours 1500-1800 hours

3307307 1(5) 5(9) 97 97
307907 8 (40) 6 (10) .011 93
9071507 7 (35) 11 (19) .037 .35
15072107 0 (0) 11 (19) 1 .35
21072707 1(5) 10 (17) 97 A48
27073307 3 (15) 15 (26) 67 .043
Total 20 57

Note: Results in bold indicate that approach direction was significantly more frequent than expected by chance.
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visual background. The use of Snell’s window to increase
prey detectability during white shark predatory behavior
has previously been conceptually demonstrated but was
not statistically tested (Martin and Hammerschlag 2012).

Third, the observed approach strategy can also be ex-
plained by white sharks avoiding the sun inside Snell's
window either anywhere in their field of view or close
to the line of sight toward the prey, which would affect
their visual ability to track the bait. When the sun strikes
their retina, it results in an excess of sunlight in the eye
chamber, which reduces retinal image contrast and vi-
sual resolution. Such an effect has been referred to as dis-
ability glare (Koch 1989; Martin and Katzir 2001) and has
been proposed to explain why prey can take longer to
detect predators in sunlit compared with shaded areas
(Fernandez-Juricic et al. 2012). Moreover, if the sun is close
to or behind the prey, then the sun directly interferes with
the prey image. Considering that most elasmobranchs
have a monocular visual field of ~1707 (McComb et al.
2009), sharks would need to position the sun within an
~207segment directly behind them to align the blind area
toward the sun and avoid having the sun striking their
retinas during an approach (fig. 1B, position A). This is
close to the 307range of angles that we observed. The abil-
ity to detect and identify prey would be maximized when
the sun is directly behind the shark (position A) and would
fall off as the angle between the shark and the sun ap-
proaches 907 This is supported by the significantly reduced
variance of attack angles compared with the variance if
approaches were homogeneous across the 1807 segment
with the sun behind the sharks. It is possible that sharks
can tolerate the sun striking their retina and still attack
successfully, as long as the sun is not within a few degrees
of the prey direction. This would predict a much larger
range of attack directions than simply keeping the sun off
the retina. However, without knowing the critical angle of
image interference, and considering that sharks are con-
stantly making minor angle changes, it is impossible to
predict what the attack angle variance should be. In any
case, it is likely that both visual contrast and avoiding sun
on the retina are affecting the sharks’ behavior simulta-
neously.

Concealment is another explanation for our results.
Sharks occasionally attack prey when the prey’s head is
above water (e.g., pinnipeds or birds). White sharks might
approach such prey with the sun directly behind them
(fig. 1B, position A) to exploit the surface sun glare and
decrease their detectability to a targeted prey above the wa-
ter surface (video 1). Although seabirds are not considered
frequent prey of white sharks, birds have been found in
their stomachs (Bass et al. 1975; Malcolm et al. 2001). They
are also responsible for the majority of the injured and dead
African penguins recovered from St. Croix and Bird Is-

lands, South Africa (Randall et al. 1988), with evidence of
attempted predation on seabirds observed at Dyer Island,
South Africa (Johnson et al. 2006), and the Neptune Is-
lands, South Australia (C. Huveneers, personal observa-
tion). Obviously, penguins and seals could have been at-
tacked while underwater. Nevertheless, the initial attack
could occur when a prey’s head is above the water surface.
In this case, on a sunny day, the prey will see a large patch
of sun glare from the water surface in the direction of the
sun, hiding an approaching shark (video 1). This would
work only if the sun was behind the shark, allowing its
movement to be concealed by the glare corridor. (fig. 1B,
position A). This approach direction was the one used most
often by sharks on sunny days (fig. 1A).

To date, white sharks have been shown to predate
around dawn and dusk (Fallows et al. 2012) and to am-
bush from depth (Martin and Hammerschlag 2012). Sun
hiding could also improve the success rate of attacks and
may be a further reason why white sharks show increased
predation activity and success around dawn and dusk,
when directionality of sun light and effects of sun glare are
strongest (Hammerschlaget al. 2006). Future studies should
account for sun angle, distance, and depth for each type of
prey (e.g., fishes, pinnipeds, seabirds) during experimental
and natural predatory events to attempt to disentangle and
estimate the relative contributions of the multiple expla-
nations for white sharks to expressly approach with the
sun directly behind them.

In our study, a section of tuna was used to elicit pred-
atory behavior in white sharks, since it would have been
logistically difficult to collect as many observations of the
initial approach direction during natural predations. Con-
sequently, we cannot infer that white sharks use this pred-
atory strategy when hunting a live prey. Nevertheless, it
shows the ability of some white sharks to track the posi-
tion of the sun and then use this cue to coordinate the
direction of their approach toward an object of interest,
which is likely to be a nontrivial cognitive task. Not only
was the sun’s position constantly shifting but also the rel-
ative position of the bait was continually changing as a
result of currents, wind, and the actions of the bait han-
dler. Thus, even if sharks simply positioned themselves
with both eyes receiving the same amount of light to place
themselves with the sun directly behind them, they would
need to simultaneously monitor light levels and bait po-
sition to exploit the sun. White sharks, therefore, have suf-
ficient behavioral flexibility to modify their behavior in
real time in response to two fluctuating environmental cues.
This behavior may well be underpinned by perceptual-
motor feedback (Taylor et al. 2010, 2012). Future work will
focus on describing the interindividual variation in white
shark predation strategies and the cognitive mechanisms
that underpin them.

This content downloaded from 23.235.32.0 on Fri, 6 Nov 2015 00:02:34 AM
All use subject to JSTOR Terms and Conditions




Acknowledgments

This work was supported by the Fox Shark Research
Foundation (D.H.) and Marine Innovation South Austra-
lia (C.H.). Rodney Fox Shark Expeditions and Calypso
Star Charters are thanked for the in-kind support to under-
take the fieldwork. We thank Convergen for early graphics
and visual presentation of the data. B. Bruce, C. Dudgeon,
J. Mitchell, W. Robbins, and T. Suddendorf are thanked for
early discussion about the study and constructive com-
ments, which improved the manuscript.

Literature Cited

Anderson, S. D., T. K. Chapple, S. J. Jorgensen, A. P. Klimley, and
B. A. Block. 2011. Long-term individual identification and site
fidelity of white sharks, Carcharodon carcharias, off California
using dorsal fins. Marine Biology 158:1233-1237.

Anderson, S. D., A. P. Klimley, P. Pyle, and R. P. Henderson. 1996.
Tidal height and white shark predation at the Farallon Islands,
California. Pages 275-279 in A. P. Klimley and D. G. Ainley, eds.
Great white sharks: the biology of Carcharodon carcharias. Aca-
demic Press, San Diego, CA.

Bass, A. J, J. D. D’Aubrey, and N. Kistnasamy. 1975. Sharks of the
east coast of Southern Africa. IV. The families Odontaspididae,
Scapanorhynchidae, Isuridae, Cetorhinidae, Alopiidae, Orectolo-
biae and Rhiniodontidae. Page Investigational Report 39. Oceano-
graphic Research Institute, Durban, South Africa.

Bolnick, D. 1., R. Svanbéck, J. A. Fordyce, L. H. Yang, J. M. Dauvis,
C. D. Hulsey, and M. L. Forister. 2003. The ecology of individuals:
incidence and implications of individual specialization. American
Naturalist 161:1-28.

Brafia, F., L. Prieto, and P. Gonzalez-Quirés. 2010. Habitat change
and timing of dusk flight in the Eurasian woodcock: a trade-off
between feeding and predator avoidance? Annales Zoologici Fen-
nici 47:206-214.

Bruce, B. D., J. D. Stevens, and H. Malcolm. 2006. Movements and
swimming behaviour of white sharks (Carcharodon carcharias) in
Australian waters. Marine Biology 150:161-172.

Carr, J. M., and S. L. Lima. 2014. Wintering birds avoid warm
sunshine: predation and the costs of foraging in sunlight. Oeco-
logia (Berlin) 174:713-721.

Chapple, T. K., S. J. Jorgensen, S. D. Anderson, P. E. Kanive, A. P.
Klimley, L. W. Botsford, and B. A. Block. 2011. A first estimate of
white shark, Carcharodon carcharias, abundance off central Cal-
ifornia. Biology Letters 7:581-583.

Cliff, G., S. F. J. Dudley, and B. Davis. 1989. Sharks caught in the
protective gill nets off Natal, South Africa. 2. The great white
shark Carcharodon carcharias (Linnaeus). South African Journal
of Marine Science 8:131-144.

Cortés, E. 1999. Standardized diet compositions and trophic levels of
sharks. ICES Journal of Marine Science 56:707—717.

Darwin, C. 1871. The descent of man, and selection in relation to
sex. J. Murray, London.

Dawkins, R., and J. R. Krebs. 1979. Arms races between and within
species. Proceedings of the Royal Society B: Biological Sciences
205:489-511.

Sharks Use the Sun When Predating 569

Dicken, M. L. 2008. First observations of young of the year and juve-
nile great white sharks (Carcharodon carcharias) scavenging from
a whale carcass. Marine and Freshwater Research 59:596—602.

Dill, L. M. 1983. Adaptive flexibility in the foraging behavior of fishes.
Canadian Journal of Fisheries and Aquatic Sciences 40:398—408.

Domeier, M. L., and N. Nasby-Lucas. 2007. Annual re-sightings of
photographically identified white sharks (Carcharodon carcharias)
at an eastern Pacific aggregation site (Guadalupe Island, Mexico).
Marine Biology 150:977-984.

Domeier, M. L., N. Nasby-Lucas, and C. H. Lam. 2012. Fine-scale
habitat use by white sharks at Guadalupe Island, Mexico. Page
121-132 in M. L. Domeier, ed. Global perspectives on the biology
and life history of the white shark. CRC, Boca Raton, FL.

Dudley, S. F. J, M. D. Anderson-Reade, G. S. Thompson, and P. B.
McMullen. 2000. Concurrent scavenging off a whale carcass by
great white sharks, Carcharodon carcharias, and tiger sharks, Ga-
leocerdo cuvier. Fishery Bulletin 98:646—649.

Endler, J. A. 1991. Interactions between predatorsand prey. Page 169—
196 in J. R. Krebs and N. B. Davies, eds. Behavioural ecology.
Blackwell Scientitic, Oxford.

Fallows, C., R. A. Martin, and N. Hammerschlag. 2012. Comparisons
between White Shark—pinniped interactions at Seal Island (South
Africa) with other sites in California. Pages 1052 117 in M. L.
Domeier, ed. Global perspectives on the biology and life history of
the white shark. CRC, Boca Raton, FL.

Fernandez-Juricic, E., M. Deisher, A. C. Stark, and J. Randolet. 2012.
Predator detection is limited in microhabitats with high light in-
tensity: an experiment with brown-headed cowbirds. Ethology 118:
341-350.

Fernandez-Juricic, E., and E. Tran. 2007. Changes in vigilance and
foraging behaviour with light intensity and their effects on food
intake and predator detection in house finches. Animal Behaviour
74:1381-1390.

Greenwood, J. A, and D. Durand. 1955. The distribution of length
and components of the sum of n random unit vectors. Annals of
Mathematical Statistics 26:226—256.

Hammerschlag, N., R. A. Martin, and C. Fallows. 2006. Effects of
environmental conditions on predator-prey interactions between
white sharks (Carcharodon carcharias) and Cape fur seals (Arc-
tocephalus pusillus pusillus) at Seal Island, South Africa. Envi-
ronmental Biology of Fishes 76:341-350.

Heithaus, M. R., A. Frid, J. J. Vaudo, B. Worm, and A. J. Wirsing.
2010. Unraveling the ecological importance of elasmobranchs.
Pages 611639 in J. C. Carrier, J. A. Musick, and M. R. Heithaus,
eds. Sharks and their relatives. Il. Biodiversity, adaptive physiol-
ogy, and conservation. CRC, Boca Raton, FL.

Heithaus, M. R., A. Frid, A. J. Wirsing, and B. Worm. 2008. Pre-
dicting ecological consequences of marine top predator declines.
Trends in Ecology and Evolution 23:202-210.

Heithaus, M. R, and J. J. Vaudo. 2012. Predator-prey interactions.
Pages 505-546 in J. C. Carrier, J. A. Musick, and M. R. Heithaus,
eds. Biology of sharks and their relatives. CRC, Boca Raton, FL.

Heithaus, M. R., A. J. Wirsing, D. Burkholder, J. Thomson, and L. M.
Dill. 2009. Towards a predictive framework for predator risk ef-
fects: the interaction of landscape features and prey escape tactics.
Journal of Animal Ecology 78:556-562.

Helfman, G. S, and D. L. Winkleman. 1991. Energy trade-offs and
foraging mode choice in American eels. Ecology 72:3102 318.
Huveneers, C., D. Holman, R. Robbins, A. Fox, J. A. Endler, and

A. H. Taylor. 2014. Data from: White sharks exploit the sun dur-

This content downloaded from 23.235.32.0 on Fri, 6 Nov 2015 00:02:34 AM
All use subject to JSTOR Terms and Conditions




570 The American Naturalist

ing predatory approaches. Flinders University, Adelaide, South
Australia. http://hdl.handle.net/2328.1/1125.

Johnsen, S. 2012. The optics of life: a biologist's guide to light in
nature. Princeton University Press, Princeton, NJ.

Johnson, R. L., A. Venter, M. N. Bester, and W. H. Oosthuizen. 2006.
Seabird predation by white shark, Carcharodon carcharias, and
Cape fur seal, Arctocephalus pusillus pusillus, at Dyer Island. South
African Journal of Wildlife Research 36:23-32.

Kaminski, J., J. Call, and J. Fischer. 2004. Word learning in a do-
mestic dog: evidence for “fast mapping.” Science 304:1682—1683.

Klimley, A. P., S. D. Anderson, P. Pyle, and R. P. Henderson. 1992.
Spatiotemporal patterns of white shark (Carcharodon carcharias)
predation at the South Farallon Islands, California. Copeia 3:680—
690.

Klimley, A. P., B.J. Le Boeuf, K. M. Cantara, J. E. Richert, S. F. Davis,
S. Van Sommeran, and J. T. Kelly. 2001. The hunting strategy of
white sharks (Carcharodon carcharias) near a seal colony. Marine
Biology 138:617—636.

Klimley, A. P., P. Pyle, and S. D. Anderson. 1996. The behavior of
white sharks and their pinniped prey during predatory attacks.
Pages 175-191 in A. P. Klimley and D. G. Ainley, eds. Great white
sharks: the biology of Carcharodon carcharias.

Koch, D. D. 1989. Glare and contrast sensitivity testing in cataract
patients. Journal of Cataract and Refractive Surgery 15:158-164.

Kock, A., M. J. O'Riain, K. M. Mauff, M. Meyer, D. Kotze, and C.
Griffiths. 2013. Residency, habitat use and sexual segregation of
white sharks, Carcharodon carcharias in False Bay, South Africa.
PLoS ONE 8:e55048.

Laroche, R. K., A. A. Kock, L. M. Dill, and W. H. Oosthouizen. 2008.
Running the gauntlet: a predator-prey game between sharks and
two age classes of seals. Animal Behaviour 76:1901-1917.

Lima, S. L. 2002. Putting predators back into behavioral predator-
prey interactions. Trends in Ecology and Evolution 17:70-45.
Malcolm, H., B. D. Bruce, and J. D. Stevens. 2001. A review of the
biology and status of white sharks in Australian waters. CSIRO

Marine Research, Hobart, Tasmania.

Mardia, K. V., and P. E. Jupp. 2000. Directional statistics. Wiley,
Chichester.

Martin, G. R,, and G. Katzir. 2001. Sun shades and eye size in birds.
Brain, Behavior, and Evolution 56:340-344.

Martin, R. A., and N. Hammerschlag. 2012. Marine predator-prey
contests: ambush and speed versus vigilance and agility. Marine
Biology Research 8:90-94.

Martin, R. A., N. Hammerschlag, R. S. Collier, and C. Fallows. 2005.
Predatory behaviour of white sharks (Carcharodon carcharias) at
Seal Island, South Africa. Journal of the Marine Biological Asso-
ciation of the United Kingdom 85:1121-1135.

McComb, D. M., T. C. Tricas, and S. M. Kajiura. 2009. Enhanced
visual fields in hammerhead sharks. Journal of Experimental Bi-
ology 211:482—490.

Nelson, J. D., and S. A. Eckert. 2007. Foraging ecology of whale
sharks Rhincodon typus within Bahia de Los Angeles, Baja Cali-
fornia Norte, México. Fisheries Research 84:47—64.

Pyle, P., S. D. Anderson, A. P. Klimley, and R. P. Henderson. 1996.
Environmental factors affecting the occurrence and behavior of
white sharks at the Farallon Islands, California. Pages 281-291 in
A. P. Klimley and D. G. Ainley, eds. Great white sharks: the bi-
ology of Carcharodon carcharias. Academic Press, San Diego, CA.

Randall, B. M., R. M. Randall, and L. J. V. Compagno. 1988. Injuries
to jackass penguins (Spheniscus demersus) evidence of shark in-
volvement. Journal of Zoology (London) 214:589-599.

Rayleigh. 1919. On the problems of random variations and flights in
one, two and three dimensions. Philosophical Magazine Series 6
37:321-347.

Seed, A. M., J. Call, N. J. Emery, and N. S. Clayton. 2009. Chim-
panzees solve the trap problem when the confound of tool-use is
removed. Journal of Experimental Psychology: Animal Behavior
Processes 35:23-34.

Silva, F. J, D. M. Page, and K. M. Silva. 2005. Methodological-
conceptual problems in the study of chimpanzees’ folk physics:
how studies with adult humans can help. Animal Learning and
Behavior 33:47-58.

Sims, D. W., N. E. Humphries, R. W. Bradford, and B. D. Bruce.
2012. Lévy flight and Brownian search patterns of a free-ranging
predator reflect different prey field characteristics. Journal of Ani-
mal Ecology 81:1365-2656.

Taylor, A. H., G. R. Hunt, F. S. Medina, and R. D. Gray. 2009. Do
New Caledonian crows solve physical problems through causal
reasoning? Proceedings of the Royal Society B: Biological Sciences
276:247-254.

Taylor, A. H., B. Knaebe, and R. D. Gray. 2012. An end to insight?
New Caledonian crows can spontaneously solve problems without
planning their actions. Proceedings of the Royal Society B: Bio-
logical Sciences 279:4977—4981.

Taylor, A. H., F. S. Medina, J. C. Holzhaider, L. J. Hearne, G. R.
Hunt, and R. D. Gray. 2010. An investigation into the cognition
behind spontaneous string pulling in New Caledonian crows.
PLoS ONE 5:e9345.

Temple, S. A. 1987. Foraging ecology of the Mauritius kestrel (Falco
punctatus). Biotropica 19:2—6.

Tomasello, M., J. Call, and A. Gluckman. 1997. Comprehension of
novel communicative signs by apes and human children. Child
Development 68:1067—1080.

Tucker, V. A, A. E. Tucker, K. Akers, and J. H. Enderson. 2000.
Curved flight paths and sideways vision in peregrine falcons (Falco
peregrinus). Journal of Experimental Biology 203:3755-3763.

Zar, J. H. 2010. Biostatistical analysis. Prentice Hall, Upper Saddle
River, NJ.

Natural History Editor: Mark A. McPeek

This content downloaded from 23.235.32.0 on Fri, 6 Nov 2015 00:02:34 AM
All use subject to JSTOR Terms and Conditions




