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ABSTRACT. – Sea turtle bycatch in commercial fisheries is a serious global problem. An estimated
250,000 loggerhead (Caretta caretta) and leatherback (Dermochelys coriacea) sea turtles are
taken each year as incidental catch by the pelagic longline fishing industry. Studies have
examined various deterrents for their potential to repel sea turtles from the vicinity of fishing
operations; visual deterrents such as shark models/silhouettes and gillnet illumination have
shown the most promise. However, given the difficulty of directly observing sea turtle behavior
in the wild, laboratory trials are crucial for characterizing the sea turtle response to shark
models. The present study examined the response of 42 captive-reared juvenile loggerhead sea
turtles to a shark model in a controlled laboratory setting. Loggerheads exhibited defensive
behavior toward the shark model, taking significantly more time to bite squid bait beneath the
shark model than that for squid beneath a control object (sphere) and bare squid. Also, the
turtles approached the shark model less often and exhibited more defensive carapace turns
toward the shark model. Although the shark model in this study elicited avoidance behavior in
loggerhead sea turtles, further research is needed to identify plausible applications, which would
reduce sea turtle bycatch while maintaining target fish catch rates. It may be possible to develop
a ‘‘Children’s Day Koinobori kite’’ (a three-dimensional kite) in the shape of a shark that would
unfurl and ‘‘fly’’ underwater and could possibly clip to main or float lines in commercial
fisheries.

KEY WORDS. – Reptilia; Testudines; sea turtle; predator avoidance; bycatch reduction; gear
modification; fishery interaction

Overexploitation of marine resources has been

identified as the primary threat to marine biodiversity

on a global scale (Brander 2008), with many species

facing extinction (Gilman and Lundin 2009). Of the 7

sea turtle species, 6 are classified as critically endangered,

endangered, or vulnerable, and bycatch in commercial

fisheries, such as gillnet, longline, and trawl net fisheries,

continues to threaten sea turtles on a global scale

(Wallace et al. 2010). Bycatch in fisheries has

been identified as the most serious threat to sea turtle

populations today (Wallace et al. 2013). An estimated

250,000 sea turtles are caught incidentally every year by

the pelagic longline fishing industry alone, with mortality

estimates exceeding tens of thousands (Lewison et al.

2004). In the US fisheries, an estimated 137,800 sea

turtles are captured incidentally each year, thousands of

which die (Finkbeiner et al. 2011). Also, small-scale,

passive fishing operations using equipment such as

gillnets, trammel nets, and pound nets have received

increased attention recently as the potentially largest

threat to some coastal sea turtle populations (Gilman et al.

2009). Pacific populations of loggerhead (Caretta caretta)

and leatherback sea turtles (Dermochelys coriacea), the

species of sea turtle most frequently caught in longline

fisheries (Gilman et al. 2006), have declined drastically in

the last 2 decades; loggerheads and leatherbacks have

declined 80% and 90%, respectively, in the region

(Lewison et al. 2004; Lewison and Crowder 2007).

Population models suggest that sea turtles cannot sustain

elevated losses to the juvenile and adult age classes given

their high reproductive value (Heppell et al. 2003;

Lewison et al. 2004; Lewison and Crowder 2007).

Various measures, aimed at reducing sea turtle

capture in commercial fisheries have been employed.

Time/area closures have shown limited effectiveness at

reducing incidental capture of leatherback sea turtles. In

addition, these closures can be more difficult to enforce in

international waters (Senko et al. 2014). Gear and bait

modifications, such as circle hooks with fish bait, reduce

sea turtle bycatch and mortality in some longline fisheries
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but are not compatible across all levels of the fishery

(Watson et al. 2005; Read 2007; Foster et al. 2012).

However, gear modifications have been shown to reduce

bycatch in many settings, are more popular with fishers,

and can be less costly socioeconomically than time/area

closures (Senko et al. 2014). In some fisheries, few

proven methods currently exist for reducing turtle

bycatch, such as in coastal gillnet fisheries (Gilman et

al. 2009). Laboratory and field experiments have explored

the use of chemical, acoustical, and visual deterrents to

identify cost-effective ways of preventing turtle interac-

tions with fishing gear without reducing the catch rates

and market value of target fish (Swimmer and Brill 2006;

Southwood et al. 2007, 2008; Gilman et al. 2009). Sea

turtles spend most of their time in the upper pelagic realm

where there is typically plenty of light (Southwood et al.

2008). Thus, it is not surprising that visual cues play an

important role in sea turtle foraging behavior (Constan-

tino and Salmon 2003; Southwood et al. 2008). Visual

deterrents have shown the most promise thus far in

repelling sea turtles from the vicinity of fishing

operations. Successful repelling responses to date include

gillnet illumination (Wang et al. 2010, 2013) and placing

shark shapes in the vicinity of juvenile loggerhead

(Hataway and Mitchell 2001; Higgins 2006) and green

sea turtles (Chelonia mydas) (Wang and Swimmer 2007;

Wang et al. 2010).

Sharks are the main predator of large juvenile and

adult sea turtles (Marquez 1990). Heithaus et al. (2002)

observed that turtles avoid shark attacks by turning their

carapace toward the predator. Hataway and Mitchell

(2001) and Higgins (2006) also documented this behavior

in preliminary studies when exposing juvenile captive

loggerheads to a shark model. In Hataway and Mitchell

(2001), juvenile loggerhead sea turtles exhibited avoid-

ance behavior to a 152.4-cm (5-foot)-long shark model

with squid, whereas the turtles showed no avoidance of a

float at the surface of the water with squid beneath.

Turtles in Higgins (2006) took more time to eat squid

beneath a 91.4-cm (3-foot)-long shark model compared

with bare squid treatments, and also turtles took longer to

eat squid with a submerged cylindrical control object of

equivalent length compared with bare squid treatments.

Significant differences in time to eat squid were not found

between the cylinder vs. the shark treatments. It was

suggested that a cylindrical object may be a threat-

evoking shape. Suggestions for future research included

the use of a different control object, such as a sphere, to

first determine the level of avoidance attributed to a

realistic shark model.

Mott and Wyneken (2008) attempted to repel sea

turtles by exposing them to shark silhouettes or elliptical

shapes, but there were confounding factors (such as water

clarity issues) that prevented a definite conclusion; the

authors recommended that further research use underwa-

ter videography to directly examine sea turtle reactions to

predator shapes. Wang et al. (2010) placed 150-cm-long

black shark silhouettes every 10 m on gillnets, which

revealed a significant reduction (54%) in green sea

turtle bycatch but also a 45% reduction in target finfish

catches rates. Southwood et al. (2008) and Wang et al.

(2013) noted that sea turtles can see UV light, whereas

many economically important pelagic target fish cannot;

Wang and Swimmer (2007) suggested further work could

examine shark silhouettes made from clear, UV-absorbent

material to render them visible to turtles but invisible

to target fish. However, given the inherent difficulties

of directly observing animal behavior and conducting

mitigation experiments in operating fisheries, laboratory

trials are necessary to document the sea turtle response to

a shark model; laboratory trials have clear visibility and

reduced confounding environmental variables.

The objective of this study was to characterize and

quantify the behaviors of captive-reared, juvenile logger-

head sea turtles exposed to a realistic shark model in a

controlled laboratory setting to assess its usefulness in

reducing sea turtle bycatch.

METHODS

This study used 42, 30–33-mo-old (2005 year-class)

captive-reared loggerheads held at the NOAA Sea Turtle

Facility in Galveston, Texas. These loggerheads averaged

44-cm straight-carapace length (38.2–48.4 cm SCL),

which fits into the size range of loggerheads commonly

captured in the longline fisheries worldwide (Wallace

et al. 2008).

We presented 3 treatments to the turtles: a shark

model with squid beneath, a sphere with squid beneath,

and bare squid. A repeated-measures design provided a

larger sample size. We exposed turtles to each of the 3

treatments in random order. Turtles fasted for 3 d prior

to a trial to ensure adequate motivation to locate squid

beneath the treatments. We conducted 5 trials each

Monday, Tuesday, and Friday between 0800 and 1300

hrs. This schedule allowed approximately 3 wk between

each of a turtle’s 3 trials to minimize possible learning

effects.

Because it is unknown what specific characteristic of

a shark may elicit a flee response by a turtle, we

incorporated characteristics from a few different shark

species into the shark model. The shark model was

91.4 cm long and molded from a black tip reef shark

(Carcharinus limbatus). The fin tips were black, and the

body counter-shading mimicked that of a great white

shark (Carcharodon carcharias). Also, we highlighted the

shark with a blue metallic color resembling a shortfin

mako shark (Isurus oxyrinchus; Fig. 1). The mouth

contained actual shark teeth. A sphere served as a control

for an object effect, given that it does not resemble a

predator of turtles. The sphere was a hard plastic fishing

float painted solid dark blue, 27.9 cm in diameter and

roughly equivalent in surface area (1,225.8 cm2) to that of
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the shark model (1,148.4 cm2). All treatments were

negatively buoyant.

To increase the likelihood of a turtle encounter with a

treatment object, we placed a food item beneath the shark

model and sphere. A squid hung 1 cm beneath each

treatment object by a piece of clear monofilament 15.2 cm

from the bottom of the tank. The squid was in the same

position in the tank for all treatments.

We conducted trials in a 91.4-cm-wide, 73.7-cm-

deep, and 406.4-cm-long fiberglass tank. One end of the

tank contained a semicircular acclimation chamber large

enough to allow the turtle free movement; it was

hypothesized that the absence of corners in a semicircular

acclimation chamber would prevent the turtles from

settling into a corner to rest (Fig. 2). A trackless, liftable

gate enclosed the chamber during the acclimation period

and prevented the turtle from viewing the treatment to

which it would be subjected.

The tank’s light blue interior mimicked the natural

color of the pelagic environment. We marked each 30.5-

cm-long section of the tank’s floor outside the acclimation

chamber with a black line (electrical tape) as a visual

aid in measuring turtle proximity to the treatments

and quantifying associated behavior(s). A canvas shroud

suspended above and around the tank served to minimize

external distractions and provide even light distribution.

Room lighting was 100% artificial from Philips F32T8/

TL741/ALTO 700-series 32-W fluorescent lighting. This

Figure 1. Shark model, exhibiting characteristics of three shark species. Photo: Angela Bostwick.

Figure 2. Experimental tank and setting. Upon completion of the acclimation period, we raised the trackless gate to the acclimation
chamber remotely. Cameras recorded a complete surface and underwater view of the tank during trials, allowing later detailed analysis
of turtle behaviors. Photo: Angela Bostwick.
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lighting emits the full spectrum of visible light, in

addition to a total UV output of 4.86 3 1026 W/cm3.

We filled the tank to a depth of 58.4 cm with filtered

sea water from the Gulf of Mexico, which was

recirculated by a submersible pump. Water temperature

of the turtles’ holding tanks and experimental tank varied

between 26uC and 30uC and averaged 28.5uC during

trials, whereas salinity averaged 30 ppt. Further details on

husbandry for sea turtles at the NOAA Sea Turtle Facility

may be found in Higgins (2003).

We recorded all trials; cameras were both above the

tank and embedded into 2 sides of the tank to provide a

simultaneous surface and underwater view of the tank,

which we viewed on screen by means of a multiplexer

unit. A digital clock on screen recorded the date and time

of day to the nearest second (Fig. 2).

We placed the turtles in the acclimation chamber for

a 15-min acclimation period after we placed the treatment

in the tank and activated the water recirculation; water

was circulated to ensure that the olfactory cues from the

squid bait at the end of the tank would reach the turtle.

Upon completion of the acclimation period, we raised the

chamber’s gate, allowing the turtle to exit the acclimation

chamber (Fig. 2). We excluded trials in which turtles did

not exit the acclimation chamber within 10 min of the

gate lifting from analysis. The trial period was 15 min

such that results could be compared with previous pilot

studies that used 15-min trial periods (Higgins 2006). The

trial period began when the turtle exited the acclimation

chamber with its head reaching the 91.4-cm line marked

on the bottom of the tank (the third line after the

acclimation chamber; this is typically the point at which a

turtle’s entire body had exited the acclimation chamber).

We compared 6 turtle behaviors, defined in Table 1,

between the 3 treatments. Nonparametric randomization

tests using the F-statistic from linear regression compared

the aforementioned 6 behaviors among the 3 treatments

where behavior 5 trial + day(trial) + treatment + prior.

Behaviors were randomized within each loggerhead in

the analysis (to account for the dependency of observa-

tions taken on the same turtle). ‘‘Trial’’ specifies a turtle’s

first, second, or third treatment exposure. ‘‘Day’’ is the

date of trial. ‘‘Treatment’’ denotes either the shark model,

sphere, or bare squid exposure. The variable ‘‘prior’’

indicates whether a loggerhead had bitten the squid in a

previous trial; we randomized prior within trial to account

for possible learning effects. An interaction term,

‘‘treatment 3 prior’’ would be added if interaction

between treatment and prior terms was significant. An

adjusted critical p-value (0.0098), computed as described

in Manly (2007), served to account for there being 6

behaviors in the model. When treatment effects were

significant, we used post hoc pairwise testing with an

adjusted critical p-value calculated according to Manly

(2007), to account for 3 pairwise tests. We fit the regres-

sion equation with and without the treatment effect to a

subset of the data to conduct pairwise testing.

RESULTS

Ten of 42 loggerheads failed to exit the acclimation

chamber in the first trial, whereas 3 others did not in the

second and third trials, respectively. Treatment (shark

model, sphere, or bare squid) did not significantly affect

whether loggerheads exited the acclimation chamber

(F2,31 5 0.7691, p 5 0.442); thus, we excluded trials in

which turtles failed to exit the chamber from analysis. In

addition, strong currents in the tank and kinking in the

monofilament line resulted in bare squid treatments

drifting out of the designated position for more than

40 sec in 4 trials; for consistency, we eliminated those

trials also from analysis (40 sec was the median time

taken to bite squid in trials with only squid).

We found significant differences between treatments

in 4 of the 6 behaviors assessed: time spent in the far

sector of tank, carapace turns, number of approaches, and

time to bite squid (Table 2). For statistical analysis, time

was recorded in decimal minutes. Pairwise testing (critical

p 5 0.0176) identified significant differences between

the amount of time spent in the far sector of the tank

between the shark model vs. sphere (p 5 0.0107) and

sphere vs. squid (p 5 0.0012) but not shark model vs.

squid (p 5 0.8623; Table 2). Although turtles spent

58% ± 0.03% (SE) of the trial time in the far sector

during trials with the shark model, pairwise testing did not

identify this as statistically significant from the time

turtles spent in the far sector in bare squid trials

46% ± 0.03% (SE). Turtles spent an average of

52% ± 0.03% (SE) of their time in the far sector of the

tank during sphere trials (Fig. 3A).

Pairwise testing (critical p 5 0.0175) identified

differences between number of approaches to treatment

Table 1. Definition of behaviors compared between the 3 treatments.

Behavior Definition

Time spent in ‘‘far sector’’ of tank Time turtle spent between the acclimation chamber and the 1.5-m line (away
from the treatment)

Approach Defined as coming within 61 cm of the treatment area
Squid bitten (yes/no) Whether or not turtle bit the squid
Time to bite squid Time elapsed before first bite to the squid; if turtle did not bite squid, 15 min was

recorded for time to bite squid
Breaths Number of breaths taken
Carapace turns Abrupt, defensive-like posture with carapace turned toward the treatment
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area between the shark model vs. sphere (p 5 0.0046),

shark model vs. squid (p 5 0.0002), and sphere vs. squid

(p 5 0.0052) trials. Loggerheads approached the shark

model an average of 9.66 ± 0.74 (SE) times, whereas

approaching the sphere 12.97 ± 0.81 (SE) times and the

bare squid 15.79 ± 0.82 (SE) times (Fig. 3B).

Loggerheads’ biting of the squid within the 15-min

trial period did not differ between treatments (F2,75 5

Figure 3. Box plots of differences between treatments on A) time turtles spent in far sector of the tank, B) number of approaches to
treatment, C) time taken to bite squid, and D) number of carapace turns displayed. Forty-two turtles were exposed to each of the
treatments; 16 trials in which turtles did not exit the acclimation chamber and 4 trials in which the squid bait drifted out of vertical
position were excluded from analysis. Boxes display lower and upper quartiles, median is shown as a bold line in each box. Whiskers
extend to the farthest data points that are not outliers. Circles denote outliers; asterisks denote extreme outliers.

Table 2. Behaviors exhibited among treatments. Two of the four significantly different behaviors, time to bite squid and number of
carapace turns, were found to differ only between the shark and squid trials. Additionally, differences in the number of approaches
were found between all treatments, whereas only the shark/sphere and sphere/squid comparisons differed in time spent in the far sector.

Behavior
Differences detected

among treatments
Critical p-value for

pairwise testing
Differences found in
pairwise comparison

No differences found in
pairwise comparison

Time spent in
‘‘far sector’’
of tank

Yes
F2,69 5 4.2399
p 5 0.0043

0.0176 Shark/sphere (p 5 0.0107)
Sphere/squid (p 5 0.0012)

Shark/squid (p 5 0.8623)

Approach Yes
F2,69 5 9.8361
p 5 0.0001

0.0175 Shark/sphere (p 5 0.0046)
Shark/squid (p 5 0.0002)
Sphere/squid (p 5 0.0052)

—

Squid bitten (yes/no) No
F2,75 5 1.4860
p 5 0.0640

— — —

Time to bite squid Yes
F2,74 5 4.5948
p 5 0.0046

0.0178 Shark/squid (p 5 0.0066) Shark/sphere (p 5 0.0537)
Sphere/squid (p 5 0.0562)

Breaths No
F2,66 5 1.5278
p 5 0.0508

— — —

Carapace turns Yes
F2,69 5 3.8545
p 5 0.0013

0.0172 Shark/squid (p 5 0.0005) Shark/sphere (p 5 0.0344)
Sphere/squid (p 5 0.5794)
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1.4860, p 5 0.0640). Turtles did not bite squid in 3.1% of

bare squid trials, 8.8% of sphere trials, and 11.1% of shark

model trials. However, pairwise testing (critical

p 5 0.0178) identified a significant difference in time

taken to bite squid only between shark model and bare

squid trials (p 5 0.0066). There were no significant

differences found in time to bite squid beneath the shark

model vs. the sphere (p 5 0.0537) or sphere vs. squid

(p 5 0.0562) trials. When averaged among all 3 trials,

turtles took 4.97 ± 0.92 (SE) min to bite the squid beneath

the shark model, 2.33 ± 0.70 (SE) min to bite squid

beneath the sphere, and 2.20 ± 0.67 (SE) min to bite bare

squid (Fig. 3C). Whether or not a loggerhead bit the squid

in a previous trial (prior) did not have a statistically

significant effect on time to bite squid (F1,74 5 48.2294,

p 5 0.0107).

Turtles averaged 5.8 ± 0.57 (SE) breaths during trials

with the shark model, 7.5 ± 0.44 (SE) with the sphere, and

7.4 ± 0.51 (SE) with the bare squid, but the difference was

not statistically significant (F2,66 5 1.5278, p 5 0.0508).

On average, turtles displayed 1.29 ± 0.33 (SE)

carapace turns during trials with the shark model

compared to 0.35 ± 0.11 (SE) during sphere and

0.42 ± 0.15 (SE) during bare squid trials (Fig. 3D).

Pairwise testing (adjusted critical p 5 0.0172) detected

differences between number of carapace turns displayed

between shark model and bare squid trials (p 5 0.0005)

but not between the shark model vs. sphere (p 5 0.0344)

or sphere vs. squid (p 5 0.5794) trials.

DISCUSSION

Loggerhead Behavior in Response to the Shark
Model. — Loggerheads had adequate motivation to locate

squid, because we withheld food from them for 3 d

prior to trials. Turtles took a significantly longer amount

of time to bite squid beneath the shark model, exhibited

more carapace turns (Figs. 4 and 5) toward the model and

approached it less often, implying avoidance of the shark

model. Studies have documented reptiles decreasing their

food consumption and general activity in the presence of a

predator scent, even to the detriment of long-term growth

rate (Downes 2001). In the perception of a high predatory

threat, we might expect animals to sacrifice foraging

activity to avoid the predator (Alcock 2005).

However, prey may forage in the presence of a

predatory threat if food is scarce (Sinclair and Arcese

1995). In addition, it has been noted that some prey may

Figure 4. A carapace turn toward the shark model.

Figure 5. Time sequence of 1 sec showing a turtle viewing the squid beneath the shark model and retreating while turning carapace
toward the shark.
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at times actually approach predators; various theories

exist regarding potential benefits of such behavior to the

prey. However, one theory is that in approaching the

predator, it could confuse the predator and reduce the risk

of attack to the prey (Dugatkin and Godin 1992). There

was a significant difference between all treatments for the

number of approaches to the treatment; turtles did not

approach the shark as often as they did the sphere or bare

squid, suggesting avoidance behavior. Turtles did not

approach the sphere as often as the bare squid, which also

suggests a moderate level of avoidance, although this

response was not as marked as the avoidance toward the

shark compared with that during bare squid trials.

Although many turtles in the present study approached

the predator model, they approached it less often than

they approached either the sphere or bare squid; the shark

vs. squid trials resulted in the lowest p-value compared

with shark vs. sphere or sphere vs. squid approaches,

indicating that the greatest difference in number ap-

proaches were between the shark and bare squid. Cooper

and Stankowich (2010) found that the smaller a predator

model, the more likely prey are to approach and start

biting the predator. In addition, predator activity is one

factor that could influence the level of threat posed to

prey (Cooper and Stankowich 2010). Although retreat

from the shark model was documented in the present

study (Fig. 5), it is possible that a moving predator model

that is larger than that used in the present study would

elicit a stronger flight response.

Time to bite squid did not differ statistically

between the sphere and shark model trials, whereas it

was indeed higher in shark model trials vs. bare squid

trials. This implies that, although there was some level

of avoidance of both objects, the avoidance of the sphere

may not have been as strong as that of the shark model.

No differences were found between time to bite squid

for trials with the shark model and cylinder object in

Higgins (2006); however, no defensive posture carapace

turns were noted in trials with the cylinder object. In the

present study, turtles displayed more carapace turns to

the shark vs. the spherical control object or bare squid,

and turtles approached the shark fewer times than they

approached the sphere or bare squid, which may indicate

a greater level of threat was perceived from the shark vs.

any level of threat that may have been perceived by the

sphere.

Researchers have noted turtles turning the carapace

toward a shark model both in laboratory trials with a shark

shape (Hataway and Mitchell 2001; Higgins 2006) and in

the wild (Heithaus et al. 2002). Positioning the carapace

toward a perceived threat, such as a shark, may be a

means of preventing a pursuing predator from grasping

the turtle (Heithaus et al. 2002), as well as preventing bite

to more vulnerable areas of the turtle’s body such as the

flippers. Bare squid trials (i.e., no object control) served

as a baseline for comparing turtles’ general level of alarm.

The number of carapace turns was significantly greater

when comparing the shark model to bare squid trials,

indicating that, although the shark model represented a

threat, bare squid trials represented little threat to the

turtles (whereas perhaps some moderate threat was

perceived from the sphere). The statistical similarity in

the number of carapace turns between the shark model vs.

sphere and sphere vs. bare squid trials supports the notion

that a moderate level of threat was perceived from the

control object but not as high as the level perceived from

the shark model. For the time to bite squid behavior, the

only statistical difference was between the shark and bare

squid as well.

Whether or not a loggerhead bit the squid in a

previous trial (prior) was not found to significantly affect

the time to bite squid. However, the p-value (0.0107) is

close to the critical p-value; thus, there may be a possible

association between time taken by turtles to bite squid and

whether or not they had bitten squid in a previous trial.

Pairwise testing identified differences between the

shark model vs. the sphere and the sphere vs. the squid

trials in time spent in the far sector of the tank (away from

the treatment area). Only during trials with the bare squid

did the turtles spend more time in the treatment area, as

opposed to both sphere and shark model trials in which

more time was spent in the far sector of the tank (Fig. 2).

There was no statistical difference between the shark

model and bare squid trial time spent in the far sector,

which could be attributable to a potential interaction

(statistical relationship) between the variables treatment

and prior for time spent in the far sector (suggested by

how close the actual and critical p-values are), resulting in

an inflated p-value. A test of the interaction between these

terms did not detect significant interaction (F2,67 5 4.4656,

p 5 0.0358), which was slightly above the critical p-value

(0.0176).

It is unknown what feature of the shark model may

have elicited the avoidance responses in the present study;

further research might identify which visual cues from the

shark form elicit the strongest avoidance responses by

elimination of individual characteristics, for possible

incorporation into fisheries. For example, perhaps a large

eye could be examined for potential to elicit a repelling

response or large triangular shapes to mimic shark

characteristics such as the teeth. Although of the same

equivalent surface area, the shark model differed from the

spherical control object in that its length was greater, and

it exhibited blue metallic highlighting as well as gray/

white counter-shading (an elliptical body shape, black-

tipped fins, triangular shaped teeth and fins, mouth, gills,

and eyes). Given that black shark silhouettes have

elicited avoidance responses in turtles (Wang et al.

2010), it is possible a repellent response may be partly

attributed to the general shape or outline of the shark

model in the present study and less to detailed coloration.

Also, size of the shark model may affect the strength of

the avoidance response. Field trials (Wang et al. 2010)

found a significant decrease (54%) in green turtle capture
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rates using 150-cm-long shark silhouettes attached to

gillnets. The shark model in this trial was 91.4 cm long

attributable to constraints resulting from the tank size;

however, it is possible a larger shark would increase the

avoidance response. Studies have shown that the larger a

predator model, the more likely prey are to flee, whereas

prey are more likely to advance toward and begin to bite

smaller predator models (Cooper and Stankowich 2010).

In addition, predator activity can influence the level of

threat posed to prey. Cooper and Stankowich (2010)

found that the faster a predator model approached prey,

the greater the flight response.

Test subjects for this study were confined in the tank

with the model, and many returned to reinspect the model

when they reached the wall of the acclimation chamber

and could not retreat further. Although many turtles did

ultimately bite the squid beneath the shark model after

reinspecting the model, an answer to the critical question

regarding whether turtles in the wild would return after

the first flight from the shark model in the wild is

unknown. In the wild, typically there would be plenty of

space for a turtle to retreat from a shark and few obstacles

to confine it in the area with the shark. However, some

prey may not retreat as far from a predator when food is

present and may be more likely to return to the area with

the predator in the presence of food (Cooper and Perez-

Mellado 2004).

Reducing Sea Turtle Capture in Fisheries and Water
Intake Systems Using Deterrents. — Although logger-

heads in this study avoided the shark model, it may not

be practical to place shark models on every longline

hook. Numerous shark models would incur extra drag on

longlines. The highest rates of sea turtle incidental capture

may actually occur in various net fisheries (Finkbeiner et

al. 2011). In some fisheries, few proven methods for sea

turtle bycatch reduction exist, such as in coastal gillnet

fisheries (Gilman et al. 2009). Wang et al. (2010) found a

54% reduced green sea turtle capture rate when placing

black shark silhouettes at 10-m intervals on gillnets

measuring 60–95 m in length. Commercial longlines may

be up to 100 km long (Gilman et al. 2008); placing shark

models every 10 m on this gear would summate 10,000

units. Further research is needed to determine a maximum

spacing distance between shark models that would

effectively repel turtles from the vicinity of fishing

operations. In addition to greater spacing intervals, it

may be possible to identify a simpler object than a full

shark model for attachment to longlines.

An increasing amount of seawater is being drawn into

desalination facilities around the world to meet increasing

freshwater demands (Roberts et al. 2010); around 24.5 m3

(, 6.4 billion US gal) of seawater is desalinated globally

each day (Lattemann and Hopner 2008). Marine life may

become impinged on intake screens or could be drawn

into plants with the water (Dawoud and Al Mulla 2012).

Coastal power plants, which use seawater for cooling,

draw over 15 billion US gal each day in California alone,

which is estimated to kill 79 billion fish and other marine

life annually in the region (Kelly 2011). It is uncertain

how many sea turtles are affected by power plants and

desalination facilities. One power plant in Florida is

known to draw in hundreds of sea turtles each year, with

various injuries and several mortalities resulting (Wang

et al. 2010). It is possible that deterrent predator shapes,

such as a shark shape, could be used for repelling sea

turtles from the vicinity of the water intakes.

Studies have shown that a combination of visual and

chemical deterrents are more effective for repelling birds

(Mason and Clark 1996) and reptiles (Amo et al. 2004)

than either are alone. In the absence of movement from

the shark model, it is possible that chemosensory cues

(such as chemical cues from fishing bait nearby) would

lessen a fear avoidance response to the shark. Thus,

combining visual and chemosensory deterrents may be

most effective (Lewison and Crowder 2007). However, no

effective chemosensory repellent has been found to date

for sea turtles. Skin secretions from wild caught tiger

sharks Galeocerdo cuvier were not found to deter captive-

reared sea turtles (Southwood et al. 2007); however, it is

possible that some organisms’ recognition of chemosen-

sory predator cues may be learned rather than innate

(Southwood et al. 2008). Further testing may be warranted

for examining predatory chemical cues as potential sea

turtle deterrents. This testing would need to be performed

in the laboratory, in the wild, and eventually in active

fisheries. Some newts may avoid areas containing

chemical signals from injured conspecifics; also newts

have learned to recognize a novel predator that injured the

conspecifics. Detection of such chemosensory cues may

be important at night or in areas of low visibility (Woody

and Mathis 1998). Research would be needed to

determine whether sea turtles are capable of detecting

chemical cues from injured conspecifics and predators.

Many chemical alarm cues for conspecifics can be

released upon damage to the skin (Brown et al. 2006).

It may be possible to obtain samples from injured sea

turtles recently acquired into rehabilitation facilities for

identifying potential chemical cues recognizable by other

sea turtles as originating from an injured conspecific. If an

effective chemical cue were to be identified, it might

potentially lower the number of shark models needed to

repel sea turtles, depending on the effective range of

influence of such chemicals. Southwood et al. (2008)

noted that any chemosensory deterrent used would require

testing for effects on target fish, because chemosensory

cues likely influence the final decision on whether to bite

bait.

Reptiles may adjust their antipredator response,

depending on the degree of threat perceived (Brown et

al. 2006). One factor in determining level of predatory

threat is the behavior of the predator (Bulova 1994;

Cooper and Stankowich 2010). Thus, a moving predator

shape may evoke a stronger avoidance response than did

the shark model in the present study. Predator ‘‘scare-
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crow’’ shapes have been shown to be most effective for

birds when they are life-like and use motion. One study

found that, although unmoving hawk models deterred

feeding birds, they were not as effective as hawk kites

suspended from balloons (Marsh et al. 1992). It might be

plausible to clip a 3-dimensional ‘‘Children’s Day

Koinobori kite’’ in the shape of a shark on longline buoy

lines or main lines, which would unfurl and ‘‘fly’’

underwater. Of note, the method of attachment to lines

should involve the use of as little fishing line or rope as

possible because this may present an entanglement

hazard; clipping the shark model to an existing line or

structure would be preferable to adding extra line to the

gear. However, if this moving predator shape were to be

combined with a chemosensory deterrent, the visual and

chemosensory signals may override the feeding response

elicited by cues from fishing bait. In addition, if the shark

model were made of a clear, UV-absorbent material, it

may be visible to sea turtles but not many fish (Wang and

Swimmer 2007). Research regarding this possible appli-

cation of a shark model for deterring sea turtles form

fisheries or water intake areas for power plants may be

warranted.
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