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1.  INTRODUCTION 

One of the most fundamental interactions between 
species is the predator−prey relationship. Predators 
inhabit every ecosystem on Earth and play an impor-
tant role in shaping the evolution, ecology, life his-
tory, and behavior of organisms (Estes et al. 2001, 

Heithaus et al. 2002). Because predation can be 
highly variable in time and space, trophic informa-
tion remains scarce for highly migratory species with 
wide distributions (Wetherbee & Cortés 2004, Bar-
nett et al. 2010). Sharks of all sizes are known to prey 
upon a wide range of organisms, including plankton, 
teleost fishes, other elasmobranchs, and cephalopods 
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(Wetherbee & Cortés 2004). Larger sharks, specifi-
cally tiger sharks Galeocerdo cuvier, white sharks 
Carcharodon carcharias, bull sharks Carcharhinus 
leucas, larger hammerhead species Sphyrna spp., 
lemon sharks Negaprion brevirostris, and oceanic 
whitetip sharks Carcharhinus longimanus are the 
primary predators of large immature and mature sea 
turtles (Stancyk 1983, Witzell 1987). Tiger sharks 
occupy coastal and offshore tropical habitats as well 
as warm temperate climates that overlap with several 
sea turtle species, and their broad, flat head, kinetic 
jaws, and specialized serrated teeth allow them to 
commonly consume large prey like sea turtles 
(Witzell 1987, Randall 1992, Motta & Wilga 2001, 
Heithaus et al. 2008a,b, Heithaus 2013). White 
sharks also frequently prey upon large marine ani-
mals; however, sea turtles likely comprise only a very 
small percentage of their diet (Heithaus et al. 2008b). 
Bull sharks have been documented feeding on 
smaller sea turtle species (i.e. juvenile and subadult 
green turtles) in coastal tropical waters (Cliff et al. 
1989, Heithaus et al. 2008b). 

Adult sea turtles have relatively high survivorship 
due to protection afforded by their large size and hard 
carapace (Frazer 1983, Stancyk 1983, Chaloupka & 
Limpus 2002, 2005, Whiting & Whiting 2011, Borna-
towski et al. 2012). As a result, predation risks have 
largely been overlooked in large sea turtles because 
of low rates of predator-induced mortality compared 
to immature sea turtles, even though accounts show 
that large immature and mature sea turtles are sus-
ceptible to some predators (Heithaus et al. 2007). For 
example, saltwater crocodiles Crocodylus porosus 
have been observed preying on nesting olive ridley 
Lepidochelys olivacea and flatback Natator depressus 
sea turtles in Cape Van Diemen, Australia (Whiting & 
Whiting 2011), while killer whales Orcinus orca have 
been observed preying on leatherbacks Dermo chelys 
coriacea in northern California (Pitman & Dutton 
2004). Shark predation by a suite of species large and 
capable enough to exceed carapace durability may 
influence the spatial distribution and population size 
of large immature and mature sea turtles, yet formal 
studies on this subject are minimal (Heithaus et al. 
2002, Wirsing et al. 2008, Bornatowski et al. 2012). 

Forensic analysis is a tool to identify the total 
length (TL) and species of sharks involved in bites on 
humans (Lowry et al. 2009, Clua & Séret 2010, Clua 
& Reid 2017), and it is gaining broader use to study 
ecological interactions between sharks and their 
prey (van den Hoff & Morrice 2008, Bornatowski et 
al. 2012, Serres et al. 2022). Because shark size 
directly influences swimming speed, bite force 

capacity, and hunting behavior, reliable estimates of 
size and species are needed to better understand 
sharks’ hunting and feeding behavior, dietary com-
position, and ecological interactions (Stillwell & 
Kohler 1982, Cortés 1999, Heithaus et al. 2002, 
Lowry et al. 2009). Comparison of bite damage met-
rics known to correlate with shark species and size 
has been used to examine the commonality of serra-
tions in shark teeth relative to their position within 
the jaw (Nambiar et al. 1996), profile sharks respon-
sible for fatal attacks on humans (Clua & Reid 2017), 
and analyze approach behavior and possible feeding 
motivation in sharks (Ritter & Levine 2004). 

To better understand predator−prey relationships 
between sharks and sea turtles, the goal of this study 
was to apply the forensic methods of Lowry et al. 
(2009) to identify the species and estimated size of 
sharks preying on or scavenging sea turtles in the 
coastal waters of Florida and Alabama, USA. This 
method employs species-specific regressions of tooth 
spacing and jaw circumference, combined with 
shark distribution and known behavioral patterns, to 
identify likely candidate shark species capable of 
generating specific bite damage to sea turtle prey 
(Lowry et al. 2009). 

2.  MATERIALS AND METHODS 

2.1.  Data collection 

Photographs and first-hand accounts associated 
with 13 cases of sea turtles bearing wound patterns 
consistent with predation, attempted predation, or 
scavenging by sharks were retrospectively evaluated 
(Corkeron et al. 1987, Woolgar et al. 2001). Predation 
and scavenging events were documented via com-
plete postmortem examination of turtle carcasses (af-
ter Stacy et al. 2021), including gross examination of 
all organ systems and histopathological evaluation of 
sections of skeletal muscle associated with the bite 
wound(s). Incidents of attempted predation that did 
not result in turtle mortality were evaluated using the 
same methods, though these injuries were less severe 
and precluded examination of internal organs. Cases 
were collected in Florida and Alabama, USA, and 
shared by collaborators at NOAA Fisheries−Office of 
Protected Resources, Inwater Research Group, and 
Loggerhead Marinelife Center (see Fig. 1). The evalu-
ated turtles were either encountered nesting on the 
beach (n = 2), examined while being removed from a 
coastal power plant intake canal (n = 5), or had died 
and were examined at necropsy (n = 6). Each case in-
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volved a turtle with definitive shark bite wounds char-
acterized by either (1) an arced array of regularly 
spaced puncture wounds, with or without associated 
injuries extending from the initial puncture sites (e.g. 
see Fig. 2A); or (2) crescent-shaped, rough-edged 
wound(s) from which a portion of peripheral plastron, 
carapace, or flipper tissue had been excised (e.g. see 
Fig. 3A). Furthermore, all wounds included sharply 
incised tooth marks and/or scoring of bones typical of 
those caused by shark teeth (e.g. see Fig. 4). None 
had chop wounds or other sharp or blunt features at-
tributable to vessel strikes (Foley et al. 2019, Stacy et 
al. 2021). For all cases, standard straight or curved 
carapace length and width measurements were col-
lected, and digital photography was used to document 
each wound with a scale bar (standard 8 or 15 cm 
ruler) upon stranding or during physical examination 
of the animal (Klingshirn 2021, Page-Karjian & Per-
rault 2021, Stacy et al. 2021). When available, detailed 
measurements of wounds collected at the time of 
turtle encounter (Ataman et al. 2021, Klingshirn 2021) 
were also used to inform forensic analysis. Shark bites 
were attributed to predation versus scavenging based 
on postmortem examination findings following Stacy 
et al. (2021). Specifically, shark bite injuries were cat-
egorized as antemortem if lesions had evidence of 
exsanguination or other in travital responses (e.g. in-
flammation, hemorrhage) and postmortem if no 
supravital (e.g. myofiber disintegration) or intravital 
re sponses were found. Postmortem wounds were, 
thus, determined to result from scavenging behavior 
on deceased turtles, while antemortem wounds re-
sulted from predation events on live turtles. 

2.2.  Forensic analysis of shark bite wounds 

Each digital photo was independently assessed by 
2 expert reviewers using the methods of Lowry et al. 
(2009). Photos were imported into Image J image 
processing software, and wound length was cali-
brated using the field scalar provided (Schneider et 
al. 2012). For arced arrays of puncture wounds, the 
straight-line distance between a pair of consecutive 
punctures was measured 3 times and the mean value 
was recorded. This was repeated for each pair of 
adjacent wounds along the array to produce a series 
of values describing all visible puncture lesions. The 
mean value of this spacing was then calculated as 
mean interdental distance (IDD), which has been 
shown to correlate with size for various species of 
sharks (Shimada 2002, Lowry et al. 2009). Further-
more, species-specific relationships exist between 

shark size and the mean IDD in the upper and lower 
jaws as a consequence of differences in tooth mor-
phology and spatial arrangement (Lowry et al. 2009). 
Injuries radiating from the tooth punctures were 
ignored because such wound tracts tend to converge 
as a shark rotates its head during a bite and are thus 
a poor indicator of tooth spacing. 

After all puncture wound pairs were evaluated, the 
cumulative length of the array of lesions was calcu-
lated by summing the IDD for all pairs of adjacent 
punctures and projecting the ends of the array along a 
curved path to the extent of the tissue continuous with 
the array. This estimate of bite circumference (BC) 
has been shown to correlate with subadult and adult 
shark size and species (Lowry et al. 2009), though it 
often produces an underestimate of TL because 
sharks frequently employ only the anterior portion of 
their jaw when biting. Here, we relied upon IDD as 
the primary indicator of shark size, with BC providing 
a secondary confirmation of minimum size. If bite 
wounds were present on both the dorsal and ventral 
aspects of the turtle, measurements of IDD and BC 
were made on each side, and the array with the 
smaller BC was assumed to have been generated by 
the lower jaw of the shark. For wounds with substan-
tial tissue loss, the same procedure was used to meas-
ure and calculate IDD and BC, but estimates of IDD 
were often limited because sharks typically remove 
tissues through head shaking, tooth sawing, and jaw 
repositioning behaviors. This tends to obscure the 
damage produced by any single tooth or tooth pair 
and necessitates reliance upon BC measured as the 
length of the arc along which tissue was removed. For 
any cases in which the IDD and BC measures calcu-
lated by reviewers differed by >5%, the 2 reviewers 
would conduct a cooperative assessment and the re-
sults of this evaluation were considered final. This oc-
curred in only one of the 13 cases, in which degrada-
tion of the tissue created a rounded edge that did not 
translate well into a planar photograph. 

Once IDD and BC measurements were determined 
for each case study, these values were entered into 
the electronic supplementary material of Lowry et al 
(2009), a tool that provides species-specific regres-
sion equations for 14 shark species (see 'Calculator' 
in the Supplement at www.int-res.com/articles/suppl/
m703p145_supp.xlsx). This application was devel-
oped after measuring dozens of preserved jaws over 
a range of shark sizes and 14 shark species to esti-
mate the TL of a specimen capable of generating 
observed bite damage (Lowry et al. 2009). While the 
application is not comprehensive, the species in -
cluded in the electronic supplementary material of 
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Lowry et al. (2009) represent most nearshore shark 
species capable of preying on turtles in tropical and 
temperate waters in the Gulf of Mexico and off the 
west and east coast of the USA. The electronic sup-
plemetary material of Lowry et al. (2009) annotates 
instances in which IDD and BC measurements are 
outside the range of values used to generate a given 
regression, or when the resulting TL estimate ex -
ceeds the known maximum TL for that species. 
Shark species and size estimates generated via the 
electronic supplementary material of Lowry et al. 
(2009) were combined with reviewer knowledge of 
species-specific feeding behavior, geographic distri-
bution, and habitat preference to narrow the candi-
date list of specimens likely involved in each preda-
tion event. In nearly every case, this resulted in no 
more than 2 putative species identifications for the 
size and species of shark involved. 

3.  RESULTS 

In total, 13 cases were included in this study, 
including 5 green Chelonia mydas, 4 loggerhead 

Caretta caretta, 2 Kemp’s ridley Lepidochelys kem-
pii, and 2 leatherback sea turtles that were encoun-
tered nesting, stranded on Florida’s east coast or in 
the northern Gulf of Mexico, or hand-captured in a 
nuclear powerplant intake canal (Fig. 1). Ten turtles 
exhibited evidence of predation or attempted preda-
tion and 3 exhibited evidence of scavenging. Data 
from turtles were collated and summarized, includ-
ing species, year encountered, sex (when known), 
capture method, size and life-stage class, and timing 
of inflicted wound (i.e. predation versus scavenging, 
for deceased turtles only). Data from sharks include 
IDD and BC measurements, likely species that 
inflicted the wound, and estimated linear natural TL 
measured in meters (Table 1). 

3.1.  Green sea turtles Chelonia mydas 

Five juvenile green turtle cases were recorded in 
Florida (Fig. 1) during 2010−2019. Case Cm1 was 
captured and released at the St. Lucie Nuclear Pow-
erplant intake canal on Hutchinson Island. It exhib-
ited a 280 mm, crescent-shaped bite wound on the 
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Fig. 1. Locations of the 13 cases of shark−sea turtle interactions. Twelve cases originated in Florida and one (Lk1) originated 
in Alabama. Inwater Research Group provided 5 cases (Cm2, Cc1−4) at the St. Lucie Nuclear Powerplant intake canal, 2 cases 
(Dc1, Dc2) were provided by Loggerhead Marinelife Center, and 6 cases (Cm1,3−5, Lk1−2) were provided by NOAA  

Fisheries, Office of Protected Resources
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plastron (Fig. 2A, white arrowhead), partial amputa-
tion (~10%) of the trailing edge of the right hind 
limb, and 3 healing notches on the left hind limb 
(Fig. 2A, yellow arrowhead). A mean IDD of 12 mm 
and BC of 310 mm suggest that the predator was a 
1.9 m bull shark. Other potential predators include a 
1.9 m tiger shark or a 1.4 m white shark. Tiger sharks 
typically grab the carapace and attempt to consume 
the entire turtle (of which there was no evidence, as 
only the extremities were targeted); therefore, we 
suggest a bull shark as the most likely predator. 

Case Cm2 was a moderately decomposed turtle 
found in Bay County. The turtle had been de capi -
tated and its left front flipper was partially amputated 
(Fig. 2B, yellow arrowhead). BC measurements could 
not be determined due to wound severity, but a mean 
IDD of 12 mm suggests a tiger or bull shark, and the 
lack of evidence of tiger shark feeding behavior 
(e.g. sawing, twisting) points to a 1.9−2.2 m bull 
shark as the most likely predator. Other possible 
predators included a 1.9−2.2 m tiger shark or a 
1.4−1.8 m white shark; however, these juvenile 
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Fig. 2. Shark bite wounds on 5 green sea turtles Chelonia mydas used in the forensic analysis. Common bite wound patterns 
were (A) crescent-shaped bite wound on the plastron (white arrowhead), partial amputation (~10%) of the trailing edge of the 
right hind limb, and 3 healing notches on the left hind limb (yellow arrowhead); (B) a partially amputated right front flipper 
(yellow arrowhead); (C) typical semi-circular bite pattern (white arrowhead); (D) evidence of sawing (white arrowhead) along 
a semi-circular bite (yellow arrowhead); and (E) a crescent-shaped bite wound that penetrated the plastron (white arrowhead) 
and a related bite with perforation and disembowelment into the coelom (yellow arrowhead). Photos from Inwater Research  

Group (Cm1) and National Oceanic Atmospheric Administration (Cm2−5)
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sharks would most likely target fish rather than large 
prey due to their small size. Additionally, the wound 
had a broad arc and marks suggesting that the teeth 
were serrated, further indicating a bull shark as the 
predator. 

Case Cm3 was found stranded in Vero Beach. The 
turtle had a typical semi-circular bite pattern made 
by serrated teeth (Fig. 2C, white arrowhead) on its 
carapace. A mean IDD of 19 mm and BC of 467 mm is 
consistent with a 2.3−2.4 m tiger shark. Mako Isurus 
spp. and white sharks were possible candidates 
because both can excise tissues from the turtle; how-
ever, the small size estimate makes these 2 candi-
dates unlikely. 

Case Cm4 was found stranded on Hutchinson 
Island and had evidence of sawing (Fig. 2D, white 
arrow head) along the 230 mm bite (Fig. 2D, yellow 
arrow head) that removed a portion of the carapace. 
A 16 mm mean IDD and 316 mm BC suggest preda-
tion by a 2.3−2.7 m white shark. A tiger shark is 
another possible predator; however, one this large 

would have cut through the carapace rather than 
sawed it. 

Case Cm5 was found stranded in Melbourne 
Beach and presented with a crescent-shaped bite 
wound that penetrated the plastron (Fig. 2E, white 
arrowhead) and a related bite with perforation and 
disembowelment into the coelom (Fig. 2E, yellow 
arrowhead). The high degree of cutting and penetra-
tion into the plastron, combined with a mean IDD of 
8 mm and a BC of 238 mm, indicate a 1.6−1.7 m 
dusky shark Carcharhinus obscurus as the most 
likely predator. 

3.2.  Loggerhead sea turtles Caretta caretta 

Four adult loggerhead turtle cases were recorded in 
the intake canal of the St. Lucie Nuclear Power Plant 
on Hutchinson Island, Florida (Fig. 1), during 
2014−2019. Case Cc1 had a 60 × 140 mm shark bite 
wound (Fig. 3A, white arrowhead) and a 280 mm, 
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Fig. 3. Loggerhead sea turtles Caretta caretta used in the forensic analysis. Bite wound patterns displayed in each case were 
(A) overlapping semi-circular shark bites (white and yellow arrowheads); (B) rake marks on the turtle’s head (white arrow-
heads); (C) healing puncture wounds (white arrowheads); and (D) numerous rake marks (white arrowhead) and a healing bite  

wound (yellow arrowhead). Photos from Inwater Research Group
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semi-circular shark bite wound (Fig. 3A, yellow ar-
rowhead) on the right lateral plastron. The narrow 
semi-circular arc suggests several overlapping bites 
in the same area. This turtle also had a partially am-
putated (~20%) right hind limb (not pictured), a large 
periarticular protrusion from a dislocated or broken 
bone on the right front flipper (not pictured), and 
healing bite wounds around the tail (not pictured). A 
mean IDD of 20 mm and a BC of 412 mm suggest a 
2.3−2.4 m white shark inflicted these wounds, while a 
2.3−2.4 m tiger shark was also considered. 

Case Cc2 was a female turtle with extensive rake 
marks over a 30 × 70 mm area of her head (Fig. 3B, 
white arrowhead). A mean IDD of 25 mm and lack of 
evidence of sawing or cutting was consistent with a 
2.6 m mako shark. Other possible predators include 
3.6 m tiger shark or a 3.0 m white shark. The head 
wounds likely came from a ‘hit and run’ attempt by 
the shark and were made with minimal sawing or 
cutting. This behavior is more consistent with mako 
sharks than tiger or white sharks. 

Case Cc3 showed healing puncture wounds 
(Fig. 3C, white arrowheads) on the turtle’s head. Bite 
marks had a mean IDD of 52 mm and a BC estimate 
could not be determined. A lack of cutting and tear-
ing indicate a 6.3−6.4 m white shark as the most 
probable predator. A 7.0 m tiger shark was also con-
sidered, but due to the lack of cutting and tearing 
evidence on the head, a white shark is more likely. 

Case Cc4 exhibited numerous rake marks (Fig. 3D, 
white arrowhead) and a 170 mm healing bite wound 
(Fig. 3D, yellow arrowhead) on the right lateral por-
tion of its plastron. These wounds had a mean IDD of 
19 mm and BC of 294 mm, suggesting predation by a 
2.8 m tiger shark. 

3.3.  Kemp’s ridley sea turtles Lepidochelys kempii 

Two adult Kemp’s ridley turtles were found 
deceased in the Gulf of Mexico (Fig. 1) in 2011 
and 2015. Case Lk1 was found stranded on 
Dauphin Island, Alabama, and was moderately 
decomposed with semi-circular bite wound pat-
terns on the carapace (Fig. 4A, yellow arrow-
heads). A mean IDD of 15 mm, BC of 317 mm, 
and evidence of sawing suggest scavenging by 
either a 2.3−2.5 m bull shark or a 1.8−1.9 m white 
shark. The shark made clear attempts to saw at 
the turtle, which is consistent with bull, tiger, and 
white shark feeding tendencies; however, the 
scrapes on the right lateral carapace were more 
consistent with a bull or white shark, since tiger 
shark teeth tend to penetrate and then tear at the 
carapace. 

Case Lk2 was found stranded in Panama City, 
Florida, with arced bite marks on its plastron, a 
125 × 50 mm notch missing from the left lateral 
carapace, a portion of the marginal scutes missing 
(not pictured), visible teeth marks on the posterior 
plastron, and amputation of the left and right front 
flippers and neck (not pictured) (Fig. 4B, yellow 
arrowheads). A mean IDD of 11 mm and BC of 
212 mm suggest a smaller scavenger, likely a 1.4−
1.7 m bull shark or a 1.6−2.0 m sandbar shark Car-
charhinus plumbeus. This was an unusual bite to 
analyze, as the image suggests that the turtle’s 
entire head was in the shark’s mouth and only the 
anterior edge of the shark’s jaws contacted the tur-
tle. Because of the narrow arc of the bite, we sug-
gest a bull shark or a sandbar shark as possible 
scavengers. 
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Fig. 4. Shark bite wounds on Kemp’s ridley sea turtles Lepidochelys kempii including (A) semi-circular bite wounds (yellow 
arrowheads) and (B) bite marks on the turtle’s plastron (yellow arrowheads). Photos from National Oceanic and Atmospheric  

Administration
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3.4.  Leatherback sea turtles Dermochelys coriacea 

Two cases were adult leatherbacks encountered 
nesting on Juno Beach, Florida, in 2019 and 2020 
whose bite wounds did not prevent them from crawl-
ing up the beach or completing their nesting fixed 
action pattern (Bacon 1970, Keinath & Musick 1993, 
Dutton & McDonald 1994, Dutton 1996, Perrault et al. 
2012). Head wounds for case Dc1 showed visible 
healing rake marks (Fig. 5A, yellow arrowheads), 
consistent with a shark’s upper jaw. A mean IDD of 
29 mm and BC of 250−280 mm indicate that the 
wounds were inflicted by a 4.2 m tiger shark, which 
also likely caused the puncture wounds on the tur-
tle’s left front flipper (Fig. 5B, yellow arrowheads) 
based on similar IDD and BC estimates. Other candi-
dates include a 3.1 m mako shark (longfin: I. paucus 
or shortfin: I. oxyrinchus) or 3.5 m white shark. The 
tooth spacing indicates a mako shark; however, this 

size is not large enough to prey on an adult leather-
back turtle. Therefore, a nearshore bite from a tiger 
shark was deemed most likely. 

Case Dc2 showed healing rake marks with 
29−33 mm IDD on the right side of the turtle’s head, 
presumably created by the upper jaw of either a 
3.3 m longfin mako shark or a 3.8 m white shark 
(Fig. 5C, yellow arrowheads). The large gap size of 
the teeth makes longfin mako or white shark the 
most likely predators; a 4.4 m tiger shark was also 
considered, but that size shark is beyond the bounds 
of the regression generated in Lowry et al. (2009) (i.e. 
a specimen that large could not be obtained for use in 
generating the regression). The turtle also had multi-
ple sets of bite scars (Fig. 5D, yellow arrowheads) on 
its carapace with a mean 28 mm IDD that were likely 
caused by either a 3.0 m longfin mako, a 3.0 m short-
fin mako, or a 3.4 m white shark, assuming that the 
shark’s upper jaw contacted the turtle. A 4.1 m tiger 
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Fig. 5. Shark bite wounds on nesting leatherback sea turtles Dermochelys coriacea including (A,C) healing rake marks (yellow 
arrowheads), (B) puncture wounds (yellow arrowheads), and (D) multiple sets of bite scars (yellow arrowheads). Photos from  

Loggerhead Marinelife Center



Mar Ecol Prog Ser 703: 145–159, 2023

shark was also considered, but was beyond the 
bounds of the regression generated in Lowry et al. 
(2009). While the teeth of mako sharks and white 
sharks differ markedly regarding width, curvature, 
and presence/absence of serrations, the hallmarks 
of these differences are not apparent from gross pho -
tographic examination, and ranges of IDD overlap 
 substantially among species. Presence/absence of 
microstriations left by serrations on the teeth of white 
sharks, but not makos, are often only distinguish-
able from photographs that show a cross-section of 
wounded flesh. Measurement of bite wound metrics 
and assignment to likely shark species was further 
complicated by partial healing in this latter case and 
by the fact that all 3 species capable of generating 
the observed damage patterns share similar pelagic 
habitat distributions. 

4.  DISCUSSION 

4.1.  Forensic analysis 

Forensic analysis of bite wounds on sea turtles 
improves our understanding of predator−prey inter-
actions that are often difficult to observe in the wild 
(Heithaus et al. 2002). The methods applied here 
have been used previously to better understand 
shark bites on humans (Ritter & Levine 2004, 2005, 
Lowry et al. 2009, Clua & Séret 2010, Clua & Reid 
2017), and are increasingly being applied to address 
questions on the ecology of predator−prey dynamics 
(van den Hoff & Morrice 2008, Bornatowski et al. 
2012, Serres et al. 2022). Combining forensic analysis 
with knowledge of shark anatomy and behavior 
allowed us to suggest 1 or 2 predators for 10 of the 13 
cases (77%) examined here. This demonstrates the 
utility of forensic analysis in determining a specific 
predator that can be applied to other prey species 
(e.g. marine mammals, elasmobranchs) to further 
analyze bite wound patterns. 

The dual role played by sharks as both predators 
(i.e. antemortem tissue consumption) and scavengers 
(i.e. postmortem tissue consumption) of sea turtles 
has previously complicated accurate determination 
of the timing of shark-inflicted wounds (Bornatowski 
et al. 2012). Scavenging interactions can have strong 
impacts on food webs, and in marine systems, little 
is known about the role of facultative scavenging 
in the behavioral ecology of predators (McShea 2000, 
DeVault et al. 2003, Hammerschlag et al. 2016). 
Gross necropsy and histopathological examination of 
wound margins can reveal whether bite wounds 

result from predation or scavenging. This is an 
important distinction when estimating the relative 
severity of threats to sea turtle populations because 
postmortem bite wounds indicate that sharks are 
likely not the primary cause of death and can mask 
other direct causes of sea turtle mortality (Stacy et al. 
2021). In a recent study on stranded Kemp’s ridley 
(n = 46), loggerhead (n = 8), and green (n = 16) sea 
turtles in the southeastern USA, 80% of shark bite 
wounds were determined to have oc curred post-
mortem, while only 10% occurred ante mortem and 
10% occurred peri-mortem (i.e. wounds inflicted at 
or near the time of death) (Stacy et al. 2021). Most 
shark bite wounds that resulted in amputation, 
decapitation, or major tissue loss on turtles without 
evident intravital responses were determined to be 
the result of scavenging; thus, the deaths of most tur-
tles in that study were attributed to other factors, 
such as interactions with fishing gear or vessel 
strikes, not shark predation (Stacy et al. 2021). 

Sources of uncertainty exist with forensic methods, 
as injury size varies with body sizes of predator and 
prey (Heithaus 2001a,b). Additionally, the origin and 
timing of the initial injury and behavioral pattern 
causing the injury can be difficult to determine 
(Witzell 2007). The presence or absence of a refer-
ence scale adjacent to the wound in gross photos can 
affect the accuracy of measurements made using 
computer software, and IDD and BC values can only 
be calculated if the wounds exhibit clearly distin-
guishable bite mark; however, in turtles that survive 
a shark attack, bite wounds become less distinct over 
time as wounds heal due to individual healing pat-
terns (i.e. age and location of wound) and environ-
mental factors that accelerate or delay decomposition 
(Mutsaers et al. 1997, Lowry et al. 2009, Stacy et al. 
2021), limiting the accuracy and confidence of foren-
sic analysis. Furthermore, knowledge of regional 
shark biology and feeding behavior is necessary to 
accurately conduct this analysis, since there can be 
significant overlap between IDD and BC among dif-
ferent shark species. For prey species that migrate 
long distances, non-lethal bite wounds may also be 
acquired in a variety of habitats and locations, mak-
ing fresh wounds on live animals of greatest utility 
for correlation with local predatory fauna. In this 
study, there were 3 cases in which distinguishing a 
single shark species was not possible because the 
IDD and/or BC were similar among more than one 
species; however, we were able to infer 1 or 2 likely 
candidates using their individual tooth structure and 
general predicted behavioral patterns. For instance, 
forensic evaluation suggested that the predator in 

154



Aoki et al.: Forensic determination of shark bite wounds

case Dc1 could be a mako, tiger, or white shark. The 
IDD and BC suggested a 3.1 m mako shark; however, 
large turtles such as leatherbacks are not known to 
be included in the diet of sharks this size, and mako 
sharks do not typically inhabit the nearshore waters 
in south Florida (Heithaus 2013, Vaudo et al. 2016, 
2017). Thus, we posit a tiger shark was the most 
likely predator because adult tiger sharks are strong 
enough to prey on a large turtle and tend to inhabit 
shallow coastal waters that overlap with turtle habi-
tats during leatherback nesting season in Florida. 
Because the wound was healed and the timing of 
infliction not known, however, we were unable to 
fully ascertain if this predatory event occurred near 
nesting grounds or elsewhere (Eckert et al. 2006, 
Bornatowski et al. 2012, Aines et al. 2018). We also 
discerned that during the attack, both the shark and 
the leatherback were orientated in a natural swim-
ming position (dorsal side up) and the shark’s upper 
jaw contacted the leatherback’s skin, lending insight 
into the in-water positioning and movement of both 
species during a predation event (Ritter & Levine 
2005). The rake marks evident on the turtle’s head 
(Fig. 5A) could also have resulted from mating 
behavior, as male leatherbacks have been seen 
 biting females during mating interactions; however, 
mating wounds are often irregular and found on the 
dorsal side of the turtle’s head, and marks in our 
study were found on the lateral side of the turtle’s 
head and neck in a defined parallel pattern, leading 
us to posit the wounds were inflicted by a shark 
(Reina et al. 2005, Archibald & James 2018). Had 
high-resolution, close-up images of wound tracts 
been available, it may have been possible to distin-
guish microstriations left by serrations on the teeth of 
the shark, further limiting the list of candidate spe-
cies. To facilitate robust examinations of bite wounds 
on animals and bite damage in the future, it is recom-
mended that researchers photograph both gross and 
fine-scale aspects of the damage (i.e. close-up photo-
graphs depicting the entire bite wound, excised tis-
sue, and photos of individual tooth marks). 

4.2.  Predator−prey dynamics of sharks  
and sea turtles 

The most frequently identified probable predator 
in this study is the white shark, with 3 definitive 
cases and 2 possible cases ascribed to this species. 
White sharks are known to opportunistically target 
sea turtles while seeking more desirable prey, such 
as other elasmobranchs and teleosts, but more in-

depth information on these interactions is limited 
because turtles typically constitute only a small por-
tion of white sharks’ diet (Fergusson et al. 2000). Both 
white sharks and sea turtles, particularly logger-
heads, greens, and Kemp’s ridleys, inhabit coastal 
habitats in Florida year-round (Curtis et al. 2014, 
Bovery & Wyneken 2015), which could lead to a 
higher probability that a white shark would attack a 
sea turtle. In northern California in the 1990s, 2 
stranded leatherback turtles had wounds attributed 
to predation by white sharks, with both turtles miss-
ing large portions of their carapace and hind limbs, 
but it was unclear whether the sharks were directly 
responsible for the turtles’ deaths or if the wounds 
occurred postmortem (Long 1996). Our results show 
a higher attack rate from white sharks than previous 
studies (Bornatowski et al. 2012); however, this could 
be attributed to the fact that white sharks may be 
attacking and wounding sea turtles, but not severely 
enough to result in death (i.e. investigating potential 
prey). Two of the 3 definitive cases attributed to 
white sharks (Cc1 and Cc3) were of live, healthy log-
gerheads. Since most information on sea turtle pred-
ators comes from stomach content analyses (Hei-
thaus et al. 2008b), it is likely that attacks from white 
sharks are underreported, especially if the sea turtle 
survives the attack. 

Tiger sharks were identified as the primary preda-
tor in 3 cases. Tiger sharks are opportunistic foragers 
and exhibit ontogenetic shifts in their diets as they 
age (Motta & Wilga 2001). In a comprehensive 
dietary analysis of tiger sharks in the northwest 
Atlantic Ocean and Gulf of Mexico, when juvenile 
and adult tiger sharks preyed on sea turtles, they 
predominantly attacked green turtles, followed by 
Kemp’s ridley and loggerhead turtles (Aines et al. 
2018). Tiger sharks >3 m TL are most likely to target 
larger prey such as other elasmobranchs, seabirds, 
and marine mammals (Estupiñán-Montaño et al. 
2017), which may explain why smaller adult tiger 
sharks (~2.3−2.4 m TL) were found to have targeted 
juvenile turtles in this study. Forensic analysis of 
shark predation and scavenging in Brazil showed 
that the estimated size of tiger sharks that attacked 
sea turtles ranged from 2.2−3.3 m TL (Bornatowski et 
al. 2012), similar to the estimated tiger shark size 
ranges presented here. One case in our study was a 
nesting leatherback with bite wounds ascribed to a 
large (4.2 m TL) tiger shark. This is not uncommon 
for larger tiger sharks, since leatherbacks nesting on 
St. Croix, US Virgin Islands are often seen with par-
tial flipper/limb amputations and fresh and healed 
bite scars, including at least one case that was attrib-
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uted to a tiger shark of unknown size (Eckert et al. 
1986, Keinath & Musick 1993, Asada et al. 2021). 

In Florida, bull sharks are common and typically 
inhabit shallow, inshore waters (Snelson et al. 1984). 
Both juvenile bull sharks and juvenile green turtles 
use the Indian River Lagoon in eastern coastal 
Florida as a developmental and foraging habitat (Zug 
& Glor 1998, Simpfendorfer et al. 2005, Curtis et al. 
2013). Smaller bull sharks (≤1.4 m TL) prey mainly on 
teleosts, while bull sharks ≥1.8 m typically prey on 
larger animals including marine mammals, birds, 
and sea turtles (Cliff & Dudley 1991). Combining 
forensic analysis with our knowledge of bull shark 
habitat, distribution, and behavior in this region 
allows us to confidently identify large (1.9−2.2 m TL) 
bull sharks as the primary predator of 2 juvenile 
green turtles that stranded along the Indian River 
Lagoon and probable scavengers for both Kemp’s 
ridley turtles that stranded in the Gulf of Mexico. 

In at least one case each, we attributed wounds to 
attacks by mako and dusky sharks. Mako sharks are 
a surprising inclusion in this study, as they are infre-
quent predators of sea turtles, and only a few in -
stances of predations have been reported on hard-
shelled sea turtles through stomach content analysis 
and pop-up satellite archival transmitter tags (Car-
ranza et al. 2006, Biton Porsmoguer et al. 2015, Hall & 
James 2021). Similarly, dusky sharks are not common 
predators of sea turtles, but remains have been found 
in stomach content studies (Gelsleichter et al. 1999). 
Our finding of a sandbar shark as the likely scav-
enger of case Lk2 was also surprising since this spe-
cies is not reported to prey on large sea turtles (Ellis 
2003, McElroy et al. 2006). Thus, more research is 
needed to determine whether sandbar sharks are 
more common predators of sea turtles in the waters 
of the southeastern USA than previously thought, or 
whether they are largely opportunistic scavengers of 
diverse marine organisms. 

In the last decade, various studies have addressed 
the predator−prey relationships between sharks and 
sea turtles in the Atlantic Ocean, but information 
gaps remain (Foley et al. 2015). In Juno Beach, 
Florida, an important nesting beach for sea turtles 
(Stewart et al. 2011, Ceriani et al. 2017), shark bite 
wounds were observed on 9 of 450 nesting logger-
head turtles during 2019−2020 (Ataman et al. 2021) 
and 4 of 142 nesting leatherback turtles during 
2019−2021 (Klingshirn 2021). In temperate waters  
off Nova Scotia, Canada, and on Matura Beach, 
Trinidad, West Indies, during 2012−2015, 36 of 228 
leatherbacks had predation injuries; however, proba-
ble predators for each injury were not determined 

(Archibald & James 2018). Previous studies point out 
that shark predation on adult sea turtles is likely 
underreported because shark stomach content ana -
lysis would likely miss these rare events, and sharks 
are less likely to consume a whole adult turtle. Thus, 
we can deduce that sub-adult and adult sea turtles 
(particularly leatherbacks) are susceptible to non-
lethal predatory shark interactions in the northwest-
ern Atlantic Ocean (Heithaus et al. 2008b, Borna-
towski et al. 2012, Klingshirn 2021). Further studies, 
such as stable isotope analyses of shark species to 
identify the contributions of different sea turtle spe-
cies in dietary compositions, could also be performed 
to report shark predation attempts on sea turtles. 
Observation of nesting sea turtles and physical 
examination of stranded turtles represent optimal 
opportunities to evaluate the frequency of shark-
inflicted predation wounds for a given population 
since there is usually significant overlap between 
coastal sea turtle habitats and the habitats of various 
shark species. Understanding the predator−prey 
dynamics of these sharks and sea turtles at or near 
sea turtle nesting beaches is crucial to understand 
the frequency of shark−sea turtle interactions and 
how shark attacks influence sea turtle behavior. 

This study demonstrates that forensic analysis is a 
useful approach for analyzing shark−sea turtle interac-
tions. Successful determination of the timing of an at-
tack and assignment of a shark species based on bite 
wound characteristics depends on numerous factors, 
including the quality and freshness of the wound(s), 
image detail and sharpness, and the observers’ knowl-
edge of shark behavior and ecology. When these fac-
tors are accounted for, an estimated TL and shark spe-
cies can be derived from 2 measurements that are 
easily obtainable through direct measurements and 
photographs. While this method does not always pro-
vide definitive documentation regarding the species 
and size of a potential predator, it introduces a repro-
ducible scientific method that can support other forms 
of injury assessments. Application of these methods in 
future studies will continue to enhance our under-
standing of rarely witnessed sea turtle−shark interac-
tions and improve the accuracy of the forensic analysis. 
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Biton Porsmoguer S, Bǎnaru D, Boudouresque CF, Dekeyser 
I, Viricel A, Merchán M (2015) DNA evidence of the con-
sumption of short-beaked common dolphin Delphinus 
delphis by the shortfin mako shark Isurus oxyrinchus. 
Mar Ecol Prog Ser 532: 177−183  

Bornatowski H, Heithaus MR, Batista CMR, Mascarenhas R 
(2012) Shark scavenging and predation on sea turtles in 
northeastern Brazil. Amphib-Reptil 33: 495−502  

Bovery CM, Wyneken J (2015) Seasonal variation in sea tur-
tle density and abundance in the southeast Florida cur-
rent and surrounding waters. PLOS ONE 10: e0145980  

Carranza A, Domingo A, Estrades A (2006) Pelagic long-
lines:  a threat to sea turtles in the equatorial eastern 
Atlantic. Biol Conserv 131: 52−57  

Ceriani SA, Weishampel JF, Ehrhart LM, Mansfield KL, 
Wunder MB (2017) Foraging and recruitment hotspot 
dynamics for the largest Atlantic loggerhead turtle rook-
ery. Sci Rep 7: 16894  

Chaloupka M, Limpus C (2002) Survival probability esti-
mates for the endangered loggerhead sea turtle resident 
in southern Great Barrier Reef waters. Mar Biol 140: 
267−277  

Chaloupka M, Limpus C (2005) Estimates of sex- and age-
class-specific survival probabilities for a southern Great 
Barrier Reef green sea turtle population. Mar Biol 146: 
1251−1261  

Cliff G, Dudley SF (1991) Sharks caught in the protective gill 
nets off Natal, South Africa. 4. The bull shark Carcharhi-
nus leucas Valenciennes. S Afr J Mar Sci 10: 253−270  

Cliff G, Dudley SF, Davis B (1989) Sharks caught in the pro-
tective gill nets off Natal, South Africa. 2. The great 

white shark Carcharodon carcharias (Linnaeus). S Afr J 
Mar Sci 8: 131−144  

Clua E, Reid D (2017) Contribution of forensic analysis to 
shark profiling following fatal attacks on humans. In:  
Dogan KH (ed) Postmortem examination and autopsy—
current issues from death to laboratory analysis. InTech, 
Rijeka, p 57−75  

Clua E, Séret B (2010) Unprovoked fatal shark attack in 
Lifou Island (Loyalty Islands, New Caledonia, South 
Pacific) by a great white shark, Carcharodon carcharias. 
Am J Forensic Med Pathol 31: 281−286  

Corkeron PJ, Morris RJ, Bryden MM (1987) Interactions 
between bottlenose dolphins and sharks in Moreton Bay, 
Queensland. Aquat Mamm 13: 109−113 

Cortés E (1999) Standardized diet compositions and trophic 
levels of sharks. ICES Mar Sci Symp 56: 707−717  

Curtis TH, Parkyn DC, Burgess GH (2013) Use of human-
altered habitats by bull sharks in a Florida nursery area. 
Mar Coast Fish 5: 28−38  

Curtis TH, McCandless CT, Carlson JK, Skomal GB and 
others (2014) Seasonal distribution and historic trends 
in abundance of white sharks, Carcharodon carcharias, 
in the western North Atlantic Ocean. PLOS ONE 9: 
e99240  

DeVault TL, Rhodes OE, Shivik JA (2003) Scavenging by 
vertebrates:  behavioral, ecological, and evolutionary 
perspectives on an important energy transfer pathway in 
terrestrial ecoystems. Oikos 102: 225−234 

Dutton PH (1996) Methods for collection and preservation of 
samples for sea turtle genetic studies. In: Bowen BW, 
Witzell WN (eds) Proc Int Symp Sea Turt Conservation 
Genetics, Miami, FL, 12−14 Sep 1995. NOAA Tech 
Memo NMFS-SEFSC-396, National Marine Fisheries 
Service, Miami, FL, p 17–24 

Dutton PH, McDonald D (1994) Use of PIT tags to identify 
adult leatherbacks. Mar Turt Newsl 67:13–14 

Eckert SA, Nellis DW, Eckert KL, Kooyman GL (1986) Div-
ing patterns of two leatherback sea turtles (Dermochelys 
coriacea) during internesting intervals at Sandy Point, St. 
Croix, US Virgin Islands. Herpetologica 1: 381−388 

Eckert SA, Bagley D, Kubis S, Ehrhart L, Johnson C, Stewart 
K, DeFreese D (2006) Internesting and postnesting 
movements and foraging habitats of leatherback sea tur-
tles (Dermochelys coriacea) nesting in Florida. Chelon-
ian Conserv Biol 5: 239−248  

Ellis JK (2003) Diet of the sandbar shark, Carcharhinus 
plumbeus, in Chesapeake Bay and adjacent waters. MSc 
thesis, College of William and Mary, Williamsburg, VA 

Estes J, Crooks K, Holt R (2001) Ecological role of predators. 
In:  Levin S (ed) Encyclopedia of biodiversity. Academic 
Press, San Diego, CA, p 857−878 

Estupiñán-Montaño C, Estupiñán-Ortiz JF, Cedeño-Figueroa 
LG, Galván-Magaña F, Polo-Silva CJ (2017) Diet of the 
bull shark, Carcharhinus leucas, and the tiger shark, Gale-
ocerdo Cuvier, in the eastern Pacific Ocean. Turk J Zool 
41: 1111−1117  

Fergusson IK, Compagno LJV, Marks MA (2000) Predation 
by white sharks Carcharodon carcharias (Chondrich-
thyes:  Lamnidae) upon chelonians, with new records 
from the Mediterranean Sea and a first record of the 
ocean sunfish Mola mola (Osteichthyes:  Molidae) as 
stomach contents. Environ Biol Fishes 58: 447−453  

Foley AM, Minch K, Hardy R, Bailey R, Schaf S, Young 
M (2015) Distributions, relative abundances, and mor-
tality factors of sea turtles in Florida during 1980−2014 

157

https://doi.org/10.1007/s10641-017-0706-y
https://doi.org/10.3354/esr00920
https://doi.org/10.3354/meps13856
https://doi.org/10.3354/esr01149
https://doi.org/10.1016/0006-3207(70)90111-4
https://doi.org/10.3354/meps08778
https://doi.org/10.3354/meps11327
https://doi.org/10.1163/15685381-00002852
https://doi.org/10.1371/journal.pone.0145980
https://doi.org/10.1016/j.biocon.2006.02.003
https://doi.org/10.1038/s41598-017-17206-3
https://doi.org/10.1007/s002270100697
https://doi.org/10.1023/A%3A1007639324360
https://doi.org/10.3906/zoo-1610-31
https://doi.org/10.2744/1071-8443(2006)5%5b239%3AIAPMAF%5d2.0.CO%3B2
https://doi.org/10.1034/j.1600-0706.2003.12378.x
https://doi.org/10.1371/journal.pone.0099240
https://doi.org/10.1080/19425120.2012.756438
https://doi.org/10.1006/jmsc.1999.0489
https://doi.org/10.1097/PAF.0b013e3181ec7cb8
https://doi.org/10.5772/intechopen.71043
https://doi.org/10.2989/02577618909504556
https://doi.org/10.2989/02577619109504636
https://doi.org/10.1007/s00227-004-1512-6


Mar Ecol Prog Ser 703: 145–159, 2023

as determined from strandings. Fish and Wildlife Re -
search Institute, Jacksonville Field Laboratory, Jack-
sonville, FL 

Foley AM, Stacy BA, Hardy RF, Shea CP, Minch KE, 
Schroeder BA (2019) Characterizing watercraft-related 
mortality of sea turtles in Florida. J Wildl Manag 83: 
1057−1072  

Frazer NB (1983) Survivorship of adult female loggerhead 
sea turtles, Caretta caretta, nesting on Little Cumberland 
Island, Georgia, USA. Herpetologica 39: 436−447 

Gelsleichter J, Musick JA, Nichols S (1999) Food habits of 
the smooth dogfish, Mustelus canis, dusky shark, Car-
charhinus obscurus, Atlantic sharpnose shark, Rhizopri-
onodon terraenovae, and the sand tiger, Carcharias tau-
rus, from the northwest Atlantic Ocean. Environ Biol 
Fishes 54: 205−217  

Hall KE, James MC (2021) Predation of satellite-tagged 
juvenile loggerhead turtles Caretta caretta in the North-
west Atlantic Ocean. Endang Species Res 46: 279−291  

Hammerschlag N, Bell I, Fitzpatrick R, Gallagher AJ and 
others (2016) Behavioral evidence suggests facultative 
scavenging by a marine apex predator during a food 
pulse. Behav Ecol Sociobiol 70: 1777−1788  

Heithaus MR (2001a) Predator−prey and competitive inter-
actions between sharks (Order Selachii) and dolphins 
(Suborder Odontoceti):  a review. J Zool (Lond) 253: 
53−68  

Heithaus MR (2001b) Shark attacks on bottlenose dolphins 
(Tursiops aduncus) in Shark Bay, Western Australia:  
attack rate, bite scar frequencies, and attack seasonality. 
Mar Mamm Sci 17: 526−539  

Heithaus MR (2013) Predators, prey, and the ecological role 
of sea turtles. In:  Wyneken J, Lohmann KJ, Musick JA 
(eds) The biology of sea turtles, Vol 3. CRC Press, Boca 
Raton, FL, p 249−285 

Heithaus MR, Frid A, Dill LM (2002) Shark-inflicted injury 
frequencies, escape ability, and habitat use of green and 
loggerhead turtles. Mar Biol 140: 229−236  

Heithaus MR, Frid A, Wirsing AJ, Dill LM and others (2007) 
State-dependent risk-taking by green sea turtles medi-
ates top-down effects of tiger shark intimidation in a 
marine ecosystem. J Anim Ecol 76: 837−844  

Heithaus MR, Frid A, Wirsing AJ, Worm B (2008a) Predict-
ing ecological consequences of marine top predator 
declines. Trends Ecol Evol 23: 202−210  

Heithaus MR, Wirsing AJ, Thomson JA, Burkholder DA 
(2008b) A review of lethal and non-lethal effects of pred-
ators on adult marine turtles. J Exp Mar Biol Ecol 356: 
43−51  

Keinath JA, Musick JA (1993) Movements and diving 
behavior of a leatherback turtle, Dermochelys coriacea. 
Copeia 1993: 1010−1017  

Klingshirn S (2021) Injury analysis of leatherback sea turtles 
(Dermochelys coriacea) nesting on northern Palm Beach 
County, Florida, USA beaches. MSc thesis, Florida 
Atlantic University, Boca Raton, FL 

Long DJ (1996) Records of white shark-bitten leatherback 
sea turtles along the central California coast. In:  Klimley 
AP, Ainley D (eds) Great white sharks:  the biology of 
Carcharodon carcharias. Academic Press, San Diego, 
CA, p 317−319 

Lowry D, de Castro ALF, Mara K, Whitenack LB, Delius B, 
Burgess GH, Motta P (2009) Determining shark size from 
forensic analysis of bite damage. Mar Biol 156: 
2483−2492  

McElroy WD, Wetherbee BM, Mostello CS, Lowe CG, Crow 
GL, Wass RC (2006) Food habits and ontogenetic 
changes in the diet of the sandbar shark, Carcharhinus 
plumbeus, in Hawaii. Environ Biol Fishes 76: 81−92  

McShea WM (2000) The influence of acorn crops on annual 
variation in rodent and bird populations within oak dom-
inated forests. Ecology 81: 228−238  

Motta PJ, Wilga CD (2001) Advances in the study of feeding 
behaviors, mechanisms, and mechanics of sharks. Envi-
ron Biol Fishes 60: 131−156  

Mutsaers SE, Bishop JE, McGrouther G, Laurent GJ (1997) 
Mechanisms of tissue repair:  from wound healing to 
fibrosis. Int J Biochem Cell Biol 29: 5−17  

Nambiar P, Brown KA, Bridges TE (1996) Forensic implica-
tions of the variation in morphology of marginal serra-
tions on the teeth of the great white shark. J Forensic 
Odontostomatol 14: 2−8 

Page-Karjian A, Perrault JR (2021) Sea turtle health assess-
ments:  maximizing turtle encounters to better under-
stand health. In:  Nahill B (ed) Sea turtle research and 
conservation:  lessons from working in the field. Aca-
demic Press, San Diego, CA, p 31−44  

Perrault JR, Miller DL, Eads E, Johnson C, Merrill A, 
Thompson LA, Wyneken J (2012) Maternal health status 
correlates with nest success of leatherback sea turtles 
(Dermochelys coriacea) from Florida. PLOS ONE 7: 
e31841  

Pitman RL, Dutton PH (2004) Killer whale predation on a 
leatherback turtle in the northeast Pacific. Pac Sci 58: 
497−498  

Randall JE (1992) Review of the biology of the tiger shark 
(Galeocerdo cuvier). Aust J Mar Freshwater Res 43: 
21−31  

Reina RD, Abernathy KJ, Marshall GJ, Spotila JR (2005) 
Respiratory frequency, dive behaviour and social inter-
actions of leatherback turtles, Dermochelys coriacea dur-
ing the inter-nesting interval. J Exp Mar Biol Ecol 316: 
1−16  

Ritter E, Levine M (2004) Use of forensic analysis to better 
understand shark attack behaviour. J Forensic Odon-
tostomatol 22: 40−46 

Ritter EK, Levine M (2005) Bite motivation of sharks 
reflected by the wound structure on humans. Am J 
Forensic Med Pathol 26: 136−140  

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH image 
to ImageJ:  25 years of image analysis. Nat Methods 9: 
671−675  

Serres A, Lin W, Clua EEG, Lin M, Liu M, Li S (2022) Evi-
dence of interactions between sharks and Indo-Pacific 
humpback dolphins (Sousa chinensis) in the northern 
South China Sea. Mar Mammal Sci 38: 1262−1271  

Shimada K (2002) The relationship between the tooth size 
and total body length in the white shark, Carcharodon 
carcharias (Lamniformes:  Lamnidae). J Fossil Res 35: 
28−33 

Simpfendorfer CA, Freitas GG, Wiley TR, Heupel MR (2005) 
Distribution and habitat partitioning of immature bull 
sharks (Carcharhinus leucas) in a southwest Florida estu-
ary. Estuaries Coasts 28: 78−85  

Snelson FF, Mulligan TJ, Williams SE (1984) Food habits, 
occurrence, and population structure of the bull shark, 
Carcharhinus leucas, in Florida coastal lagoons. Bull Mar 
Sci 34: 71−80 

Stacy BA, Foley AM, Shaver DJ, Purvin CM, Howell LN, 
Cook M, Keene JL (2021) Scavenging versus predation:  

158

https://doi.org/10.1002/jwmg.21665
https://doi.org/10.1023/A%3A1007527111292
https://doi.org/10.3354/esr01165
https://doi.org/10.1007/s00265-016-2183-2
https://doi.org/10.1017/S0952836901000061
https://doi.org/10.1111/j.1748-7692.2001.tb01002.x
https://doi.org/10.1007/s00227-001-0712-6
https://doi.org/10.1111/j.1365-2656.2007.01260.x
https://doi.org/10.1016/j.tree.2008.01.003
https://doi.org/10.1016/j.jembe.2007.12.013
https://doi.org/10.2307/1447078
https://doi.org/10.1016/B978-012415031-7/50030-6
https://doi.org/10.1007/s00227-009-1273-3
https://doi.org/10.1007/s10641-006-9010-y
https://doi.org/10.3354/dao03552
https://doi.org/10.1007/BF02732755
https://doi.org/10.1111/mms.12902
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1097/01.paf.0000164231.99750.2b
https://pubmed.ncbi.nlm.nih.gov/16223019
https://doi.org/10.1016/j.jembe.2004.10.002
https://doi.org/10.1071/MF9920021
https://doi.org/10.1353/psc.2004.0034
https://doi.org/10.1371/journal.pone.0031841
https://doi.org/10.1016/B978-0-12-821029-1.00004-0
https://pubmed.ncbi.nlm.nih.gov/9227074
https://doi.org/10.1016/S1357-2725(96)00115-X
https://doi.org/10.1023/A%3A1007649900712
https://doi.org/10.1890/0012-9658(2000)081%5b0228%3ATIOACO%5d2.0.CO%3B2


Aoki et al.: Forensic determination of shark bite wounds

shark-bite injuries in stranded sea turtles in the south-
eastern USA. Dis Aquat Org 143: 19−26  

Stancyk SE (1983) Non-human predators of sea turtles and 
their control. In:  Bjorndal KA (ed) Biology and conserva-
tion of sea turtles. Smithsonian Institution Press, Wash-
ington, DC, p 139−152 

Stewart K, Sims M, Meylan A, Witherington B, Brost B, 
Crowder LB (2011) Leatherback nests increasing 
 significantly in Florida, USA; trends assessed over 
30 years using multilevel modeling. Ecol Appl 21: 
263−273  

Stillwell CE, Kohler NE (1982) Food, feeding habits, and 
estimates of daily ration of the shortfin mako (Isurus 
oxyrinchus) in the northwest Atlantic. Can J Fish Aquat 
Sci 39: 407−414  

van den Hoff J, Morrice MG (2008) Sleeper shark (Somnio-
sus antarcticus) and other bite wounds observed on 
southern elephant seals (Mirounga leonina) at Mac-
quarie Island. Mar Mamm Sci 24: 239−247  

Vaudo JJ, Wetherbee BM, Wood AD, Weng K, Howey-Jor-
dan LA, Harvey GM, Shivji MS (2016) Vertical move-
ments of shortfin mako sharks Isurus oxyrinchus in the 
western North Atlantic Ocean are strongly influenced by 
temperature. Mar Ecol Prog Ser 547: 163−175  

Vaudo JJ, Byrne ME, Wetherbee BM, Harvey GM, Shivji 
MS (2017) Long-term satellite tracking reveals region-

specific movements of a large pelagic predator, the 
shortfin mako shark, in the western North Atlantic 
Ocean. J Appl Ecol 54: 1765−1775  

Wetherbee BM, Cortés E (2004) Food consumption and 
feeding habits. In:  Carrier JC, Musick JA, Heithaus MR 
(eds) Biology of sharks and their relatives, 2nd edn. CRC 
Press, Boca Raton, FL, p 225−246 

Whiting SD, Whiting AU (2011) Predation by the saltwater 
crocodile (Crocodylus porosus) on sea turtle adults, eggs, 
and hatchlings. Chelonian Conserv Biol 10: 198−205  

Wirsing AJ, Abernethy R, Heithaus MR (2008) Speed and 
maneuverability of adult loggerhead turtles (Caretta 
caretta) under simulated predatory attack:  Do the sexes 
differ? J Herpetol 42: 411−413  

Witzell WN (1987) Selective predation on large cheloniid 
sea turtles by tiger sharks (Galeocerdo cuvier). Jpn J 
Herpetol 12: 22−29  

Witzell WN (2007) Kemp’s ridley (Lepidochelys kempi) shell 
damage. Mar Turtle Newsl 115: 16−17 

Woolgar JD, Cliff G, Nair R, Hafez H, Robbs JV (2001) Shark 
attack:  review of 86 consecutive cases. J Trauma 50: 
887−891  

Zug GR, Glor RE (1998) Estimates of age and growth in a 
population of green sea turtles (Chelonia mydas) from 
the Indian River lagoon system, Florida:  a skeletochrono-
logical analysis. Can J Zool 76: 1497−1506 

159

Editorial responsibility: Graeme Hays,  
  Burwood, Victoria, Australia 
Reviewed by: B. Wallace, N. Queiroz and 1 anonymous 
   referee

Submitted: July 15, 2022 
Accepted: November 18, 2022 
Proofs received from author(s): December 21, 2022

https://doi.org/10.1890/09-1838.1
https://doi.org/10.1139/f82-058
https://doi.org/10.1111/j.1748-7692.2007.00181.x
https://doi.org/10.3354/meps11646
https://doi.org/10.1111/1365-2664.12852
https://doi.org/10.1139/z98-090
https://doi.org/10.1097/00005373-200105000-00019
https://doi.org/10.5358/hsj1972.12.1_22
https://doi.org/10.1670/07-1661.1
https://doi.org/10.2744/CCB-0881.1



