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Abstract Visual identiWcation of naturally acquired
marks has been a popular if subjective method of animal
identiWcation and population estimation over the last
40 years. Molecular genetics has also independently developed objective individual marking techniques during the
same period. Here, we assess the concordance of individual
great white shark (Carcharodon carharias) dorsal Wn recognition and identiWcation, using seven microsatellite loci
as the independent unbiased arbiter, over a period of
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5 years. As a monitoring technique, Wn photographs oVer a
very good individual identiWcation key for white sharks
over a relatively short period of time (5 years), matching
with genetic data in about 85% of cases, whilst caution and
a continuously updated database is required for animal recognition over a longer period.

Introduction
Photo identiWcation is a technique mainly used on species
that bear distinctive features, such as natural markings,
which can be used to identify individuals. It has been used
as a monitoring tool for a variety of marine and terrestrial
species, although mostly applied to cetaceans (Karczmarski
and Cockcroft 1998; Wilson et al. 1999; Calambokidis
et al. 2004; Mizroch et al. 2004; Coakes et al. 2005), pinnipeds (Vincent et al. 2005), manatees (Langtimm et al.
2004), otters (Gilkinson et al. 2007), but also on cheetahs
(Kelly 2001), and salamanders (Gamble et al. 2008). It is a
relatively cheap, non-invasive technique allowing the physical “re-sampling” of an individual numerous times without
artiWcially marking the studied species. This is vital for species that are diYcult to tag because of their large size and
intractability (Kohler and Turner 2001) in combination
with weather conditions, or because they cannot retain the
marks for the duration of the evaluation (Meekan et al.
2006; Gamble et al. 2008).
Since mid 1970s, when it was Wrst used, photo identiWcation has passed from Wlm based photographs, with formation of slides and large photographic catalogues, to
digitalisation and analysis of long-term databases using
sophisticated image recognition software for faster more
objective categorisation and individual recognition
(Arzoumanian et al. 2005). The eYcacy of individual
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identiWcation methods has escalated with technological
advances. Digital photography is less laborious, more
aVordable and reliable, improving photographic quality
(Markowitz et al. 2003), whilst recognition algorithms,
although time consuming and costly to develop, avoid
long-term commitment of Wnancial and personnel
resources; considered the most important drawbacks to
photo identiWcation (Hillman et al. 2003). Nevertheless,
automation does not produce perfect results, since the Wnal
decision will be determined by the observer, introducing
once again a degree of subjectivity (Araabi et al. 2000;
Kelly 2001).
Photo identiWcation can be used as part of a suite of
recently implemented stress free and less invasive techniques for studying the population ecology and life history
of species, particularly those under serious threat. It has
been used for estimates of survival and population sizes
(Wilson et al. 1999; Fujiwara and Caswell 2001; Langtimm
et al. 2004; Mizroch et al. 2004; Castro and Rosa 2005;
Bradshaw et al. 2007), sex or individual identiWcation
(Gowans et al. 2000; Kelly 2001; Hillman et al. 2003;
Arzoumanian et al. 2005; Van Tienhoven et al. 2007), animal movement tracking and aggregations (Anderson and
Goldman 1996; Sims et al. 2000; Vincent et al. 2005;
Domeier and Nasby-Lucas 2007; Drouot-Dulau and Gannier 2007; Rowat et al. 2007) which can now be determined
and monitored without the use of any physical tags or intervention, so common in the past (Kohler and Turner 2001).
The great white shark (Carcharodon carcharias, Linnaeus 1758) is elusive and capable of migrating long distances (Boustany et al. 2002; BonWl et al. 2005), making
photo identiWcation techniques more attractive than
conventional marking methods. Being economical and noninvasive, it allows the involvement of less experienced personnel (Castro and Rosa 2005). Nevertheless, despite its
wide application to other marine species, particularly mammals, it has been used rarely with elasmobranchs (Sims
et al. 2000). Over the last 15 years its use has focused primarily on species with very distinct characteristics that are
classiWed as ‘vulnerable’ on the 2000 IUCN Red List for
Threatened Species (Chapman et al. 2003). The white shark
was one of the Wrst elasmobranch species on which this
approach was implemented (Anderson and Goldman 1996).
The Australian Government successfully listed the white
shark on Appendices I and II of the Convention on Migratory Species (CMS) in 2002. EVorts were orientated in classifying the legal status of the white sharks on Appendix II
of the Convention on International Trade in Endangered
Species of Fauna and Flora (CITES), a case that was Wnally
materialised in 2004 after the cooperation between the Australian and Madagascan Governments. Klimley and Anderson (1996) were the Wrst to verify the movements of white
sharks in Californian waters using photographic evidence,
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reporting the existence of a database since 1988 for a 4 year
period. More recently, Domeier and Nasby-Lucas (2007)
managed to identify 78 individuals over a period of 5 years
(2001–2005), allowing them to examine site Wdelity at
Guadalupe Island, Mexico. These authors used underwater
photographs and video records of gill-slit Xaps, pelvic and
caudal Wns, diverging from the established standard dorsal
Wn examination.
Despite the introduction and establishment of such methodologies, whilst there have been a couple of comparative
studies in marine mammals (Gowans et al. 2000; Stevick
et al. 2001), no studies testing the reliability of photographic identiWcation using molecular techniques on elasmobranch skin-biopsies as the Wnal arbiter have been
conducted. Microsatellites, neutral codominant molecular
genetic markers, have a range of applications in biology,
medicine, forensics, molecular epidemiology, parasitology, population and conservation genetics, and genetic
mapping (Chistiakov et al. 2006). Here, we assess the accuracy of photographic dorsal Wn proWling by the objective
approach of microsatellite genotyping each individual
C. carcharias sampled in Mossel Bay, South Africa.

Materials and methods
Study site
Mossel Bay (34°11⬘S, 22°09⬘E) lies on the southern coast
of South Africa. It is a well known white shark aggregation
site. It houses a Cape fur seal (Arctocephalus pusillus pusillus) colony of over 4,000 pinnipeds. Mossel Bay’s white
shark distribution is characterised by three core areas: Seal
Island, Hartenbos and Grootbrak.
Photo identiWcation technique
Sharks were identiWed by sighting of dorsal Wn and body
marks when approaching the boat, drawn in by the smell of
chum (mixture of Wsh products) and curiosity. No shark was
rewarded intentionally with food for coming close to the
boat for fear of conditioning the animal, despite the unlikely
behavioural eVect of feeding the sharks (Laroche et al.
2007). Sex, size, behaviour and individual unique body features (shape of a Wn, notches, pigmentation, marks, bites,
spots, scars, and deformities) of each shark were recorded
during the encounter. Sizes were calculated by using the
boat as an object of known length (7 m long) by an experienced observer, giving an approximation accurate to
§25 cm. Records of location and time were also taken while
the shark’s dorsal Wn, its most diagnostic feature, was photographed. When possible, tissue and skin samples were collected using a biopsy needle. Samples were stored in 95%
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primers for Wve South African great white shark microsatellite loci (Ccar1, Ccar6, Ccar9, Ccar13, and Ccar19) under
the following conditions: reaction mix contained 10 ng
template DNA, 1–2 mM MgCl2 (Bioline, Inc), 200 M of
dNTPs (Bioline, Inc.), 1£ NH4 buVer (Bioline, Inc.),
0.3 M of each primer, and 0.5 U Taq polymerase (Bioline,
Inc.), denatured at 94°C for 5 min, followed by 36 cycles of
20 s at 94°C, 20 s at 60–62°C (depending on primers, see
Pardini et al. 2000), and 30 s at 72°C, and a Wnal extension
of 10 min at 72°C. A new species speciWc primer
(Ccar6.27x) was also developed and used in the analysis (F
5⬘-GAGCATGTGTGGGAGCGAAAG-3⬘ and R 5⬘-TGGGACGATTCTGCCATTCTCTC-3⬘) under the following
conditions: the reaction mix contained 10 ng template
DNA, 1.5 mM MgCl2 (Bioline, Inc.), 200 M of dNTPs
(Bioline, Inc.), 1£ NH4 buVer (Bioline, Inc), 0.3 M of
each primer, and 0.5 U Taq polymerase (Bioline, Inc.),
denatured at 94°C for 5 min, followed by 36 cycles of 30 s
at 94°C, 30 s at 54°C, and 30 s at 72°C, with a Wnal extension of 10 min at 72°C. Finally, a non species speciWc
primer (Iox-10) from the shortWn mako, Isurus oxyrinchus,
was also used as described in Schrey and Heist (2002). All
PCR conditions and microsatellite characteristics are presented in Table 1. All PCR products were genotyped on a
LICOR DNA sequencer 4200L (Global Edition IR2) and all
runs were downloaded to the e-Seq V2.0 software program.
Fragments and their sizes were determined against positive
controls (other South African samples) and a molecular
weight ladder (HyperLadder IV, 5 l, Bioline).

DNA extraction and microsatellite analysis

Concordance of methods

Total genomic DNA was extracted from muscle tissue and
skin of all 110 samples using the standard phenol–chloroform extraction procedure (Sambrook et al. 1989).
Polymerase chain reaction (PCR) ampliWcations were
performed in a Biometra T-Gradient thermal cycler using

Photographic identiWcation was followed by genetic identiWcation, which was conducted as a double blind test to minimise bias. There had been no exchange of results prior to
this analysis. Over a period of 5 years, 314 sharks were
photographed and 110 biopsies collected.

ethanol at +4°C, or 20% DMSO saturated with NaCl at room
temperature, until DNA extraction could be performed.
Photographs were taken using digital cameras with a
minimum of six Megapixel resolution. Experienced and
trained photographers were advised to take ID photographs
when the subject was close to the boat, when the sea state
(visibility) was good, and when the Wn was perpendicular to
the sea surface. Both sides of Wn were taken when conditions permitted. Overall, 165 trips to anchorages within
Mossel Bay were made from 10 May 2001 to 25 June 2005.
During these trips, 527 sharks sightings were made, of
which 314 sharks (60%) were successfully photographed.
All photographs were placed on a catalogue of all individuals, arranged by year. Each new photo was then compared with each other and those from all previous years.
Individual shots were transposed over one another using
Adobe Photoshop version 6.0 (Adobe Systems, San Jose,
CA). In this way, it was possible to manipulate all photographs of an individual, including both the left and the right
side of the dorsal Wn. If a photograph was a positive match,
it was added to those of a speciWc individual. If the match
was negative, then the new animal was given an original
number and entered into the catalogue. ConWrmed matches
were based on as many marks as possible to reduce the possibility of false positives. All images were Wrst compared
by an experienced observer, and then conWrmed by a second.

Table 1 Genetic variation measures of seven microsatellite markers for C. carcharias sampled in Mossel Bay, South Africa (Ccar1, Ccar6, Ccar9,
Ccar13, and Ccar19 are from Pardini et al. (2000); Iox-10 is from Schrey and Heist (2002))
Mossel Bay samples
Locus

Accession No

Ccar1

AF216865

Ccar9
Ccar13

AF216866
AF184087

k
6
15
12

Ho

He

HWE

0.682

0.709

ns

0.909
0.685

0.869
0.778

ns
ns

Fis

P(ID)unbiased

P(ID)sibs

P(ID)unbiased#

P(ID)sibs#

0.038

1.287 £ 10¡1

4.308 £ 10¡1

1.287 £ 10¡1

4.308 £ 10¡1

¡0.046

¡2

3.248 £ 10

¡1

3.355 £ 10

¡3

1.399 £ 10¡1

3.822 £ 10

¡1

2.450 £ 10

¡4

5.348 £ 10¡2

3.403 £ 10

5.749 £ 10

¡1

8.337 £ 10

¡5

3.075 £ 10¡2

0.120

2.608 £ 10

¡2

7.303 £ 10

¡1

Ccar19

AF216864

3

0.527

0.524

ns

¡0.006

Iox-10

AF426735

5

0.700

0.755

ns

0.073

9.774 £ 10¡2

3.999 £ 10¡1

8.148 £ 10¡6

1.230 £ 10¡2

¡0.155

¡1

6.076 £ 10

¡1

2.713 £ 10

¡6

7.472 £ 10¡3

4.896 £ 10

¡1

5.520 £ 10

¡7

3.659 £ 10¡3

Ccar6.27x
Ccar6

3
AF184085

4

0.528
0.633

0.457
0.628

ns
*

¡0.008*

3.329 £ 10

¡1

2.035 £ 10

k number of alleles, Ho observed heterozygosity, He expected heterozygosity, Fis inbreeding coeYcient, deviations from HWE, P(ID) probability
of identity, * p < 0.05, ns not signiWcantly diVerent from 0, # cumulative values for P(ID)
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Genotyping errors, such as allelic dropout, stutter bands,
and null alleles, were tested for all loci using MICROCHECKER 2.2.3 (van Oosterhout et al. 2004). Tests for
signiWcant deviations from Hardy-Weinberg equilibrium
(HWE) and linkage disequilibrium (LD) were performed
using GENEPOP 4.0.7 (Rousset 2007). Inbreeding coeYcients (Fis) were estimated to evaluate levels of genetic
diversity, and number of alleles (NA), as well as observed
(HO), and expected heterozygosities (HE) (Nei 1987) were
calculated using CERVUS 3.0 (Kalinowski et al. 2007).
Firstly, the rate of genotyping error was assessed to identify any bias in the results. Bonin et al. (2004) stressed that
all genetic data sets include some erroneous genotypes due
to various causes. All data were double-checked to eliminate scoring errors. The Mossel Bay dataset included 110
individuals that had been scored for seven loci. Sixteen
samples (14.55%) were re-genotyped for all loci, and a
comparison made between old and re-scored multilocus
proWles to estimate the genotype error rates as the number
of allelic mismatches.
CERVUS 3.0 (Kalinowski et al. 2007) was used for
identiWcation based on genetic analysis of all sampled
C. carcharodon to investigate and highlight all the exact
and close matches in the dataset. Cervus 3.0 is a maximum
likelihood approach commonly used in parental assignment
and is a useful check for identifying repeat sampling. During the identity check, Cervus reads the genotypes from an
individual and compares them against every genotype in
the data Wle. Cervus records identiWcations, and repeated
genotypes, oVering a “fuzzy” matching function (not 100%
matches), as well as perfect matches; it is also capable of
including sex in the search. This method of assignment is
based on allele frequencies generated at the beginning of
the analysis for the Mossel Bay white shark population
(overall 110 individuals, based on previous and new samples, excluding animals that have been biopsied repeatedly). All mismatches were examined by eye to conWrm
that allelic drop out did not contribute to the false exclusion
of individuals.
The probability of individual identity, P(ID), for all seven
loci was calculated according to Waits et al. (2001) with
GIMLET (Valière 2002); as the probability of two individuals/animals that belong to one population, and drawn randomly sharing the same genotypic proWle at multiple loci
(Waits et al. 2001). GIMLET allows the calculation of both
the upper P(ID)sib (is the P(ID) of a population where siblings
are found and included; Evett and Weir 1998), and lower
P(ID)unbiased (is the P(ID) after sample size corrections; Paetkau et al. 1998) boundaries of P(ID), assuming that the population studied does not deviate from Hardy-Weinberg
expectations. Waits et al. (2001) showed that the observed
P(ID) is found between the P(ID)sib, and P(ID)unbiased, and is
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estimated by computing the proportion of all possible pairs
of individuals that have identical genotypes.

Results
Only 128 photographs were suitable for further investigation, since these photographs were of biopsied individuals.
In total, 84 individuals were recognised, of these there have
been 28 repeated identiWcations of the same animals, and
56 of new individuals. Two individuals were identiWed on
up to Wve diVerent occasions throughout 5 years of sampling. The longest individual identiWcation was separated
by 1,596 days, and the shortest by only 1 day.
One locus, Ccar6 was found to deviate from HWE.
However, little in the way of allelic dropout, stutter bands,
or null alleles were reported at this locus by MICROCHECKER. However, there was a possibility of null alleles
at locus Ccar13, and LD between this locus and Ccar19 was
identiWed. Nevertheless, on a diVerent and not so geographically restricted dataset, deviations from HWE and LD were
not detected (Pardini et al. 2001), suggesting the presence
of related individuals in Mossel Bay. There were 3–15 alleles per locus, while observed and expected heterozygosities
ranged from 0.527 to 0.909 and 0.457 to 0.869, respectively, and Fis values from ¡0.155 to 0.073 (Table 1).
Ignoring the failed ampliWcation in the second genotyping,
two genotyping errors at diVerent loci were identiWed,
resulting in a 0.01089 error rate.
Association of photo with genetic identiWcation was
made on an available sub sample (15 animals repeatedly
photographed and biopsied) of 28 individuals identiWed by
separate photographic matches. Analysis using Cervus 3.0,
showed the existence of 25 perfect identiWcations of biopsied animals, revealing 11 individuals out of total 37 photographs that have been sampled more than once from
between 2001 and 2005 (Table 2). Each identiWcation was
checked further by eye. On four occasions there had been
discrepancies in concordance of the two techniques
(Table 2).
These four occasions on which discrepancies were
found, were false positives (two sightings of diVerent animals considered as the same individual). An additional
analysis using the ‘fuzzy matching’ procedure of Cervus
was run to determine if false negative errors (two sightings
of the same animal considered to be diVerent individuals)
were evident from biopsies sampled on two diVerent occasions. Identity analysis of biopsied animals revealed 22
cases of sharks with Wve, and three cases with six matching
loci, respectively, proving the samples from each sampling
date were in fact of diVerent individuals, suggesting there
were no records of false negatives in our dataset.
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Table 2 Concordance of photo identiWcation and genotyping for 15 possible individual C. carcharias from 37 biopsied and photographed samples
from Mossel Bay, following “identity analysis” and match in Cervus
Genetic ID

Photo ID Date of capture Name

Sex

Ccar1

Ccar6

Ccar9

Ccar13

Ccar19

Iox-10

Ccar6.27x

GWSA 03/05 1

15/06/2002

Inverse nipple

Male

169–159 219–219 234–214 272–272 212–210 125–121 170–170

GWSA 03/08 11

16/06/2002

Inverse nipple

Male

169–159 219–219 234–214 272–272 212–210 125–121 170–170

GWSA 03/01 2

17/06/2002

Nipple step

Female 169–159 219–219 236–220 292–272 212–210 129–127 174–170

GWSA 03/21 1

18/08/2002

Nipple step

Female 169–159 219–219 236–220 292–272 212–210 129–127 174–170

GWSA 03/12 5

20/08/2002

Nipple step

Female 169–159 219–219 236–220 292–272 212–210 129–127 174–170

GWSA 04/94 6

26/02/2004

Nipple step

Female 159–159 221–219 220–216 292–292 212–210 127–125 170–170

GWSA 03/47 1

23/06/2001

Monster Rosie

Female 169–161 225–219 220–214 290–290 212–212 125–125 174–170

AU05-0498

7/11/2005

Monster Rosie

Female 169 161 225–219 220–214 290–290 212–212 125–125 174–170

GWSA 03/74 5

24/05/2003

Speedy

Female 167 159 225–221 224–214 292–272 212–210 129–127 170–170

GWSA 04/88 1

24/02/2004

Speedy

Female 171 159 225–221 220–220 290–290 212–210 125–125 170–170

GWSA 03/48 16

23/06/2001

Top notch

Female 169–159 219–219 222–220 292–272 212–210 129–121 178–170

GWSA 03/18 1

26/08/2002

Top notch

Female 169–159 219–219 222–220 292–272 212–210 129–121 178–170

AU05-0472

22/06/2004

Top notch

Female 169–159 219–219 222–220 292–272 212–210 129–121 178–170

GWSA 03/46 2

23/06/2001

Half moon

Female 161–159 225–219 236–228 292–290 212–210 125–125 170–170

AU05-0455

2/9/2004

Half moon

Female 161–159 225–219 236–228 292–290 212–210 125–125 170–170

GWSA 03/16 16

20/08/2002

Square notch

Male

167–159 225–221 224–214 292–272 212–210 131–129 170–170

GWSA 03/73 002a

31/05/2003

Square notch

Male

171–159 225–221 220–220 292–290 212–210 127–127 170–170

GWSA 03/22 5

10/11/2003

Mystery Wn

Female 169–167 225–219 220–214 292–272 212–210 127–127 178–170

6

11
18

AU05-0453

13

2/9/2004

Mystery Wn

Female 169–167 225–219 220–214 292–272 212–210 127–127 178–170

AU05-0479

1

28/09/2005

Mystery Wn

Female 169–167 225–219 220–214 292–272 212–210 127–127 178–170

AU05-0486

2

18/10/2005

Mystery Wn

Female 169–167 225–219 220–214 292–272 212–210 127–127 178–170

GWSA 03/40 012a

26/06/2001

Glasses

Female 171–171 225–225 220–216 286–278 212–210 131–121 178–174

GWSA 04/89 3

24/02/2004

Glasses

Female 171–171 225–225 220–216 286–278 212–210 131–121 178–174

AU05-0462

4

7/6/2005

Glasses

Female 171–171 225–225 220–216 286–278 212–210 131–121 178–174

AU05-0468

12

21/06/2004

Round top

Female 169–161 225–219 236–220 292–290 212–212 127–127 174–170

AU05-0464

8

Female 169–161 225–219 236–220 292–290 212–212 127–127 174–170

10/6/2005

Round top

GWSA 03/07 3

15/06/2002

Top notch steps Female 159–159 225–221 238–220 278–272 212–210 127–127 178–174

GWSA 03/15 11

22/08/2002

Top notch steps Female 159–159 225–221 238–220 278–272 212–210 127–127 178–174

GWSA 04/93 4

26/02/2004

Santa

Female 169–159 219–219 236–220 292–272 212–210 129–127 174–170

AU05-0497

5

7/11/2005

Santa

Female 159–159 221–219 220–216 292–292 212–210 127–127 170–170

AU05-0470

2

22/06/2004

Big rosie WTT

Female 169–161 225–221 220–214 292–290 212–210 127–125 170–170

AU05-0485

2

6/10/2005

Big rosie WTT

Female 169–161 225–221 220–214 292–290 212–210 127–125 170–170

AU05-0475

5

23/06/2004

Gill scar

Female 171–169 225–219 232–212 292–292 212–210 129–127 170–170

AU05-0450

3

2/9/2004

Gill scar

Female 171–169 225–219 232–212 292–292 212–210 129–127 170–170

AU05-0457

2

12/5/2005

Gill scar

Female 171–169 225–219 232–212 292–292 212–210 129–127 170–170

GWSA 03/04 2

18/06/2002

Tadpole rosie

Female 161–159 219–219 214–212 292–272 218–210 129–127 170–170

GWSA 04/75 3

15/05/2004

Tadpole rosie

Female 161–159 219–219 214–212 292–272 218–210 129–127 170–170

Animals in bold are those that lack concordance between genetic and photographic identiWcation. Loci are characterised in Table 1

The P(ID)unbiased was calculated originally for all seven
loci as 5.52 £ 10¡7, and the probability of individual
identity among siblings as 3.66 £ 10¡3 (Table 1). The
outcome of estimating the upper and lower limits of P(ID)
changed when loci Ccar6 was excluded (which did not
conform to HWE). P(ID)unbiased was 2.71 £ 10¡6, and
P(ID)sibs was 7.47 £ 10¡3 (Table 1), therefore two individuals have a less than 1% chance of sharing the same
multilocus proWle.

All individuals exhibiting lack of concordance between
genetic and photographic methodologies were rechecked
by eye to conWrm the accuracy of genotyping. After
thorough examination by both observers of the Wrst and
consecutive photographic sampling, the photographs 00520082002 and 006-26022004 belonged to “Nipple step”,
005-24052003 and 001-24022004 was “Speedy”, 01620082002 and 002a-31052003 came from “Square notch”,
and 004-26022004 and 005-07112005 was “Santa” (Fig. 1).
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Fig. 1 Photographic veriWcation records at the Wrst and second photo and biopsy sampling,
following the lack of concordance with genetic analysis:
“Speedy”, “Santa”, “Nipple
Step”, and “Square Notch” identiWcation records, respectively,
005-24052003 (a) and 00124022004 (b); 004-26022004 (c)
and 00-07112005 (d); 00520082002 (e) and 006-26022004
(f); 016-20082002 (g) and
002a-31052003 (h)

Discussion
Overall, comparison of genetic and photographic identiWcation showed the approaches to be generally concordant. The
application of microsatellite markers is an eVective and
independent unbiased arbiter for assessing veracity of
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persistent natural markings for the identiWcation of individual animals. Genotype identiWcation mistakes are minimised by the use of a standard size ladder run alongside the
genotype of the studied individual, whilst the probability of
two individuals having the same genotypes at these seven
loci is less than 1% (Table 1), making false inclusion highly

Mar Biol

unlikely, even when siblings are present in a population.
Nevertheless, Anderson et al. (2002) (reporting an individual probability of identity of 8.189 £ 10¡17 for humpback
whales) were able to identify one individual sampled twice
using the same number of microsatellites, despite the application of the Paetkau and Strobeck (1994) biased formula
(which does not incorporate a sample size correction).
However, photographic identiWcation remains a subjective
method, since the Wnal decision on identiWcation is taken by
the observer based on experience and expertise.
Discrepancies due to mismatches among individuals
considered to be the same animal can be detected with
genotype scoring. The resolution in mismatch recognition
is also improved by the degree of polymorphism at loci
used in the analysis. The more polymorphic loci used, the
smaller the probability of two individuals sharing a speciWc
allele. The number of alleles varied between the seven loci
from low (Ccar19 and Ccar6.27x had 3 alleles each) to high
(15 and 12 alleles for Ccar9 and Ccar13, respectively). In
this study, genotyping and photographic mismatches were
apparent using both highly polymorphic and less polymorphic loci. In all cases, discrepancies were detected for at
least four loci per pairwise multilocus proWle comparison
(Table 2), justifying the identiWcation of individuals, even
with an error rate of 0.01089.
Six pairwise photographic discrepancies out of 37 cases
(16.22%) were noted, whereas comparison of genetic and
photographic identiWcation of 15 possible individuals
showed four false positives, which translates into a 26.67%
of the sample used in this study, or 74.33% of individual
successful matches. These Wndings were similar to those of
Stevick et al. (2001) for humpback whales, where he discovered 88 discrepancies between photographic and
genetic identiWcations over 414 cases (21.26%) prior to correction. However, genetic analysis demonstrated an
extremely low rate (3.3%) of animals miscategorised by
sex, in northern bottlenose whales, Hyperoodon ampullatus, suggesting the technique is applicable for sex identiWcation (Gowans et al. 2000). Nevertheless, the latter study
was based on a species trait, melon morphology, which is
indicative of sexual maturity and not on naturally acquired
marks. A more reliable dorsal Wn identiWcation of white
sharks may be obtained with a larger sample size, but caution is recommended for smaller datasets (Gowans and
Whitehead 2001).
The application of photo identiWcation is extremely valuable for the estimation of abundance, particularly in areas
where the population size is unknown but is considered to
be relatively small. The existence of errors has been shown
to inXate abundance or bias survival estimates (Langtimm
et al. 2004; Meekan et al. 2006), and Stevick et al. (2001)
suggest bias can be minimised substantially with better
quality photographs. Quality is one factor biasing animal

identiWcation, and has been reported previously in cetacean
studies, motivating researchers to evaluate the accuracy of
photo ID more objectively. When genetic tools cannot be
implemented as a calibration, computer programs can be
applied successfully in certain species. Arzoumanian et al.
(2005) and Van Tienhoven et al. (2007) developed the Wrst
computer based software for shark identiWcation with success rates of 90% and 95%, respectively. Both studies utilised the existence of discrete natural marks and patterns
(whale and spotted raggedtooth sharks); unfortunately,
white sharks bear no such patterns. “Finscan”, developed
for identifying marine mammals by comparing dorsal Wn
pictures with up to 75% correct identiWcation (within the
Wrst three or four suggested matches), was used on white
sharks (Hillman et al. 2003). However, this was a preliminary analysis utilising a small database, a larger sample size
might have altered the success rate.
Image quality is a major factor aVecting the eYcacy of
the analysis. Many studies have shown errors due to poor
quality photographs (Gowans and Whitehead 2001), the
authors stressing the importance of photographic conditions
and the experience of the observer using both computeraided programs and naked eye identiWcation (Kelly 2001;
Stevick et al. 2001; Arzoumanian et al. 2005; Gilkinson
et al. 2007; Van Tienhoven et al. 2007; Gamble et al.
2008). Reduced image clarity due to water turbidity, bad
weather conditions, photographic angles, body position,
and comparison of both sides of the Wn may explain unsuccessful recognition of individual sharks in the Van Tienhoven et al. (2007) study at least. In our case, all images were
clear with a good photographic angle, except those of
“Speedy” (Fig. 1), which were still clear enough to positively identify the same individual.
The process of classiWcation is labour intensive, but
could still lead to misidentiWcation of animals (Kelly 2001;
Hillman et al. 2003). Genetic and photo mismatches might
occur through accidental mislabelling of photographs or
sample tubes, during sampling or data analysis. Fatigue
handling a dataset is correlated to the number of photographs used (Stevick et al. 2001). Human error has always
been one of the major sources of inconsistency, so discrepancies prompted both genetic and photographic scoring to
be re-examined.
False positives can also be attributed to the comparison of
both sides of an individual. Domeier and Nasby-Lucas
(2007) recognise the necessity of photographing both sides
of an animal in order to catalogue it, because of diVerences
between pigment patterns in all three regions they examined
(gill Xaps, pelvic and caudal Wns) on the right and left sides.
Another characteristic of sharks is their capacity to heal
quickly (Fitzpatrick et al. 2006; Domeier and Nasby-Lucas
2007). Even large wounds can become indistinguishable,
which is why pigment patterns are more reliable for individ-
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ual identiWcation. Nevertheless, during the Wve years of documentation and catalogue creation not only wounds, but also
natural marks and even pigmentation were seen to alter
(Domeier and Nasby-Lucas 2007), leading to false positives.
Nevertheless, mis-matches can also be caused by new physical scarring and deformities (Castro and Rosa 2005).
Dufault and Whitehead (1995) reported that diYculty of reidentifying an individual using natural markings increases
with time, with major changes observed in sperm whales.
This might also be the case for white sharks, hence, a constantly updated photographic database of animals will
improve accuracy and reliability, allowing greater temporal
stability in individual identiWcation. Changeability over time
and unreliability of natural marks strongly suggest application of a single feature for individual identiWcation is
unlikely to be useful, particularly in long-term recognition
studies (Karczmarski and Cockcroft 1998).
Carcharodon carcharias, like all “charismatic megafauna”, are usually tagged with any “pioneering” non-invasive method suggested to leave their behaviour or
relationship with other individuals unaltered, and to not
injure the animal (Markowitz et al. 2003). However, to test
the reliability of such approaches a similarly non-invasive
but objective technique is required. The main focus of this
study was to evaluate the accuracy and utility of photographic identiWcation of individual white sharks, a species
with no distinctive patterns, based on naturally acquired
marks. The outcome of the photographic analysis was not
used to make estimates of abundance, or for any other potential applications already mentioned, as these are the subjects
of other studies. Our Wndings emphasise that attention to
photographic quality and site of character(s) are needed when
analysing large datasets of sharks, and that previous photo
identiWcation work should be interpreted cautiously given the
rate of mismatches detected if photographs are used in isolation. Ultimately, eVorts incorporating photographic records
of individuals with the corresponding genetic proWling would
produce a more reliable means to assess the strategies and
population dynamics of C. carcharias.
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