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ABSTRACT: The loss of apex marine predators has been reported to have a cascade of detrimental
effects on marine ecosystems; however, the general lack of empirical data can severely limit our
understanding of the ecological interactions among marine species. In this study we propose an
integrated approach using mark-recapture and genetic techniques to assess population estimates
of white sharks Carcharodon carcharias. Between 2009 and 2011, 4389 dorsal fin photographic
identifications were collected in Gansbaai, South Africa, from 426 white sharks and used in markrecapture analyses. Saturation of new sightings occurred once 400 individuals were catalogued
and the open population model POPAN suggested ranges between 353 and 522 individuals (95%
confidence) and a point estimate of N = 438. Between 2010 and 2013, 302 biopsy samples were collected from 233 white sharks and used for a comparative genetic population estimate. Analyses of
14 microsatellite markers revealed a contemporary effective population size (CNe) of 333 individuals (95% CI = 247−487, pcrit = 0.02). These values were at least 52% less than those estimated in
previous mark-recapture studies. Using this combination of techniques, we propose a N e:N ratio
of 0.76 for white sharks, which advances our ability to accurately make inferences on elasmobranch population numbers in general. Given the low population numbers of white sharks along
the South African coastline, we predict a negative effect on the ecological stability of the marine
environment in this region.
KEY WORDS: Carcharodon carcharias · Effective population size · Microsatellites · Photographic
identification · Population abundance · Shark conservation
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A delicate and complex balance exists between the
ocean and its inhabitants. Sharks as top predators are
particularly important since they directly influence
the population size of prey communities, as well as
prey behaviour and space utilization (see also ‘risk
effect’ in Heithaus et al. 2008). The problems stemming from the loss of apex predators are complex,

but quantifiable negative implications for the marine
ecosystem have been reported (Baum et al. 2003,
Baum & Myers 2004, Myers et al. 2007, Ferretti et al.
2010, Heithaus et al. 2012). Generally, the population
reduction of a top predator causes a collapse in
resource species (consumers at lower trophic levels,
like small teleosts or primary producers), by increasing the population of meso-consumers (predatory or
herbivorous species at risk of predation from top
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predators; Heithaus et al. 2008). The potential for
meso-consumer dispersal in previously high predatory-risk areas can result in a cascade alteration of
the local ecological structure and general functioning
of marine communities (Heithaus et al. 2008, Ferretti
et al. 2010).
Models used in ecology predict that sharks have a
strong impact on marine ecosystems (Stevens et al.
2000, Kitchell et al. 2002, Okey et al. 2004), but without empirical data on population numbers (and reliable historical data), it is difficult to draw strong ecological conclusions (Ferretti et al. 2010). It is thus not
surprising that elasmobranch population estimates
are regarded as particularly important (Dudgeon &
Ovenden 2015). The white shark Carcharodon carcharias has a circumglobal distribution (Compagno et
al. 2001, Boustany et al. 2002, Bonfil et al. 2005,
Domeier & Nasby-Lucas 2008, Jorgensen et al. 2010),
is an apex marine predator and is currently listed as
‘Vulnerable’ (IUCN Red List, Category VU A1cd+ 2cd).
The elusive nature of the species limits the collection
of baseline information critically needed for its management and long-term survival. A recent phylogeographic study on South African white sharks, including samples collected at 5 aggregation sites (False
Bay, Gansbaai, Struisbaai and De Hoop, Mossel Bay
and Algoa Bay), revealed the presence of a panmictic
population with frequent movement of individuals
between sites (mtDNA: ϕst = 0.018, p = 0.71; nDNA:
Fst = 0.0014, p = 0.38; Andreotti et al. 2016, see also
Johnson & Kock 2006). At the local scale, the South
African population also shows very low genetic diversity, and despite the evidence for potential migrations
across oceanic basins (e.g. between South Africa and
Australia; Bonfil et al. 2005), they represent elements
of a unique evolutionary lineage (Andreotti et al. 2016).
Previous studies suggest that the South African
white shark population has a census size in the lower
thousands: for example Cliff et al. (1996) based on 6
sharks recaptured from 73 tagged individuals estimated a mean of N = 1279. More recently, by making
use of the unique trailing edge of the dorsal fin of
white sharks (similarly used by Anderson et al. 2011,
Chapple et al. 2011, Andreotti et al. 2014, Burgess et
al. 2014) and the software DARWIN (Stanley 1995),
Towner et al. (2013) suggested that in the Gansbaai
region alone, the estimated total number of sharks
ranges between 808 and 1008 individuals. Given the
low numbers of opportunistic recaptures in the first
study (mi = 6; Cliff et al. 1996), and since the software
DARWIN has previously been considered unreliable
for matching white shark dorsal fins (Chapple et al.
2011), these estimates may not accurately reflect the

population status of the species in the region. In addition, these estimates were exclusively based on
capture-mark-recapture (CMR) models, which can
be problematic when dealing with elusive species
(Schwartz et al. 2007).
Modern model-based CMR methods rely on a
series of assumptions that are often difficult to
achieve in the field, especially when the study species have large geographic distributions. The model
assumptions include (1) that the tagging method will
not affect subsequent catchability, (2) homogenous
sampling and re-sampling of all individuals, (3) zero
loss of tags, (4) that sampling is random and covers a
representative area related to the distribution of the
population, and (5) accurate designation of whether
the population is closed or open (Sutherland 2006).
Although non-invasive methods such as photo-identification techniques (Wursig et al. 1990, Whitehouse
& Hall-Martin 2000) can assist in meeting some of
these assumptions (Carbone et al. 2001, Jackson et
al. 2006, Kelly et al. 2008, Schofield et al. 2008, Chapple et al. 2011, Marshall & Pierce 2012, Andreotti et
al. 2014), it is virtually impossible to meet all the
required criteria (also see Burgess et al. 2014). Thus,
the integration of CMR with other techniques is particularly appealing when aiming to obtain a more
robust assessment of the size of a population.
Genetic estimates of population size can provide a
powerful alternative or supplement to the CMR
model (Schwartz et al. 2007, Luikart et al. 2010). For
example, studies on large vertebrates have used
molecular fingerprinting of hair and/or faecal DN A
for estimating population census size (Taberlet et al.
1999, Woods et al. 1999, Mowat & Strobeck 2000). In
this instance ‘re-captures’ are inferred from a multilocus genotype (i.e. individual) captured 2 or more
times in a single sampling section (Luikart et al.
2010). However, despite the promise of the method,
these studies also suffer from several pitfalls including un-quantified genotyping error rates or biases
related to mixed samples (Taberlet et al. 1999, Mills
et al. 2000, Waits et al. 2001, McKelvey & Schwartz
2004, Roon et al. 2005). Many of these problems are
largely due to human error and can be minimised by
removing duplicate samples, re-genotyping and
blind rescoring of genotypes.
The most common genetic technique to determine
population estimates is based on measuring contemporary effective population size (CN e). It approximates the mean number of breeding individuals contributing offspring per generation (Huson & Bryant
2006, Portnoy et al. 2009, Dudgeon et al. 2012) and is
calculated based on the levels of pairwise linkage
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disequilibrium (LD) between microsatellite loci
(measured as the deviation between observed and
predicted 2-locus genotype frequencies; Luikart et
al. 2010, Waples et al. 2014). The CNe has direct conservation relevance since a low number of breeders
can increase the extinction risk of populations
(Luikart et al. 2010). The only study to date documenting the effective population size of a white
shark population was carried out in Australia but was
based on only 6 microsatellite loci (CNe = 1512; pcrit of
0.06, Blower et al. 2012).
Matching genetic data with phenotypic information (i.e. photographic identification and estimated
length of the individuals sampled) should increase
the precision of population size estimates. To gain
more insight into the size of the South African white
shark population, we assessed both population abundance (census size: N) and effective population size
(Ne) in a combined framework. This study aims to (1)
use photographic CMR and a genetic technique to
evaluate the population size of white sharks occurring in the largest known aggregation area in South
Africa (Gansbaai), (2) provide the first population
estimate for white sharks along the entire coastline
and (3) calculate the ratio between CMR estimates
and genetic N e estimates which can provide the
baseline for future assessments of white shark population sizes. The results of this study provide powerful insights into the status of this top predator along
the South African coastline, information essential for
future management decisions when dealing with
white sharks.

MATERIALS AND METHODS
Data collection
Between April 2009 and April 2014 photographic
data and biopsy samples were collected by attracting
white sharks close to a vessel with natural fish chum
(Department of Environmental Affairs of South
Africa Permit N umbers: RES2009/18, RES2010/71,
RES2011/55, RES2012/38, RES2013/41, RES2014/39,
RES2015/50). In CMR studies the frequency at which
different individuals can be trapped may vary: some
may become ‘trap shy’ (e.g. they avoid coming to the
vessel after the first attraction) and others may
become ‘trap happy’ (e.g. they tend to visit the vessel
more because it is baited, thereby underestimating
population size). The baited condition of this study
exposed all individuals attracted (whether ‘trapped’
by the camera or not) to the same treatment, which is
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comparable to ‘setting the trap open and baited’, a
practice used to reduce ‘trap happy’ bias (Sutherland
2006). Dorsal fin photographs and tissue biopsies
were collected from all free ranging individuals at
5 known white shark aggregation sites around the
coastline: Gansbaai (34° 40’ 614’’ S, 19° 23’ 934’’ E),
False Bay (34° 08’ 036’’ S, 18° 34’ 930’’ E), Struisbaai
(34° 35’ 403’’ S, 20° 24’ 786’’ E), Mossel Bay (34° 08’
985’’ S, 22° 07’ 220’’ E) and Algoa Bay (33° 44’ 753’’ S,
26° 13’ 523’’ E). Only photographs collected in Gansbaai were used for the mark-recapture analyses;
these were collected over a 28 mo period (298 sampling days).

Capture-mark-recapture data
Dorsal fin pictures were taken in RAW format with
high-resolution cameras following Andreotti et al.
(2014). The sex and total length of each individual
was documented by visually recording the presence
or absence of claspers at the posterior portion of the
pelvic fins and by comparing the size of the sharks
(estimated from the rostrum to the higher part of the
tail in natural position) with a fixed size length (see
also Leurs et al. 2015). Photo-identification data collected during the study period were stored in a separate folder (referred to as ‘the full database’ in
Andreotti et al. 2014) per individual shark, named
after the date of first capture (i.e. for all the sharks
captured on 5 March the 2 first numbers of their folders would be ‘0305...’. To separate each shark, the
third number indicates the sequence in which the
animal approached the vessel: the folder for Shark 4
for that day would then be ‘030504’). All subsequent
photographs of the same shark obtained a re-sighting code (RS) based on the ‘month/day’ of recapture
(i.e. the photograph of Shark 030504, re-captured on
11 April, was labelled: 030504_RS 0411). The use of a
storage system together with the creation of a document summarizing all the additional morphological
information (length and sex) allowed for confirmation of the match of the recaptured shark, since new
visual matches could be visually compared to the
suite of all the previous photographs of the same
shark.
The final photo-identification dataset was doublechecked manually for duplicates (e.g. false negative
matches: same shark then catalogued as 2 different
individuals) prior to CMR analyses. To minimise
human error in the data analyses, an ad hoc algorithm was created in Python to extrapolate the recapture data directly from the storage folders of each
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shark (van der Walt unpubl. data). The algorithm
generated a binomial recapture history matrix (1:
captured; 0: non-captured) of all the sharks (y-axis)
captured on each sampling occasion (x-axis). The
recapture history matrix generated by the ad hoc
algorithm was manually double-checked by 2 of the
authors.
The relatively small number of captures per capture occasion (averaging 4−5 sharks daily), for a prolonged period of time (298 d) can potentially inflate
estimates of population numbers (Holmberg et al.
2008); therefore, the time intervals of the capturerecapture history matrix were collapsed from daily to
monthly time intervals. Two history matrices for
recaptures were generated: (1) per month (27 capture occasions) and (2) per winter season (3 capture
occasions between May and July each year). Population sizes (N) were estimated based on these matrices
using CMR models.
Since population size is a broad term that can vary
across studies (Sutherland 2006, Luikart et al. 2010)
and white sharks have long life spans (Calliet et al.
1985), low fecundity and low estimated natural mortality (Smith et al. 1998), in the present study population census (or abundance) was conversatively defined
as the maximum number of individuals identified, after reaching saturation (Sutherland 2006). The population estimate N, based on CMR analyses of photographic identifications, is defined as the estimated
number of all individuals in the study area. When
model assumptions are met and a large number of individuals are captured, N should not differ significantly
from the true population census (Sutherland 2006).
Due to the lack of phylogeographic structure
around the South African coastline (regardless of the
genetic marker used), Andreotti et al. (2016) suggested that the population sampled in Gansbaai can
be considered an open system. However, to further
assess which model was most appropriate for estimating population abundance, the history matrix
was also subjected to a Close Test. The latter uses
Otis et al. (1978) and Stanley & Burnham (1999) closure tests to detect closure violation in CMR datasets
(Stanley & Richards 2005). The Otis et al. (1978)
model allows for heterogeneity in capture probabilities under closure, and the Stanley & Burnham (1999)
allows for time-specific variation in capture probabilities under closure (Stanley & Richards 2005). The
results of both tests confirmed that the Gansbaai population is open, with both losses and additions to the
area. The open population model POPAN provided
in MARK, Version 6.1 (White & Burnham 1999), was
thus chosen. The following assumptions were made:

(1) the marking (notches on the fin) remained constant during the sampling period (Anderson et al.
2011), (2) the photographic process did not affect the
catchability of individuals (Chapple et al. 2011) and
(3) the population numbers did not change sufficiently to influence the estimates during the 3 yr
study period, due to the life-history features of white
sharks (e.g. long life span coupled with low fecundity
and low estimated natural mortality; Calliet et al.
1985, Smith et al. 1998).
The POPAN model estimates population size (N )
based on apparent survival rate (Φ), probability of
entry into the population (β) and capture probability
(ρ). Different variations of the model were applied to
both capture-recapture matrices (e.g. history matrix)
of 27 monthly encounter occasions and the 3 winter
season encounters, by setting Φ, β and ρ either to
constant (.) or time dependent (t). Link functions
were specified as the Logit link for Φ and ρ and the
multinomial Logit (MLogit) link for β (GC White, Program MARK Help files). Selection of the most parsimonious model was based on Akaike’s information
criterion with correction for finite sampling sizes
(AICc). Goodness of fit (GoF) of the data under the
open population model assumptions was tested using
Tests 2 and 3 in RELEASE GOF (available in MARK).

Genetic data
During 115 successful sampling occasions (field
trips), a total of 302 tissue biopsies were collected
from 233 unique white sharks (duplicates were confirmed using both photo-identification and genetic
fingerprint techniques). Biopsy samples were taken
from a small region at the base of the dorsal fin by
making use of a 2.53 m long pole equipped with a
sterilised biopsy sample; dermis tissue was then
stored in 80% alcohol. In the laboratory, DN A was
extracted using the DNeasy Blood and Tissue Extraction Kit (Qiagen) following the manufacturer’s protocol. Fourteen microsatellite markers: Ccar1, Ccar13,
Ccar6.27x, Ccar9, Iox10, Cca1419, Cca83, Cca1536,
Cca1273, Cca711, Cca1072, Cca1466, Cca1276 and
Cca1226 (Pardini et al. 2000, Gubili et al. 2011,
O’Leary et al. 2013) were amplified in 3 multiplex
and 1 simplex reaction (see Andreotti et al. 2016 for
details; see Table S2 in the Supplement at www.intres.com/articles/suppl/m552p241_supp.pdf).
Genotype scoring was performed in Geneious Version 5.6.5 (©2005−2012 Biomatters Ltd.). Assessment
of amplification errors, such as large allele drop out,
stuttering and null alleles was conducted in Micro-
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checker Version 2.2.3 (Van Oosterhout et al. 2004).
Deviations from the expectation of outcrossing
(Hardy-Weinberg equilibrium) and linkage disequilibrium were determined in FSTAT Version 2.9.3.2
(Goudet 1995) and in Genepop Version 4.2.1 (Rousset
2008). Additional properties of the markers utilised
are reported in Andreotti et al. (2016). The software
SHAZA Version 1.0 (Macbeth et al. 2011) was used to
assess duplicated samples based on genetics, and
these were eliminated from subsequent analyses.
The program COLON Y (Jones & Wang 2010) was
used to assess the relatedness among individuals.
Our dataset exceeded the minimum sample size
(20% of the population) and number of markers (at
least 10 loci) as set out by Dudgeon & Ovenden (2015).
To maximise the power of the estimates (Dudgeon &
Ovenden 2015), we analysed all uniquely identified
sharks together (233 genotypes and 14 markers). Following Blower et al. (2012), the LD estimate of CN e
was determined using the program Ne Estimator Version 2.0 (Do et al. 2014) and represents the size of an
ideal population that is experiencing a known amount
of genetic drift. Random mating over monogamy was
assumed, as this is the most likely system for white
sharks (also see Blower et al. 2012). The software provides a range of CNe point estimates (with 95% accuracy), and these values vary depending on the optimal
allele frequency exclusion criterion pcrit (Waples 2006,
Waples & Do 2010, Do et al. 2014). The large sample
size (>100) and the 14 nuclear markers utilised in this
study suggest that acceptable estimates of CNe can be
obtained with optimal allele frequency exclusion criteria pcrit = 0.01 and pcrit = 0.02 (Waples & Do 2010).
However, for comprehensiveness we varied pcrit from
0.05 to 0+; CN e estimates are listed in ‘Results of the
different CN e values obtained varying pcrit’ in the
Supplement. For large, long-lived animals with low
fecundity such as elasmobranchs, estimates of Ne are
expected to be similar to the census size N (Portnoy et
al. 2009, Dudgeon & Ovenden 2015).
Ne was initially calculated for the entire dataset and
then re-calculated for sub-portions of the dataset,
based on the length of the sampled shark. The latter
was performed to avoid biasing the estimate due to
overlapping generations that can be found in
iteroparous species (Waples & Do 2010, Waples et al.
2013, 2014). Thus, to give a broader perspective on
the estimate of CN e for all white sharks, we separately analysed the genotypes of sharks from different
size groups. The 2 groups selected were: (1) adults
(males ≥3.8 m and females ≥4.5 m; see Mollet et al.
1996) and (2) a single juvenile group (length ≥2.5 and
≤3.0 m). The sample sizes of adults (n = 33) and juve-
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niles (n = 66) were still large enough to select the optimal estimate of CN e at a pcrit of 0.02 (Waples & Do
2010). Although the sharks grouped as adults are
likely to represent overlapping generations (due to
the species’ long lifespan), the juvenile group most
likely includes individuals born approximately at the
same time (Tanaka et al. 2011). In theory, CNe calculated on a single age group reflects the effective number of breeders in 1 reproductive cycle (Nb).
The effective population size per generation (N e)
can also be determined by sampling a single age
group (or cohort) when the ratio between N e and N b
(effective number of breeders in 1 reproductive
cycle) is known (Waples et al. 2013, 2014). The ratio
between Ne and Nb varies among taxa, but it reflects
the life traits (longevity and reproduction strategy) of
the species investigated (Waples et al. 2013). This
ratio is of particular value for conservation, especially
when data are available for a single cohort of a longlived species (Waples et al. 2013, 2014). Therefore,
the N b:Ne ratios available in Waples et al. (2014) for
bison (Bison bison, ratio = 0.966) and dolphin (Tursiops truncatus, ratio = 0.964), which have comparable life traits to white sharks, were used to calculate
the true Ne, using the Nb estimated from the juvenile
group. However, due to a 2-locus Wahlund effect
(Nei & Li 1973, Sinnock 1975), even individuals sampled from a single age group can be a source of bias
as they can derive from parents of different ages (i.e.
different cohorts). Thus, we assessed the true N e
based on the raw N b, and subsequently recalculated
it, adjusting the Nb of the juvenile group by applying
Eq. (8) from Waples et al. (2014). In the present study
we used CNe to replace Ne in the formula. Finally, we
provided the N b:Ne ratio for white sharks calculated
from our data, with the raw and adjusted value of Nb
of the juvenile group and the N e estimated by using
all the samples together. The N e:N ratio was estimated with the Ne for all the samples and the N value
given by the CMR analyses.

RESULTS
Capture mark-recapture population estimate
A total of 426 individual white sharks were
recorded in Gansbaai from 4398 photographic identifications. The sex ratio (male:female) was 1:1.09, with
a Gaussian distribution across the size ranges from
1.6 to 5 m (see also Fig. S1 in the Supplement. The
number of ‘informative photographs’ obtained for
CMR analyses was 1034, after excluding multiple
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photographs of the same sharks collected on the
same day. Three false negatives were found and excluded after manual checking (Andreotti et al. 2014).
A total of 58% of the sharks in the database were
re-captured on 2−18 subsequent occasions (877 resighting / 1304 total capture events, see details in
Table S1 and Figs. S2 & S3 in the Supplement. Fortyseven sharks identified in 2009 were recaptured in
2010, and 128 sharks from previous years were
recaptured in 2011. The latter exceeded the number
of newly identified sharks for the same year (n = 100).
Saturation of new sightings occurred once 400 individuals were sampled (Fig. 1), indicating sufficient
sampling effort (Sutherland 2006). RELEASE GOF
Tests 2 and 3 suggested that the monthly capture history matrix was consistent with the open population
model assumptions (χ2 = 251.9; p < 0.005). Irrespective of the history matrix used (per month or per winter season) the most parsimonious model for the
POPAN variants, provided in MARK Version 6.1
(White & Burnham 1999), was when the capture
probability (ρ) was time dependent, and the survival
rate (Φ) and the probability of entry into the population (β) were kept constant (Table 1). As expected,
the population estimate derived from the larger
monthly capture history matrix (n = 426) showed a
narrow interval ranging between N = 429 and N =
431 (χ2 = 0.66 × 106), while the same estimate from
the smaller dataset comprising the winter season (n =
255), ranged between N = 353 and N = 522 (χ2 = 0.34
× 103) (Table 1).

Genetic population estimate
Likelihood-based genotype matching identified 60
duplicated samples among all the tissue biopsies
taken. These duplicate samples were indicated blindly

Fig. 1. Carcharodon carcharias. (a) Inverse relationship
between newly sighted and re-captured individuals. (b)
Cumulative curves of photographic identifications, newly
identified sharks and photographic identification effort
measured as the effective number of sampling days

and subsequently re-confirmed by photo-identification
(Fig. 2). The duplicated samples were removed from
all further analyses, leaving 233 sharks in the genotype database. The adult group (males ≥ 3.8 m and
females ≥ 4.5 m) included 33 individuals, and the
juvenile group (length between 2.5 and 3 m) included 66 sharks.

Table 1. Carcharodon carcharias. Selected parameter estimates and model selection criteria for 4 POPAN model variants for
the 2 capture history matrices. The 2 sampling intervals (SI) include 27 capture occasions in the monthly dataset and 3 capture
occasions in the seasonal dataset. Survival rate (Φ), probability of entry into the population (β) and capture probability (ρ) are
assumed either constant (.) or time dependent (t). The population estimate ( N̂) and interval (N-i) are calculated with CI = 95%.
The models are sorted by model likelihood (ML). Bold print indicates the most parsimonious model for the POPAN variants
based on ML. AICc: Akaike’s corrected information criterion
Model

AICc

ΔAICc

AICc weight

ML

Deviance

N̂

N-i

Monthly

{Φ(.)ρ(t)β(.)}
{Φ(t)ρ(t)β(t)}
{Φ(t)ρ(.)β(t)}

3963.86
39961.08
40177.58

0
35997.21
36213.71

1
0
0

1
0
0

0
35710.3
35987.16

430 ± 1
3161 ± 150
2715 ± 131

429−431
2867−3455
2457−2972

Seasonal

{Φ(.)ρ(t)β(.)}
{Φ(t)ρ(.)β(t)}
{Φ(.)ρ(t)β(t)}

347.55
347.75
349.31

0
0.2
1.73

0.51
0.28
0.21

1
0.9
0.4

0
0
0

438 ± 42
471 ± 45
408 ± 36

353−522
382−531
336−479

SI
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Fig. 2. Carcharodon carcharias. Correspondence between photo-identification and genetic fingerprint of a shark (C_050606B)
sampled on 4 different occasions across 2 yr. Each genetic sample has been uniquely coded (G63, G114, G173 and G194) to allow for blind scoring of duplicates using a genetic fingerprint. The sample G116 belongs to a different individual (C_040705),
as confirmed by the genetic profile and the different notch pattern on the dorsal fin

Overall, microsatellite genotypes did not exhibit
evidence of amplification errors, or linkage disequilibrium. Four loci (Ccar1419, Ccar1072, Ccar1466
and Ccar9) consistently exhibited deviations from
Hardy-Weinberg equilibrium in both tests for some
of the populations analysed (p < 0.05 — see Tables
S3−S6). These results were not statistically significant once we applied a correction for multiple tests (p
≥ 0.001, as implemented in FSTAT−see Table S3 in
the Supplement). The loci Ccar1419 and Ccar1466
exhibited evidence of a heterozygote excess, which
may be linked to a small effective population size
(Waples 2015), while loci Ccar1072 and Ccar9 exhibited signs of heterozygote deficit. When the overall
sample was analysed, only loci Ccar1072 and Ccar9
still exhibited deviations from Hardy-Weinberg equilibrium (see Tables S5 & S6 in the Supplement), due
to a deficit of heterozygotes linked to the presence of

null alleles (Andreotti et al. 2016). However, since
there were no signs of inconsistencies in scoring, the
frequency of null alleles was found to be < 5%, and
no significant deviations were observed when all
samples and loci were analysed together (exact tests:
heterozygote excess p = 0.280 and heterozygote deficit p = 0.720, as implemented in GEN EPOP), the
2 markers were retained in subsequent analyses
(Andreotti et al. 2016).
Estimates of CN e for Gansbaai alone (n = 167)
obtained a point estimate of 351 (95% CI = 247−642,
pcrit = 0.02). The estimate for the entire coastline (n =
233) provided a point estimate of 331 (95% CI =
252−468) at pcrit = 0.01 and 333 (95% CI = 247−487) at
pcrit = 0.02. The estimate based on the adult group
(n = 33) provided a point estimate of 200 (95% CI =
68 − ∞, pcrit = 0.02), while the estimate based on the
juvenile group (n = 66) was 303 (95% CI = 152−3048,

Table 2. Carcharodon carcharias. Estimate of the contemporary effective ppulation size (CNe) for South African white sharks
based on 14 microsatellite loci. The CNe estimate for a single age group (Juv. group) represents the number of breeders that
contributed to the selected group (N b). To adjust for the Wahlund effect, the raw N b value of the juvenile group was transformed with Eq. (8) from Waples et al. (2014). The Nb:Ne ratio for white sharks was then calculated between Ne calculated with
all sharks and the N b raw and adjusted (*). The N e:N ratio was calculated between CN e of all the sharks and the population
size estimate based on CMR (N = 438)
Samples
All sharks
Gansbaai
Adults
Juv. group

Size (m)

N

All
233
All
167
(female ≥ 4.5; male ≥ 3.8) 33
(between 2.5 and 3)
66

pcrit

CNe

95% CI

Nb

Nb:Ne

Ne:N

0.02
0.02
0.02
0.02

333
351
200
303

247−487
233−642
68 − ∞
151−3049

−
−
−
293*

−
−
−
−0.87*, 0.90

0.76
−
−
−
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(2014). The congruence in estimates
is, however, in contrast with the reported difference between N and CNe
for other marine species, where N
can be 2−6 orders of magnitude higher
than CN e (Hill 1981, Hoarau et al.
2005, Waples 2006, Hauser & Carvalho
2008, Waples & Do 2010). This similarity in estimates may have resulted
from an inflated value of N e due to
gene flow from another population not
yet sampled (Hare et al. 2011). However, we believe that it is most likely
influenced by the different life-history
traits of elasmobranchs when compared to other marine fishes, in particular the slow mode of reproduction
Fig. 3. Carcharodon carcharias. Comparison of the contemporary effective pop(Hoenig & Gruber 1990). Indeed, conulation size (CNe) estimates of white sharks in South Africa, based on the complete dataset (all sharks, n = 233), the dataset from Gansbaai alone (n = 167), gruence between effective population
the size group of juveniles (n = 66) selected between 2.5 and 3 m in length size and census size has also been reand the adults alone (n = 33), when selecting different pcrit values ranging from ported for sandbar sharks (Carcha0.05 to 0+
rhinus plumbeus; Portnoy et al. 2009),
grey nurse sharks (C. taurus; Ahonen
et al. 2009), zebra sharks (Stegostoma fasciatum;
pcrit = 0.02). Results obtained using the conversion
Dudgeon & Ovenden 2015) and reef manta rays
formula based on the ratio for bison (0.966) or dol(Manta alfredi; Ovenden 2014). Hence our findings
phin (0.964) and the raw N b of the juvenile group
support the notion that agreement between the these
were Ne = 314 and Ne = 303, for the adjusted Nb. The
2 measures is to be expected in marine species with
raw and adjusted values for Nb of the juvenile group,
high or constant lifetime survivorship and low fecunthe N b:Ne ratio and the N e:N ratios are provided in
dity rates (Luikart et al. 2010). Direct comparison of
Table 2 (variations of pcrit from 0.05 to 0+ are prothe N e:N ratio across studies must be approached
vided in Fig. 3 and Table S7). The relatedness among
individuals could not be accurately determined due
with caution due to possible differences in the interto limited samples and limited variability in the data.
pretation of ‘N’ as the number of adults only (Waples
et al. 2013), the census size (Ahonen et al. 2009, Portnoy et al. 2009, Dudgeon & Ovenden 2015), or the
DISCUSSION
population estimate (present paper). The N e:N ratio
of 0.76 for white sharks presented in this study
One of the key components for the management
should thus be seen in context and can only provide
and conservation of rare and endangered species is
a baseline for future population assessments where
the use of reliable information based on established
the same values are employed. Despite this, it is
techniques and comprehensive datasets (Keith et al.
interesting to note that the Ne:N ratio of white sharks
2011). The ability to estimate population size paramestimated in this study falls between 0.5 and 1, as
eters has vastly improved over the past decade
also observed for sandbar sharks (Portnoy et al. 2009)
(Luikart et al. 2010); however, empirical and simuand zebra sharks (Dudgeon & Ovenden 2015). We
lated results need to be integrated in order to
attribute this to the long life span and late maturation
improve their overall reliability. The results of this
of white sharks rather than the mode of reproduction
study provide novel population estimates relevant to
(Dudgeon & Ovenden 2015). When sampling a single
the conservation of white sharks, with a striking
age group, however, the genetic signal shows that
overlap in population size estimates derived from
the number of successful breeders which contributed
genetic (CN e = 333; 95% CI = 247−487) and mark
to this group was Nb(Adj) = 293, in a population conserrecapture (N = 438; 95% CI = 353−522) methods.
vatively estimated to be between 353 and 522 indiThese values are also in line with the census number
viduals (all size classes). If this estimate is correct, it
of individuals (426 sharks) reported in Andreotti et al.
would suggest that nearly all individuals contributed
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equally to the next generation. Since the number of
adults observed in the CMR study is much lower than
this value, it is instead possible that the adult population experienced a drastic decline in numbers during
the last few generations (Antao et al. 2011). N e is
known to lag behind contemporary changes in the
population size (Antao et al. 2011, Waples et al. 2013,
2014), which would explain the observed overlap
between the CMR and genetic estimates. Another
informative value for future population assessments,
particularly useful for species in which only 1 age
group can be sampled, is the ratio between N e and
effective number of breeders in 1 reproductive cycle
(Nb). This has been examined for several taxa and
can be calculated if there is available knowledge of
life-history features (e.g. age at maturity, life span;
Waples et al. 2013, 2014). Unfortunately white shark
longevity and age of maturity are currently unknown, but we could calculate the true Ne by applying the conversion formula of Waples et al. (2013)
based on the ratios of bison and dolphin. Using N b
estimated from 1 age group we obtained a true N e =
314 which does not differ significantly from Ne = 333
when all individuals were included. The latter finding suggests that the sampled non-mature individuals were likely to only contain a number of cohorts
approximately equal to the generation length (Waples
et al. 2014) and that the 6% of adults included in the
dataset were probably not enough to cause an underestimation of Ne (Waples et al. 2014).
Furthermore the estimated N b:Ne ratio, either
when using the adjusted N b(Adj) (Nb:Ne = 0.87), or
when using the raw Nb (Nb:Ne = 0.90), is similar to the
ratio observed for other elasmobranchs (with long life
span, low fecundity, late maturity and high survivorship to adult stage; Dudgeon & Ovenden 2015) and
for long-lived marine mammals such as dolphins
(ratio = 0.90; Waples et al. 2013, 2014). The estimates
based on adults only (CN e = 200; 95% CI = 68−∞)
were lower than the other estimates, but in line with
the study of Waples et al. (2014), who found that in
every modelled species (in which the number of
cohorts within the adult group does not correspond
closely to the generation length), N e based on randomly sampled adults is 25−30% lower than the true
Ne; the upper value of ∞ in the confidence interval is
a reflection of the small sample size of the subsample
(Do et al. 2014, Dudgeon & Ovenden 2015).
The comparison between datasets not only provides
corroborating evidence for population estimates, but
also a mean to optimise each method and to test
the validity of some of the assumptions made. CMR
studies in general have the disadvantage of possibly
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missing some individuals due to differences in behavioural patterns among individuals (Sperone et al.
2010, Delaney et al. 2012, Jacoby et al. 2014) or even
weather conditions (Marshall & Pierce 2012, Andreotti
et al. 2014). The advantage of employing molecular markers when using the linkage disequilibrium
method is that estimates are not based on recapture,
but information contained in the genetic diversity of
the sampled individuals. It is thus very unlikely to
mistake a population with a moderately small CN e
with one with a large CNe (Waples & Do 2010). In our
study, the information derived from the photographic
dataset highlights that most of the assumptions for
estimating CN e from microsatellite analyses were
met. Specifically, equal sex ratio could be confirmed
for our population (1:1.09), non-overlapping age
groups (cohorts) could be selected with reasonable
certainty by knowing the size of the sharks sampled
and duplicate sampling (and genotype errors) could
be avoided by cross checking the 2 datasets. Thus,
some of the difficulties associated when dealing with
elusive and difficult to sample species could be
minimised by combining the 2 techniques.
Our CMR result, supported by genetic evidence, is
in sharp contrast to the recent study by Towner et al.
(2013), who estimated 808−1008 sharks in the Gansbaai region. We employed exactly the same models
in the CMR analyses, the time period of sampling
overlapped, and many of our sharks were sampled in
the same geographic area. The only clear difference
between the 2 studies is the usage of the software
DARWIN (Stanley 1995) by Towner et al. (2013) and
the manual fin matching technique (Andreotti et al.
2014) used in the present study. For Towner et al.
(2013), no mention is made regarding the accuracy of
the DARWIN software (no mention of the rankings
given), and we propose that the discrepancy between results is more than likely due to the inclusion
of false negatives in the previous dataset (Sutherland
2006). To test this prediction, we validated the accuracy of DARWIN by making use of our own dataset.
A total of 426 individual high-quality photographs
were used to test-match 122 additional images from
53 unique sharks. A paired t-test was used to validate
the null hypothesis that the software DARWIN could
score the correct matching image from the database
within the top 20 ranked positions (see details of the
test in Fig. S5). ‘Fin trace’ failed to automatically
draw an accurate edge around the dorsal fin, and
manual optimization was needed in each instance
(Fig. S4 in the Supplement). The paired t-test
rejected the null hypothesis that DARWIN can successfully match a white shark dorsal fin image in the
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upper range of up to 20 ranked images (t-stat = 5.73,
p = 3.72 × 10−8, see details in the Supplement), providing empirical support for the notion that the software is not suitable for automated white shark identification (Chapple et al. 2011). Circumstantial
evidence for the inclusion of false negatives (resulting in an inflated number for N) can also be found in
the fact that the curve of newly identified sharks in
the Towner et al. (2013) study never reached saturation over a 3 yr period (Fig. 2 in Towner et al. 2013, cf.
Fig. 1 in the present study).
In the present study, the CN e point estimates and
the confidence intervals for including individuals
from the entire coastline (n = 233) or just from Gansbaai (n = 167) were remarkably close (Coastline CNe
= 333, 95% CI = 247−487, pcrit = 0.02; Gansbaai CN e
= 351, 95% CI = 234−642, pcrit = 0.02), with an
expected broader CI for Gansbaai alone, since the
precision of the linkage-disequilibrium method
increases proportionally to the number of samples
and markers used (Waples & Do 2010, Dudgeon et al.
2012, Do et al. 2014). If these values are correct, it
seems reasonable to suggest that sharks sampled at
Gansbaai over a 3 yr period are likely representative
of the entire South African population. These findings are also well supported by a mtDNA and microsatellite study showing panmixia among sampling
sites (Andreotti et al. 2016), previous acoustic tagging studies (Bonfil et al. 2005) and also photo-identification evidence (Andreotti et al. 2016).
The magnitude of both the population estimate (N)
and the effective population size (CNe) and their ratio
can assist management actions directed towards
maintaining genetic variation (Cooper et al. 2010). In
particular, it has been proposed that N e values of at
least 500 are needed for a species to retain long-term
evolutionary potential (Franklin 1980, Frankham et
al. 2010). If this holds, the effective population size of
white sharks along the south African coastline (irrespective of whether the total data or the age group
data are used) never exceeded 350 (CN e(All) = 333;
CNe(Adults) = 200; CNe (Juvenile group) = 303; true Ne (inferred
from the juvenile group) = 314; see also Fig. 3). These low
numbers are further supported by the CMR estimate
of < 500 white sharks. The drivers for such low numbers could have been the depletion of food resources
(Stevens et al. 2000, Anticamara et al. 2011), bioaccumulation of pollutants (Cliff et al. 1989, Compagno et
al. 1997, Chapman et al. 2003, Worm et al. 2013), and
also direct anthropogenic mortality (between 1978
and 2008 approximately 1063 white sharks were
killed as part of shark protection measures by the
Kwazulu N atal Shark Boards alone; Peschak 2009).

Regardless of the driver of population decline, the
low estimates of CNe show that the white shark population in South Africa could potentially face serious
difficulties in the future.
Carcharodon carcharias has been legally protected
in South African waters since 1991, but, based on the
results of this study, a more concerted effort should
be made to protect the environment and resources
utilised by white sharks. We predict that failure to do
so will result in the complete loss of this vulnerable
predator along the South African coastline. Considerable genetic evidence suggests that, despite being
highly mobile, white shark populations across the
globe do not form a single panmictic population (Pardini et al. 2001, Jorgensen et al. 2010, Blower et al.
2012, Andreotti et al. 2016). Southern African white
sharks appear to have closest genetic connectivity
with the N orthwest Atlantic population and likely
represent a recent founder population that is genetically distinct from other regions (Andreotti et al.
2016). In fact, the majority of white shark populations
worldwide would qualify as distinct management
units and therefore deserve separate management
plans (Ryder 1986, Palsbøll et al. 2007, Andreotti et
al. 2016). The ecological consequences of the loss of a
top predator such as white sharks should not be underestimated, especially when only considering direct predation at the lower levels of the trophic nets.
In a South African context, the reduction of white
shark numbers will impact the numbers and space
utilization of meso-consumers such as the Cape fur
seal (Arctocephalus pusillus pusillus; also see Heithaus et al. 2008). In addition, long-lived species such
as marine mammals are predicted to invest more
heavily in anti-predator behaviour than shorter lived
ones (Heithaus et al. 2008). Given that Cape fur seals
seasonally change the utilization of refugia based on
the presence of white sharks around their colonies
(Wcisel et al. 2015), the predator loss in this specific
case can severely affect the community by increasing
the foraging area of Cape fur seals and ultimately
eliminating spatial refugia for resource species (see
also Heithaus et al. 2008, 2012). An empirical effect
of the loss of large sharks in South Africa has already
been documented in the 50 yr shark netting program
of the Kwazulu-Natal Province: from 1956 to 1976 the
number of large sharks caught in nets declined by
> 99% (Ferretti et al. 2010). The reduction of large
predatory sharks in turn benefited the survival of
smaller and more resilient shark pups, as indicated
by the reporting of catches during inshore fishing
competitions in the same areas (van Der Elst 1979).
The latter may have also caused a substantial in-

Andreotti et al.: Visual and genetic shark abundance estimates

251

J (2012) Population genetics of Australian white sharks
crease of smaller elasmobranchs and a reduction in
reveals fine-scale spatial structure, transoceanic disperthe catch of bony fishes (van Der Elst 1979).
sal events and low effective population sizes. Mar Ecol
In conclusion, the results of our study paint a
Prog Ser 455:229−244
gloomy picture for the future persistence of white ➤ Bonfil R, Meÿer M, Scholl MC, Johnson R and others (2005)
Transoceanic migration, spatial dynamics, and populasharks in South Africa. The survival of this population
tion linkages of white sharks. Science 310:100−103
and the ecological structure of the coastline will be seBoustany AM, Davis SF, Pyle P, Anderson SD, Le Boeuf BJ,
➤
riously compromised if management measures aimed
Block BA (2002) Expanded niche for white sharks.
at halting population declines are not improved in the
Nature 415:35−36
short term and maintained into the future.
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