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Abstract Genetic effective population size (Ne) estima-

tors are useful as applied conservation tools. Many elas-

mobranch (shark and ray) species are threatened at local

and global scales, and tools to monitor these populations

are greatly needed. This study investigates contemporary

Ne and its relationship with census size (Nc) in a population

of zebra sharks (Stegostoma fasciatum). Our Ne using the

linkage disequilibrium method, 377 (95 % CI 274–584)

was found to closely approximate the mark-recapture Nc

for this population of mature sharks (458, 95 % CI

298–618), with an Ne/Nc ratio of 0.82 (SE = 0.33). Fur-

thermore, we conducted a series of sensitivity analyses to

examine how the numbers of samples and loci affect the

precision and accuracy of the estimators. We demonstrate

that for this species robust and precise estimates are

obtainable with a minimum of 91 samples (approximately

20 % of the census population) and 10 microsatellite loci.

These findings contribute important information to the

greater body of Ne and Ne/Nc relationships in elasmo-

branchs and wildlife populations as well as provide

important guidelines for implementing genetic monitoring

in elasmobranch conservation efforts.

Keywords Ne/Nc � Leopard shark � Stegostoma
fasciatum � Linkage disequilibrium � Microsatellites

Introduction

Effective population size (Ne) is an important evolutionary

parameter that has implications for contemporary wildlife

monitoring and management (Frankham et al. 2010).

Theoretically Ne is defined as the size of an ideal popula-

tion that is experiencing a known amount of genetic drift

(Wright 1931). For the conservation and management of

wildlife populations, estimates of contemporary Ne are of

interest. When Ne estimates are based on individuals

sampled from a single cohort, they reflect the effective

number of breeders in one reproductive cycle (Nb). For

mixed-age samples Ne estimates reflect the harmonic mean

of the number of breeders over several generations (Lande

1995; Reed and Frankham 2003; Frankham et al. 2010;

Waples et al. 2014).

For many wildlife populations, obtaining indicators of

abundance is a challenging yet essential requirement for

conservation planning and monitoring (Sollman et al.

2013). Genetic estimates of contemporary Ne have great

potential to address this problem, particularly for rare and

threatened species. Several studies have investigated the

relationship between Ne and census size Nc across different

taxa (e.g. Frankham 1995; Palstra and Ruzzante 2008).

While no consistent relationships exist across taxa there are

some patterns emerging. In particular, for species with

Type 1 survivorship curves (Begon et al. 1990), i.e. large,

long-lived animals with low fecundity, late maturity and

high survivorship to adult stages, Ne estimates are similar

to Nc estimates with ratios approaching one (Frankham

1995; Portnoy et al. 2009). This contrasts with the very low
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Ne/Nc ratios (e.g. 10-3–10-5) displayed by species with

Type III survivorship curves (i.e. low survivorship to adult

stages, high fecundity, early maturation, high variation in

reproductive success) such as bony fishes and shrimp

(Hauser et al. 2002; Ovenden et al. 2007).

The elasmobranchs (sharks, skates and rays) tend

towards Type I survivorship characteristics (Musick 1999).

There has been increasing conservation concerns for these

animals within the last decade due to their exploitation for

fins, meat and other products and their inability to quickly

replenish populations under high levels of exploitation.

Local and global population declines in Nc are widely

reported for many species of elasmobranchs (Ferretti et al.

2010; Worm et al. 2013). A recent study surveying IUCN

Red List data for chondrichthyans (elasmobranchs and the

ancestral group: chimeras) showed that 17.4 % of 1041

species are classified as threatened, and that almost half the

species (46.8 %) are data deficient (Dulvy et al. 2014).

Information on the population size and health of these

species is required but is difficult to obtain, particularly for

rare, threatened and non-commercially fished species.

Few studies have investigated contemporary Ne for

elasmobranch populations (Ahonen et al. 2009; Blower

et al. 2012; Chapman et al. 2011; Chevolot et al. 2008;

Portnoy et al. 2009). Portnoy et al. (2009) found that Ne

estimates generated from microsatellite data in sandbar

sharks Carcharhinus plumbeus were similar in magnitude

to Nc estimates of mature adult sharks with resulting ratios

of Ne/Nc * 0.5–1. To date, no other studies have directly

compared Ne and Nc in an elasmobranch species, although

comparison of the Ne estimates of grey nurse sharks Car-

charias taurus with published census information for

mature adults results in a ratio of similar magnitude (mean

Ne = 126, 95 % CI 67–474, Ahonen et al. 2009; mean

Nc = 178, 95 % CI 58–321, Otway and Burke 2004). In

contrast, comparison of Ne estimates obtained using tem-

poral comparisons (Wang and Whitlock 2003) between

samples taken 40 years apart for the thornback ray Raja

clavata with very large census sizes of 500,000–3 million

adult individuals for this species, resulted in very low Ne/

Nc ratios (between 9 9 10-5 and 1.8 9 10-3, Chevolot

et al. 2008). The variation in Ne/Nc ratios among elasmo-

branch species to date emphasizes the size of the knowl-

edge gap that must be addressed before genetic Ne is useful

for the conservation of threatened, endangered and pro-

tected species.

Recent years have seen an increase in the use of the

linkage disequilibrium (LD) method for estimating con-

temporary Ne (Waples et al. 2014). As population size

decreases, the extent of inbreeding within the population

increases resulting in departures from expected genotype

and gametic frequencies. The LD between the loci within

the population is measured as the deviation between

observed and predicted two-locus genotype frequencies in

all combinations from multilocus genotypes across a ran-

dom sample of individuals from the population (Luikart

et al. 2010; Waples et al. 2014). As opposed to temporal

methods, which require samples to be collected at multiple

points in time, LD parameters require only a single time

point random sample, greatly facilitating the sampling

collection. This has likely led to a rapid increase in the use

of LD as well as other single time point methods to esti-

mate Ne (Palstra and Fraser 2012; Waples et al. 2014).

Furthermore, ongoing development of the parameter esti-

mates including bias corrections (Waples 2006) as well as

accessible software such as NeEstimator (Do et al. 2014)

have facilitated the use of LD methods for Ne estimation.

There are however, some theoretical concerns regarding

the widespread application of Ne estimators using LD

methods. In particular, for iteroparous species with over-

lapping generations, Ne derived from adults sampled dur-

ing a single annual breeding aggregation is likely to reflect

Nb rather than Ne (Palstra and Fraser 2012). How Nb relates

to Ne across different taxa requires further investigation

(Waples et al. 2014). Furthermore, like all estimation

methods, LD estimates of Ne lack accuracy and precision

when derived from low numbers of samples and loci and

can also result in inestimable parameters and upper confi-

dence limits (Waples and Do 2010). Inestimable confi-

dence limits have occurred in studies on the sandbar

(Portnoy et al. 2009) and white shark (Blower et al. 2012)

and may be addressed by increasing the sample size as well

as increasing the number of genetic loci. However, it would

be ideal to know these in advance as there are practical

constraints to obtaining the required number of samples

and loci for obtaining these estimates (Hare et al. 2011).

This study investigates Ne in a population of zebra shark

(Stegostoma fasciatum), a medium-sized (up to 2.5 m total

length), oviparous species that aggregates seasonally at key

sites in the waters of the central eastern Australian coast.

This population occurs towards the temperate latitudinal

extent of the distribution for this species and appears to

span over 1000 km of coastline as demonstrated by

acoustic telemetry studies (Dudgeon unpublished data), but

shows genetic separation from the region approximately

1500 km north of the aggregation site (Dudgeon et al.

2009). Robust capture-mark-recapture (CMR) estimates of

Nc are available for the population (Dudgeon et al. 2008),

and in its Australian range the species has not experienced

the substantial declines experienced in the remainder of its

distribution (Pillans and Simpfendorfer 2003). Observa-

tions show that the aggregating individuals on the central

eastern coast are almost entirely mature adults and may

constitute a breeding aggregation. A large proportion of

adults in the aggregation (*25 %) has been sampled for

previous population genetic analyses (Dudgeon et al. 2009)
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and a species-specific microsatellite library (14 loci) has

been developed (Dudgeon et al. 2006). There are two main

objectives to this study. The first was to test the expectation

that in this population of Type I species the Ne/Nc ratio

approaches unity. To do this, we estimated genetic Ne

using the LD approach and compared the results with Nc

estimates (CMR estimates of the number of mature adults).

Secondly, we conducted sensitivity analyses on the num-

bers of samples and loci required to obtain finite Ne esti-

mates to provide sampling guidelines for future studies

based on empirical wildlife population data.

Methods

Census estimates and tissue sample collection

All sampling was conducted at The Group, a subtropical

reef located 500 m from North Stradbroke Island in

southeast Queensland (Australia). Adult zebra sharks

aggregate at this site over the summer months every year

(Dudgeon et al. 2008, 2013). Population genetic analyses

demonstrate separation of southern Queensland from

northern Queensland zebra shark populations (Dudgeon

et al. 2009). Census estimates, Nc were obtained through

visual mark-recapture surveys of adult zebra sharks con-

ducted between the months of November through February

2003–2006. Individuals were identifiable based on body

markings and photographs were used to record presence at

the study site (methods described in Dudgeon et al. 2008).

Tissue samples were biopsied from 105 individuals during

this census time (methods described in Dudgeon et al.

2009). To increase the number of tissue samples in the

dataset, further sampling of wild zebra sharks (n = 49) was

conducted during the austral summer months of 2012 and

2013. Photo-identification was used to compare the new

individuals with the original database from 2003 to 2006. A

further nine samples were added to the genetic data set

resulting in a total of 114 samples after photo-identification

matched these new individuals with nine sharks that had

been included in the census estimate from 2003 to 2006

(i.e. comprised the same generation as the original sam-

ples) but had not had genetic samples taken previously.

Further, we compared genotypes to eliminate duplicate

individuals. The samples were collected in accordance with

the ethical approval of the University of Queensland (An-

imal Ethics Committee approval # SVS/323/11), and with

permit approval from the Queensland Department of Pri-

mary Industries and Fisheries (General Fisheries Permit

#515490) and the Queensland Department of Environment

and Resource Management (Moreton Bay Marine Park

Permit #QS2012/MAN153).

Genotyping

Tissue samples were genotyped at 14 microsatellite loci

(see Dudgeon et al. 2006, 2009). GenePop analysis (web

version 3.4, Raymond and Rousset 1995) revealed physical

LD between a pair of microsatellite loci: Sfa205 and

Sfa236, and one of these (Sfa236) was subsequently

removed. Genetic diversity was summarised with Genalex

version 6 (Peakall and Smouse 2006) and the presence of

null alleles and likely scoring errors was investigated using

Microchecker version 2.2.1 (van Oosterhout et al. 2004).

Linkage disequilibrium Ne estimates

We estimated Ne using the LD method (Hill 1981) with

bias correction (Waples 2006), and incorporation of miss-

ing data (Peel et al. 2013) as implemented in NeEstimator

V2.01 (Do et al. 2014).

Ne/Nc ratio

The ratio of Ne to Nc was derived using the estimate for Ne

from the total genetic dataset and the final annual estimate

for Nc (Dudgeon et al. 2008). The standard error for the

ratio was estimated using the approximation variance for-

mula for the ratio of two random variables, as presented by

Kendall and Stuart (1987, p. 351, equation 10.17). An

assumption of positive covariance was made between Ne

and Nc. Therefore we applied a conservative estimate of

covariance within the variance formula based on the the-

oretical upper limit of covariance between Ne and Nc.

Sensitivity analysis

To assess the effect of sample size on the Ne parameter and

variance estimates, the total data set of 13 loci and 114

samples was randomly subsampled using a random number

generator to shuffle the data set and select subsamples in

increments of five from a minimum of 50 samples through

to the total data set of 114 samples. This was replicated 100

times for each subsample. Samples were included in mul-

tiple data sets but any duplicate data sets for a given sub-

sample number were discarded. Ne was estimated for each

subsample using NeEstimator V2.01 (Do et al. 2014).

To assess the effect of number of loci on the Ne

parameter and variance estimates, the total data set was

randomly subsampled by restricting the number of loci in

increments of 1 from 5 to 13 loci for the total 114 samples.

This was replicated up to 100 times with duplicate sub-

samples being discarded from the analyses. For example,

for the 12 loci analysis, each locus was removed from the

data set once and then replaced; therefore the dataset was
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subsampled 12 times. Ne was then estimated for each

subsample using NeEstimator V2.01 (Do et al. 2014).

Finally, to assess the effects of reducing the number of loci

and samples concurrently on the Ne parameter and variance

estimates, Ne was estimated for each combination of loci and

samples between 8 and 13 loci (in increments of 1) and 50

and 114 samples (in increments of 10). This was replicated

100 times and any duplicate data sets produced from the

random shuffling were removed from the analyses.

As recommended by Waples and Do (2010), harmonic

means of Ne were used to summarise the output of the sets

of replicates. Harmonic means are less skewed by the

presence of negative Ne estimates compared to arithmetic

means. Harmonic means were calculated in FinCal package

version 0.6 (http://felixfan.github.io/FinCal/) in R version

3.0.1 (R Development Core Team 2013).

The Pcrit value, the criterion for excluding rare alleles

from the analysis, was set to 0.01 for all sample sizes

greater than 50 and 0.02 for the sample size equal to or less

than 50 based on the formula Pcrit greater than 1/(2S) where

S is the number of individuals with data at both pairs of

loci (Waples and Do 2010). The inadvertent inclusion of

rare alleles has been shown by simulation to upwardly bias

the Ne estimates (Macbeth et al. 2013).

Results

The number of alleles per locus varied from four at locus

SF138 to 39 at locus SF72. Due to some loci having missing

data (see Supplementary material 1), the harmonic mean

sample size across all 13 loci for the total 114 samples was

109. There was no evidence of stuttering or null alleles.

Summary statistics including observed and expected

heterozygosity are reported in the Supplementary material 1.

Ne estimates and Ne/Nc ratio

Estimates based on the total data set of 13 loci, 114 (har-

monic mean = 109) samples and Pcrit = 0.01 resulted in

Ne = 377. The 95 % CI for the Ne estimates were similar

for both the parametric and jackknife methods (95 %

CIparametric 274–584; CIjackknife 256–677). The parametric

method for estimating 95 % CI of Ne is used for the sen-

sitivity analyses. The Ne estimate showed high congruence

with the Nc estimate obtained from the mark-recapture

estimate of the number of mature, adult zebra sharks:

Nc = 458, 95 % CI 298–618 (Dudgeon et al. 2008).

Therefore, based on these estimates the ratio of Ne/Nc for

Australian east coast population of leopard sharks was

0.82 ± 0.33 SE.

Sensitivity analyses

Reducing the number of samples used for the estimate

showed a loss in precision when the number of samples

dropped below 96 (Fig. 1). Due to some missing data and

duplication in the sub-sampling process, the number of

samples used to estimate Ne in the sensitivity analysis

tended to be around 5 less than the total number included in

the data set. When the average number of samples used in

the analyses was 91 or below, some Ne estimates displayed

inestimable upper confidence intervals, indicated as infinity

in the analysis output. The percentage of estimates with

inestimable upper confidence intervals increased steadily

with the reduction of sample size to 50 (mean of 47). At

this minimum sample size, 57 % of the 100 replicates

demonstrated inestimable upper confidence intervals.

When the number of samples was reduced below 80, the Ne

parameter was inestimable for some of the replicates as

indicated by negative Ne output values. For all sample size

variations, the harmonic mean of Ne remained fairly stable

between 300 and 500. However, as the number of samples

was reduced the spread of the Ne estimates for the 100

replicates increased substantially (Fig. 2). At 91 samples,

26 % of the Ne estimates were outside of the 95 % CI

values from the total data set, with 25 % being greater than

the upper 95 % CI limit. The lower confidence intervals

remained reasonably consistent across sample size, fluc-

tuating between 200 and 300 (Fig. 2).

Reducing the number of loci used for the estimate

showed a loss in precision when the number of loci drop-

ped below 10 (Fig. 3). More specifically, when the number

of loci used in the analyses was 9 or below, some Ne

estimates started displaying upper confidence intervals that

could not be computed. The percentage of estimates with

upper confidence intervals like this increased steadily from

4 % at 9 loci to 46 % at 5 loci. Estimates of Ne that could

not be computed were only generated for a few iterations of

5 (3 %) and 6 (2 %) loci. The harmonic mean of Ne for all

loci subsamples remained consistently between 300 and

400 (Fig. 4). At 9 loci, 17 % of the Ne estimates were

outside the 95 % CI of the total data set, with 10 % below

the lower 95 % CI limit and 7 % above the upper 95 % CI

limit. The lower confidence intervals remained reasonably

consistent across sample size, fluctuating between 200 and

300.

When samples and loci were subsampled concurrently,

inestimable upper CI values appeared with higher num-

bers of samples at lower loci. In particular, for 10, 11 and

12 loci, inestimable upper CI values appeared at 101

samples as opposed to 91 samples for the entire data set

(Fig. 5).
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Discussion

Effective population size estimates provide useful insights

into possible loss of genetic diversity and evolutionary

potential (Tallmon et al. 2010). Guidelines suggest that Ne

values of at least 50 are required to prevent inbreeding

depression (Franklin 1980); Ne values greater than 500 are

required to retain long-term evolutionary potential (Frankham

et al. 2010; Franklin 1980) and Ne values greater than 1000 are

required to avoid deleterious allele accumulation (Palstra and

nSamples

N
e

50 55 60 65 70 75 80 85 90 95 100 105 110

100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500

(57%) (51%) (41%) (34%) (27%) (24%) (16%) (10%) (9%) (3%) 

(16%) (15%) (3%) (5%) (3%) (2%) (2%)

Fig. 1 Sensitivity analysis showing the effects of subsampling the

number of samples (9100) for the total number of loci (n = 13). The

harmonic mean of the number of samples (nSamples) is given on the

x-axis. The harmonic mean for Ne and the upper and lower CIs are

shown. The dashed upward arrows indicate the percentage of upper

CI with infinite values. The percentage of Ne estimates with negative

values per sample size is indicated in brackets below the x-axis

Fig. 2 Distribution of Ne estimates at each of the sample size

increments for Pcrit = 0.01 (n C 52) and Pcrit = 0.02 for n = 47. The

vertical dashed line represents the Ne estimate from the total data set

(Ne = 377). The outer bins on the x-axis correspond to estimates

Ne B -2000 and Ne C 2000
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Ruzzante 2008). In this study we found the zebra shark pop-

ulation to have a mean Ne of 377 (upper confidence intervals

584–677). Ne values have been reported ranging from 126 to

1512 for populations of five other elasmobranch species

(Table 1). Four of these species reported populations with Ne

values\ 500 suggesting these taxa may lack sufficient long-

term evolutionary potential for persistence. However, a

review by Palstra and Ruzzante (2008) showed that*70 % of

studies reported similarly low Ne values although only 25 %

of studies were of populations considered to have conserva-

tion concerns. Given this study population of zebra shark is

largely protected with few threats, the small estimated Ne

values may be indicative of a healthy population of a relatively

rare species. However, this Ne estimate may also indicate that

nloci

N
e

5 6 7 8 9 10 11 12 13

100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500

(46%) (28%) (17%) (9%) (4%)

(3%) (2%)

Fig. 3 Sensitivity analysis showing the effects of subsampling the

number of loci (9100) for the total number of samples (n = 114).

The harmonic mean of the number of samples (nSamples) is given on

the x-axis. The harmonic mean for Ne and the upper and lower CIs are

shown. The dashed upward arrows indicate the percentage of upper

CI with infinite values. The percentage of Ne estimates with negative

values per number of loci is indicated in brackets below the x-axis

Fig. 4 Distribution of Ne estimates at each of the loci increments for Pcrit = 0.01. The vertical dashed line represents the Ne estimate from the

total data set (Ne = 377). The outer bins on the x-axis correspond to estimates Ne B -2000 and Ne C 2000
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zebra sharks are susceptible to overexploitation and have

limited long-term evolutionary potential.

Ne and Nc comparison

For species with Type I survivorship curves, as displayed

by most elasmobranch species including zebra sharks, Ne

may also provide an indication of the census size of the

population. While no constant relationships exist between

Ne and Nc across taxa, our findings support those of Port-

noy et al. (2009) for the sandbar shark, where Ne closely

resembles Nc (Ne/Nc = 0.5–1). Portnoy et al. (2009) warn

that if low and similar Ne and Nc values are common across

elasmobranch species this may be a cause for concern due

to large amounts of exploitation and low rebound potential

for many taxa. Obtaining Nc estimates for elasmobranch

populations is difficult and there are few studies where a

nSamples
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8 loci
(49%) (39%) (38%) (31%) (30%) (26%) (10%) (9%) 
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9 loci
(42%) (35%) (32%) (25%) (17%) (9%) (6%) (4%) 

(1%) 

N
e
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10 loci
(30%) (24%) (20%) (17%) (12%) (4%) 

(3%) (4%) (4%) (3%)

(1%) (1%)
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1600

11 loci
(28%) (22%) (18%) (9%) (6%) (4%) 

80 85 90 95 100 105 110
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400
500
600
700
800
900

1000
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1300
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1500
1600

12 loci
(18%) (12%) (8%) (4%) (1%) (1%) 

(1%) 

Fig. 5 Sensitivity analysis showing the effects of subsampling the

number of loci and samples concurrently (9100). The harmonic mean

for Ne and the upper and lower CIs are shown. The dashed upward

arrows indicate the percentage of upper CI with infinite values. The

percentage of Ne estimates with negative values per sample size is

indicated in brackets below the x-axis
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direct comparison is possible. Ratios approaching unity

were generated when combining separate studies of Ne and

Nc for a population of grey nurse sharks (Ahonen et al.

2009; Otway and Burke 2004). In contrast, the Ne/Nc ratio

for the thornback ray was orders of magnitude smaller than

for other elasmobranchs (10-3, Chevolot et al. 2008).

These disparate findings raise questions about the effects of

life history strategies on Ne and Nc estimates within elas-

mobranchs as well as potential effects due to population

structuring and immigration.

Comparison of Ne/Nc ratios across a wide array of taxa

demonstrated a median ratio of 0.14 with a general pattern

of lower Ne/Nc ratios for species with Type III survivorship

curves (such as 10-3–10-5) than for species with Type I or

Type II survivorship curves (e.g. 0.5–1) (Palstra and Ruz-

zante 2008). Variation in reproductive success has been

proposed as a primary influence on Ne/Nc ratios in wildlife

populations (Frankham 1995; Hedgecock 1994) with

fecundity and juvenile mortality two factors driving that

variation. Elasmobranchs typically have late maturation,

low fecundity, long life-spans and consistent reproductive

output per year. In comparison, many teleosts and marine

invertebrate species have high fecundity, high juvenile

mortality and highly variable reproductive output (Hedge-

cock 1994). There is considerable variation in reproductive

strategies between elasmobranch species and the potential

affects on Ne and Ne/Nc relationships unknown. Elasmo-

branchs display a wide range of reproductive modes

including two forms of oviparity and six forms of

viviparity (Carrier et al. 2004; Musick and Elllis 2005).

Fecundity varies across taxa from one to hundreds of pups

per year. In general, skates are considered more fecund

than other elasmobranchs due to their oviparous form. The

greatest annual fecundity is recorded from the thornback

ray with up to 153 eggs presumed laid per year although

survival rate per egg is unknown (Frisk 2010). The repro-

ductive periodicity and fecundity for zebra sharks is largely

unknown in the wild but they are popular aquarium animals

that breed easily in captivity. Zebra sharks mature at

around 6 years of age (D. Robinson pers. comm.) and one

captive male shark is at least 28 years old (Reef HQ

Aquarium, Townsville pers.comm.). A captive female

shark laid 80 eggs within an annual breeding season of

which 19 survived through hatching (L. Squire Jr, pers.

comm). Posthatching survival in the wild is unknown but

adult sharks show high survivorship (Dudgeon et al. 2008),

which is typical of elasmobranchs (Cortés 2004). In con-

trast, sandbar sharks display viviparity with late maturation

at around 13 years (from the Western Atlantic) producing

8–10 pups every 2–3 years (Sminkey and Musick 1996).

Similarities in findings of Ne and Ne/Nc ratios for zebra

sharks and sandbar sharks point to life history strategies

such as late maturation and long life span having greater

affect on Ne and Ne/Nc estimates than reproductive mode

itself. In a recent study by Waples et al. (2013), Ne/Nc

ratios were examined across 63 different species and age at

maturity and adult lifespan were found to account for half

the variation across the reported ratios.

Changes in census population sizes will also affect the

relationship between Ne and Nc (Frankham 1995; Palstra

and Fraser 2012). Fluctuations in Nc may occur due to

changes in populations over time from natural or anthro-

pogenic causes. Natural causes are more likely to occur in

organisms such schooling bony fish and small mammals

with boom and bust life history strategies, although cli-

matic extremes can result in population devastation across

taxonomic groups (Frankham 1995; Chavez et al. 2003).

Temporal changes in population size (e.g. Worm et al.

Table 1 Comparison of genetic effective population size (Ne) and Ne/Nc (census size) ratios for different shark and ray species

Species Ne (95 % CI) Ne/Nc (range) Sample size # loci

Carcarhinus plumbeus Sandbar sharka 416–1080 (202–?) 0.5 (0.21–1.0) 53–201 per cohort 8

Carcharias taurus Grey nurse sharkb,c 126 (68–474) 0.7 (0.21–1.0) 63 6

Carcharodon carcharias White sharkd 1512 NA 97 6

Pristis pectinata Small tooth sawfishe 230–350 (142–955) NA 137 8

Raja clavata Thornback rayf 283 (145–857) 10-3–10-5 363 5

The sample sizes and numbers of microsatellite loci used to generate the Ne estimates are shown. The use of ? follows the notation from the

publication and indicates inestimable upper confidence limits
a Portnoy et al. (2009)
b Ahonen et al. (2009)
c Otway and Burke (2004)
d Blower et al. (2012)
e Chapman et al. (2011)
f Chevolot et al. (2008)
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2013) due to over-fishing will affect Ne/Nc ratios as

changes to Ne are likely to lag behind changes in Nc

depending on the number of generations over which these

changes occur, the degree of generational overlap (Palstra

and Fraser 2012; Waples et al. 2014), and the age com-

position of the individuals removed from the population. In

simulated data with discrete generations, Ne estimated

using the LD method was able to detect early population

declines (Antao et al. 2010).

Ne will be more representative of Nc when the popula-

tion size is constant and when Nc is taken as the number of

reproductively mature adults in the population rather than

other definitions of Nc such as the total number of indi-

viduals alive at one time (Palstra and Fraser 2012). This

study provides a good model system for elasmobranchs

based on these criteria as this is one of few studies to

provide robust census size estimates for mature sharks

within a population to compare with robust Ne estimates.

The census size estimates used in this study were based on

robust mark-recapture modeling of photo-identification

surveys of an aggregation of mature adults conducted over

a 3-year period (Dudgeon et al. 2008). Zebra sharks are

unexploited in Australia, and therefore, the census size of

the focal population is likely to be constant over the last

several generations. Furthermore, several individuals in the

aggregation have been observed between 8 and 12 years

post initial sighting (Dudgeon unpublished data) supporting

the long-term stability of this population.

Factors affecting Ne

The Ne estimator used in this study is based on the LD

method. In contrast to temporal methods, which require

multiple samples over time, LD estimators offer a major

advantage in terms of cost and effort required for single

time point sampling (Whiteley et al. 2012). Along with the

ongoing development of the parameter estimate corrections

for bias, sample size and missing values (Waples 2006;

Peel et al. 2013) as well as accessible software to imple-

ment parameter estimation, there has been a rapid increase

in the use of these estimators in recent years (Waples et al.

2014). However, the interpretation of the Ne estimation is

restricted by some biological considerations including gene

flow between populations and overlapping generations

(Whiteley et al. 2012). Migration between neighbouring

populations can affect both Ne and Nc depending on the net

direction of movement. While immigration can increase

the Nc of a population, it can also increase Ne and the

resulting Ne/Nc ratio, as local Ne will approach global Ne

even though the local census size may not increase

(Charlesworth 2009). For example, positive bias on Ne/Nc

due to immigration was detected in house sparrow

populations (Baalsrud et al. 2014). Conversely, immigra-

tion can also result in reducing Ne values based on LD.

This is due to an apparent increase in the LD signal

amongst a mixed sample from the recipient population

when immigrants and residents are genetically differenti-

ated (Waples and England 2011). For this study, any effect

of migration on the Ne estimates is likely to be minimal.

Zebra sharks are a tropical species and the population

examined within this study exists at the latitudinal extreme

of their distribution in subtropical waters where zebra

sharks aggregate over the warmer months each year. Pop-

ulation genetic analysis shows low but significant Fst values

implying separation from the northern population (ap-

proximately 1500 km to the north) (Dudgeon et al. 2009).

Furthermore, acoustic tracking studies show strong site

fidelity to the aggregation site over the aggregation period

with tagged animals moving hundreds of kilometres but

returning annually to the study site (Dudgeon et al. 2013;

Dudgeon unpublished data).

Aggregations of long-lived animals such as zebra sharks

are likely to be composed of overlapping generations.

Inability to assign sampled individuals to cohorts raises

questions as to whether Ne (the harmonic mean of the

number of breeders contributing to all cohorts) or Nb (the

number of breeders contributing to a single cohort) is being

estimated. While Ne is the primary parameter of interest for

examining evolutionary processes, Nb may be more infor-

mative for ecological time scales (Waples et al. 2014) as

well as having greater promise for assessing trends in

population sizes relative to management agencies (Ozerov

et al. 2015). Waples et al. (2013) investigated the potential

effects of overlapping generations on Ne estimates based

on LD methods across a range of iteroparous taxa. They

proposed that two life history traits, age at maturity and

adult life span, accounted for two-thirds of the variation

found amongst Ne/Nb ratios for the taxa examined.

Although no elasmobranchs were included in the survey by

Waples et al. (2013), of all the included taxa, dolphins

showed the most similar life history traits (age at matu-

rity = 8 years, adult life-span = 27 years) to zebra sharks

(age at maturity = 6 years, adult life-span = 28? years).

Dolphins like other mammals were found to have Ne/Nb

ratios *1. Similar relationships may exist between Nb and

Ne for elasmobranchs, which would reduce the complexity

in the interpretation of the Ne estimates with overlapping

generations.

Simulation study findings

There are few guidelines available for the numbers of indi-

viduals and loci required for estimating genetic Ne in wildlife

populations. The anticipated Ne is likely to dictate the number
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of individuals required (Waples and Do 2010). Palstra and

Ruzzante (2008) proposed sampling at least 10 % of the Ne to

achieve finite point estimates of Ne with the temporal method.

Simulation studies by Tallmon et al. (2010) demonstrated that

for small populations (Nc * 100–250) samples sizes of 60

(equates to *24–60 % of Nc) with 15 loci resulted in precise

Ne estimates. For larger populations (Nc * 500), samples

sizes needed to be increased to *120 (equates to *24 % of

Nc). For very large populations however, genetic methods are

unlikely to provide reasonable Ne estimates due to little

genetic drift unless the effective size is much smaller than the

census size (Tallmon et al. 2010). In this study, using an LD

approach, we found finite point estimates of Ne and consistent

precision in CI when the number of samples was C 91 for the

total 13 loci data set. This equates to approximately 25 % of

the Ne estimate and 20 % of the Nc estimate.

Guidelines for the numbers of loci required for Ne esti-

mation indicate that C10 unlinked and highly polymorphic

loci are desirable (Luikart et al. 2010; Palstra and Ruzzante

2008; Waples and Do 2010). The sensitivity analyses for the

zebra shark populations support these values. For the total

data set of 114 individuals, the harmonic mean and spread of

the Ne estimates was similar for 10–13 loci. When the

number of loci dropped below 10, some iterations resulted in

inestimable upper confidence limits. These findings can be

informative for studies reporting Ne estimates on elasmo-

branch species. Estimates for sandbar (Portnoy et al. 2009)

and white sharks (Blower et al. 2012) both resulted in ines-

timable upper confidence limits. Both studies had propor-

tionally low numbers of samples to Ne estimates as well as

the number of microsatellite loci used: 8 and 6 respectively

(see Table 1). In contrast the studies on grey nurse sharks

(Ahonen et al. 2009) and small tooth sawfish Pristis pecti-

nata (Chapman et al. 2011) resulted in estimable upper

confidence limits. While the numbers of microsatellite loci

employed for these studies were similar to that for sandbar

and white sharks, the relative number of samples to Ne

estimates were much higher. That is samples numbers were

40–50 % of the Ne estimates for grey nurse sharks and

sawfish in comparison to samples numbers of *6–12 % of

Ne estimates for white and sandbar sharks (Table 1). Ideally

a pilot study should be conducted to obtain preliminary Ne

estimates to inform the numbers of individuals and loci

needed to obtain the required statistical accuracy and

precision.

There are practical constraints with the number of

samples that can be collected and the number of loci that

can be developed for these studies. With the continual

development of high throughput DNA techniques (see

Dudgeon et al. 2012), increasing the numbers of loci may

be more achievable than increasing sample numbers.

Tallmon et al. (2010) found a greater increase in precision

for small population sizes (N = 100 or 250) from doubling

numbers of loci than sampling size. However, our findings

support those of Luikart et al. (2010) and Antao et al.

(2010) that show increasing the number of samples has a

greater effect on precision than increasing the numbers of

loci. Furthermore, increasing loci numbers can result in

physical LD, which will negatively bias Ne estimates

(Waples and Do 2010). One of the 14 loci developed for

the zebra shark microsatellite library had to be removed

from the dataset due to physical LD. The inclusion of this

locus in Ne estimation resulted in a considerable downward

bias (Ne = 181.2, 95 % CIparametric 153–219).

An interesting pattern emerging from the sensitivity

analyses showed that the harmonic mean of the Ne esti-

mates remained fairly consistent throughout different

combinations of samples and loci, although the spread of

the Ne estimates increased along with the proportion of

inestimable Ne estimates and upper CI for reduced numbers

of samples and loci. Therefore, with smaller data sets it

would also be worthwhile to run a series of sensitivity

analyses to examine the stability of the Ne estimates across

reduced data sets.

Broader implications

This study lends support to the close coupling of Ne and Nc

in elasmobranchs as demonstrated by Portnoy et al. (2009).

Furthermore, we have provided guidelines for the mini-

mum numbers of samples (91 samples or 20 % of the

census population) and loci (10) needed to obtain good

precision and finite values for Ne estimates. We recom-

mend examining Ne/Nc ratios across a wider variety of

elasmobranch taxa using standardized methodology

including LD methods for Ne estimates and CMR or other

fisheries-independent abundance surveys for Nc estimates.

By including elasmobranch species with different life-his-

tory strategies such as age at maturity, longevity, fecundity

and reproductive periodicity, it will be possible to more

broadly examine the relationship between Ne and Nc and to

assess the potential for Ne to provide information on pop-

ulations for which ecological abundance estimates are not

possible. Given the patterns emerging from the few taxa

examined, there may be consistencies amongst taxa that

will make Ne a very useful tool in light of conservation and

management challenges for elasmobranchs.

Data accessibility

The complete microsatellite genotyping dataset of 114

samples and 14 loci is available for download through the

eSpace at the University of Queensland (doi:10.14264/uql.

2015.717).
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