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Abstract

Marine biologists have gone through a paradigm shift, from the assumption that mar-

ine populations are largely ‘open’ owing to extensive larval dispersal to the realization

that marine dispersal is ‘more restricted than previously thought’. Yet, population

genetic studies often reveal low levels of genetic structure across large geographic

areas. On the other side, more direct approaches such as mark-recapture provide evi-

dence of localized dispersal. To what extent can direct and indirect studies of marine

dispersal be reconciled? One approach consists in applying genetic methods that have

been validated with direct estimates of dispersal. Here, we use such an approach—
genetic isolation by distance between individuals in continuous populations—to esti-

mate the spatial scale of dispersal in five species of coral reef fish presenting low lev-

els of genetic structure across the Caribbean. Individuals were sampled continuously

along a 220-km transect following the Mesoamerican Barrier Reef, population densities

were estimated from surveys covering 17 200 m2 of reef, and samples were genotyped

at a total of 58 microsatellite loci. A small but positive isolation-by-distance slope was

observed in the five species, providing mean parent-offspring dispersal estimates rang-

ing between 7 and 42 km (CI 1–113 km) and suggesting that there might be a correla-

tion between minimum/maximum pelagic larval duration and dispersal in coral reef

fishes. Coalescent-based simulations indicate that these results are robust to a variety

of dispersal distributions and sampling designs. We conclude that low levels of

genetic structure across large geographic areas are not necessarily indicative of exten-

sive dispersal at ecological timescales.
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Introduction

Coral reefs are declining on a global scale (Gardner

et al. 2003; Pandolfi et al. 2003; Bruno & Selig 2007), and

associated coral reef fishes are following this trend

(Jones et al. 2004; Paddack et al. 2009). This ongoing

decline calls for the protection of coral reef ecosystems,

and networks of marine protected areas (MPAs) have

emerged worldwide as a key management and conser-

vation tool (Mora et al. 2006; Wood et al. 2008). But how

extensive should be MPAs to be self-sustainable? How

close should different MPAs be located to stay

connected demographically? To what extent do MPAs

contribute to replenish neighbouring, nonprotected

areas? The answers to these questions depend largely

on the spatial scale of dispersal of the organisms living

within MPAs.

In coral reef fishes, the greatest potential for dispersal

is provided by the larvae, which typically stay in the

water column for weeks before settlement onto the reef

(Leis & McCormick 2002). Yet, planktonic larvae are

notoriously difficult to track owing to their small size,

and as a consequence larval movement has been identi-

fied as a major ‘science gap’ for the management and

conservation of coral reefs (Mora & Sale 2002; Sale et al.

2005; Jones et al. 2007). This has led to intense research

efforts (reviewed in Jones et al. 2009) involving a variety

of approaches including otolith elemental chemistry

(Swearer et al. 1999), larval mass marking and recapture

(Jones et al. 1999; Almany et al. 2007), and parentage
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analysis (Planes et al. 2009; Saenz-Agudelo et al. 2011).

These studies have documented larval dispersal over

distances up to 35 km, as well as levels of self-

recruitment to specific reefs ranging between 18% and

70%—more than previously appreciated based on the

potential for long-distance dispersal provided by mar-

ine currents (Williams et al. 1984; Roberts 1997). While

these approaches have contributed to improve our

understanding of larval dispersal in coral reef fishes,

Botsford et al. (2009) pointed out that the available data

is still far from providing a comprehensive picture of

larval dispersal for the assessment of MPA networks.

Where do nonretained larvae go and come from? What

is the average dispersal distance over space and time?

To what extent do immigrants reproduce successfully?

These questions remain largely unanswered.

Population genetics provide the potential to address

questions of larval movement because genetic parame-

ters integrate effective dispersal over several genera-

tions. Actually, the majority of publications on coral

reef fish ‘connectivity’ are population genetic studies

(Jones et al. 2009), which often reveal low levels of

genetic structure across large geographic areas (e.g.

Shulman & Bermingham 1995; Purcell et al. 2006;

Puebla et al. 2009). Yet, the vast majority of genetic

studies address genetic connectivity, that is, gene flow,

which integrates the effects of a suite of processes

including genetic drift, migration, mutation, and selec-

tion. More often than not, ecologists and managers are

interested in demographic connectivity, the movement of

individuals between populations (Mora & Sale 2002;

Sale et al. 2005; Jones et al. 2007; Botsford et al. 2009).

Inferring levels of demographic connectivity from

genetic data is a challenging task. It usually requires an

estimate of effective population size, and ideally a

method that has been validated by comparing direct

and indirect estimates of dispersal. Isolation by distance

(IBD) between individuals in continuous populations

constitutes such an approach (Rousset 2000). Briefly, the

rationale is that if individuals disperse locally, geo-

graphically closer individuals are anticipated to be

more similar genetically. A pattern of decreasing

genetic relatedness with geographic distance (genetic

IBD) is expected in this case. Mathematical analysis of

Malécot’s lattice model (Malécot 1951) shows that the

slope of the IBD regression may be used to estimate

Dr2, the product of effective population density (D) and

mean square parent-offspring dispersal distance (r2,
Rousset 1997, 2004). If an estimate of D is provided, r2

may be extracted from Dr2.
Continuous populations can be represented as a par-

ticular case of Malécot’s model, with one individual per

node of the lattice (Rousset 2000). Patterns of IBD

between individuals in continuous populations are

typically characterized by small slopes and a large scat-

ter (owing to the random nature of mutation and drift),

yet dispersal estimates based on these IBD regressions

have been shown to be remarkably consistent with

direct estimates of dispersal in plants (Fenster et al.

2003), insects (Watts et al. 2007; Bouyer et al. 2009), rep-

tiles (Sumner et al. 2001), and mammals (Rousset 2000;

Broquet et al. 2006; Selonen et al. 2010). These results

challenge the notion that genetic and demographic esti-

mates of dispersal are inconsistent, and suggest that this

method may be applied to estimate dispersal in species

for which no direct estimates of dispersal are available.

To the best of our knowledge, this approach has never

been used to estimate the spatial scale of dispersal in

coral reef fishes.

With over 600 km of continuous reef, the Mesoameri-

can Barrier Reef provides a rare occasion to sample

individuals continuously along continuous populations

of coral reef fishes. Here, we exploit this opportunity to

estimate the spatial scale of dispersal in five species of

coral reef fishes with contrasting life histories.

Materials and methods

Study species

We considered the bicolor damselfish (Stegastes partitus,

Pomacentridae), the bluehead wrasse (Thalassoma bifasci-

atum, Labridae), the French grunt (Haemulon flavolinea-

tum, Haemulidae), the black hamlet (Hypoplectrus

nigricans, Serranidae), and the foureye butteflyfish

(Chaetodon capistratus, Chaetodontidae). These species

were selected because they cover a wide range of fami-

lies, mating systems, and pelagic larval durations

(PLDs), because they are relatively abundant on the

Mesoamerican Barrier Reef, and because microsatellite

markers have been developed for most of them.

Stegastes partitus is a territorial, sexually monomor-

phic pomancentrid. Spawning follows a lunar cycle

(Robertson et al. 1988), with females travelling to the

male’s territories where they lay their eggs. Males

guard the demersal eggs until they hatch, after which

the larvae spend between 25 and 45 days in the plank-

ton before settlement (Robertson et al. 1988; Sponaugle

& Cowen 1996; Wellington & Robertson 2001). Popula-

tion genetic structure is low at the Caribbean scale, with

a regional FST estimate of 0.003 at microsatellite markers

(Purcell et al. 2009; Salas et al. 2010).

Thalassoma bifasciatum is a sexually dichromatic, pro-

togynous hermaphrodite. Spawning occurs on a daily

basis, with terminal phase males spawning in pairs and

initial phase males usually group-spawning with a sin-

gle female (Warner & Robertson 1978). Fertilization is

external, both eggs and larvae are pelagic, and PLD
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varies between 38 and 94 days (Victor 1986; Sponaugle

& Cowen 1997; Wellington & Robertson 2001). There is

no evidence of genetic structure across the Caribbean

(Shulman & Bermingham 1995), with a regional FST esti-

mate of 0.000 at microsatellite markers (Purcell et al.

2006; Haney et al. 2007).

Spawning in H. flavolineatum is elusive, but postlarvae

recruit year-round with a semilunar periodicity (McFar-

land et al. 1985). Otolith microstructures suggest PLDs

ranging between 13 and 20 days (Brothers & McFarland

1981; McFarland et al. 1985). Genetic structure is low at

the Caribbean scale, with a regional FST estimate of

0.003 at nine microsatellite makers (Purcell et al. 2006).

Chaetodon capistratus spawns in pairs throughout the

year with a seasonality and lunar periodicity that is not

well resolved (Colin 1989). Fertilization is external and

both eggs and larvae are pelagic. PLD estimates in

Chaetodon range between 20 and 57 days (Leis 1989).

Hypoplectrus nigricans appears to spawn on a daily

basis throughout the year (Fischer 1980). Fertilization is

external and both eggs and larvae are pelagic. PLD var-

ies between 13 days (Benjamin Victor, personal commu-

nication) and ‘about 22 days’ (Domeier 1994). Genetic

structure is stronger in H. nigricans than in the other

species considered in this study, with a regional FST
estimate of 0.047 at microsatellite loci (Puebla et al.

2008). Yet, the closely related barred hamlet (H. puella)

has a regional FST estimate of 0.005 at microsatellite loci

(Puebla et al. 2009), and we suggested that black ham-

lets at different locations of the Caribbean might be of

independent evolutionary origins (Puebla et al. 2008).

We note that densities of the other hamlet species were

too low throughout the Belize Barrier Reef to collect a

good sample for this study. A summary of the mating

system, spawning pattern, egg type, PLD, and Carib-

bean-wide genetic structure of the five species consid-

ered in this study is provided in Table 1.

Sampling, census densities, genotyping

Collecting, export and import permits were obtained

from the Belizean and Panamanian authorities and

fieldwork was realized in June–July 2010 from the S/V

Legacy as detailed in Data S1 (Supporting information).

A total of 102 sampling sites were targeted along a 250-

km transect following the Mesoamerican Barrier Reef in

Belize (Fig. 1). The objective was to collect one individ-

ual of each target species at each sampling site, and do

a 400-m2 scuba survey every other site to evaluate the

population densities of the five target species along the

transect. Total DNA was extracted with column DNeasy

Tissue Kits (QIAGEN) and samples were genotyped at

11–13 microsatellite loci (total 58, Table S1, Supporting

information) as detailed in Data S1 (Supporting infor-

mation). All loci are species-specific except for the

C. capistratus microsatellites, which were developed for

C. vagabundus, C. lunatus, and C. trifascialis (references

in Table S1, Supporting information), and optimized for

C. capistratus for the first time here.

Data analyses

Number of alleles, allelic richness, heterozygosity, FIS,

and proportion of randomizations that gave a larger

Table 1 Mating system, spawning patterns, egg type, pelagic larval duration (PLD, in days), and Caribbean-wide FST estimate at

microsatellite markers of the five species considered in this study. References provided in the text

Species Family Mating system Spawning Eggs PLD Regional FST

Thalassoma

bifasciatum

Labridae Protogynous

hermaphrodite

Haremic, in pairs

(terminal phase males)

and in groups (initial

phase males),

throughout the year,

following a lunar cycle

Pelagic 38–94 0.000

Stegastes

partitus

Pomacentridae Gonochoric In pairs, throughout the

year, following a

lunar cycle

Demersal 25–45 0.003

Haemulon

flavolineatum

Haemulidae Gonochoric Elusive, throughout

the year, following

a semilunar cycle

Pelagic 13–20 0.003

Hypoplectrus

nigricans

Serranidae Simultaneous

hermaphrodite

In pairs, throughout the

year, periodicity

not well resolved

Pelagic 13–22 0.047

Chaetodon

capistratus

Chaetodontidae Gonochoric In pairs, throughout the

year, periodicity

not well resolved

Pelagic 20–57 Unknown
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and lower FIS than observed (10 000 randomizations

per test) were calculated for all loci with Fstat version

2.9.3 (Goudet 1995). All loci were also examined with

Micro-Checker version 2.2.3 (van Oosterhout et al. 2004)

to assess whether heterozygote deficits may be due to

null alleles, stutter peaks, or large allele dropouts.

Isolation-by-distance analyses were performed with

Genepop version 4.0 (Rousset 2008a). Geographic dis-

tance between pairs of individuals corresponds to the

geographic distance between pairs of sampling sites

(Fig. 1) in km, measured following the barrier reef. The

portion of the Mesoamerican Reef sampled in this study

is 212.5 km long and ~1 km wide, justifying the use of

the one-dimensional version of the IBD model where

geographic distances are not log-transformed (Rousset

1997, 2004). Genetic distance between pairs of individu-

als was estimated with the ê statistic described by Watts

et al. (2007). This estimator has been shown to outper-

form the â statistic (Rousset 2000) unless dispersal is

very localized (Watts et al. 2007), which is not expected

to be the case in coral reef fishes with long PLDs. The

slope of the linear regression between pairwise geo-

graphic and genetic distances was calculated consider-

ing all pairs of samples with approximate bootstrap

confidence intervals (DiCiccio & Efron 1996), and the

correlation between pairwise geographic and genetic

distances was tested with a Mantel test (10 000 permu-

tations). Pairwise comparisons involving the smallest

geographic distances (2.5–20.0 km) had very little effect

on the IBD slopes and were therefore not removed from

the IBD analyses. As spatial scale of observation is criti-

cal for the estimation of dispersal (Rousset 1997, 2004),

IBD slopes were also calculated at smaller spatial scales,

from 2.5–212.5 km (entire data set) to 2.5–120 km with

a Matlab® script. At spatial scales <120 km, IBD slopes

start to vary erratically with decreasing spatial scale of

observation owing to the decreasing number of data

points considered (data not shown).

Effective population size Ne was estimated from the

microsatellite data with an approximate Bayesian com-

putation (ABC) framework using ONeSAMP (Tallmon

et al. 2008), considering only the loci that were at Hardy

–Weinberg equilibrium. This approach provides an

opportunity to estimate contemporary Ne from a single

sample of microsatellite data, for effective population

sizes >10 000. It was chosen because simulations have

established that linkage disequilibrium approaches are

not reliable for the estimation of large effective popula-

tion sizes such as the ones reported in this study (>500–
1000, Waples & Do 2010), and sibship approaches

(Wang 2009) require sampling from a single cohort. As

we consider a one-dimensional IBD model, Ne estimates

were transformed into linear effective densities De

(effective number of individuals per km of barrier reef)

by dividing Ne by the length of the sampling transect.

Owing to gene flow from surrounding areas, the area to

which our Ne estimates apply constitutes a potential

issue. However, contemporary estimates of Ne appear

to be less biased by migration than long-term estimates

(Hare et al. 2011). This is therefore expected to be less

of an issue in our case.

Similarly to the Ne, estimates, the census density esti-

mates (number of individuals per 400 m2 of reef) were

transformed into linear densities D (number of adults

per km of barrier reef), which requires an estimation of

reef area per km of barrier reef. The width of the barrier

reef was measured at each sampling site on ReefBase

(http://www.reefbase.org), providing an average width

of 1300 m, that is, 1 300 000 m2 of reef per km of bar-

rier reef. As this is a rough estimate, we considered a

wide confidence interval of ±750 m (the standard devia-

tion).

The product Dr2 was estimated from the slope of the

IBD regression following Rousset (1997, 2004) at the

largest spatial scale of observation. The consideration of

the largest spatial scale is a conservative approach as

IBD slopes tend to decrease with increasing spatial scale

of observation (Fig. 3), contributing to slightly overesti-

mate rather than underestimate dispersal. Mean square

Caribbean sea

Belize

100 km

Caribbean sea

Fig. 1 A total of 102 sampling sites were targeted along a 250-

km transect following the Mesoamerican Barrier Reef in Belize.

The objective was to collect one individual of each target spe-

cies at each site, and do a 400-m2 survey every other site to

evaluate the population densities of all target species along the

transect. Fieldwork could not be realized at the 17 northern-

most sites (highlighted in grey) owing to Alex, the first tropical

storm of the 2010 season, which hit the coasts of Belize on the

first day of the expedition. Coral reefs in black, from ReefBase

(http://www.reefbase.org).
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parent-offspring dispersal distance r2 was then

extracted from Dr2 using our De estimates.

While r2 is estimated from IBD without making

restrictive assumptions about dispersal distribution

(Rousset 1997, 2004), the estimation of other parameters

of dispersal such as mean unsigned dispersal distance

lx depends on the dispersal distribution. We considered

both the normal and exponential functions to illustrate

what kind of mean dispersal distances may be associ-

ated with our r2 estimates. These functions were chosen

because simulations of Lagrangian larval transport sug-

gest that larval dispersal might follow both Gaussian

(Siegel et al. 2003) and non-Gaussian (Aiken et al. 2007)

kernels, and because the exponential function is the

continuous analogue of the geometric distribution used

in the simulations. For a normal function in one dimen-

sion, lx = r (2/p)1/2. For an exponential function,

lx = 1/(2/r 2)1/2.

We followed Pinsky et al. (2010) for the construction

of confidence intervals around all our estimates (r,
mean dispersal distance, De/D). The approach consists

in generating each estimate 10 000 times by sampling

parameter values from probability distributions that

reflect the uncertainty of all parameters included in the

estimate. Following Pinsky et al. (2010), we used lognor-

mal probability distributions for asymmetric confidence

intervals. The sampled parameters include Ne, IBD

slope, reef area, and census density (number of individ-

uals per 400 m2 of reef). For the IBD slope, we consid-

ered the uncertainty associated with spatial scale of

observation (Fig. 3).

Simulations

Simulations were run to explore what kind of dispersal

distribution may generate IBD patterns similar to the

observed ones, explore the effect of increased sampling

effort on the IBD signal and associated dispersal esti-

mates, and provide recommendations for future studies

in terms of sampling design. Simulations were per-

formed using a coalescent approach with IBDSim ver-

sion 1.4 (Leblois et al. 2009). A 10 000 9 10 lattice with

absorbing boundaries was considered, with one individ-

ual per node of the lattice (100 000 individuals total,

which is close to our mean Ne estimate of 78 000 among

the five species for the entire Mesoamerican Barrier

Reef). This configuration reflects the geometry of the

Mesoamerican Barrier Reef, which is approximately

three orders of magnitude longer than wide. Each simu-

lated data set consisted of 10 unlinked loci and each

simulation was repeated 5 times, reflecting our micro-

satellite analyses at 11–13 loci in five different species.

Mutation followed a stepwise mutation model with

4–51 alleles per locus, reflecting the number of alleles

observed in our microsatellite data set (Table S1, Sup-

porting information). Mutation rate was variable among

loci, drawn from a gamma distribution with parameters

2 (shape) and l/2 (scale), and mean mutation rate l set

to 5 9 10�4. A sample of 100 equally spaced individuals

(one every 30 nodes) was taken in the middle of the lat-

tice, covering 3000 9 1 nodes and reflecting our sam-

pling target of 100 equally spaced individuals along

one-third of the Mesoamerican Barrier Reef. A variety

of dispersal distributions were explored, and dispersal

distributions generating IBD patterns similar to the

observed ones (i.e. small but consistently positive IBD

slopes) were identified. IBD patterns generated by these

dispersal distributions were further investigated by (i)

doubling the number of loci to 20, (ii) doubling the

length of the sampling transect (one individual every 30

nodes over 6000 nodes, 200 samples), (iii) doubling the

density of the sampling transect (one individual every

15 nodes over 3000 nodes, 200 samples), (iv) doubling

the length of the sampling transect and number of loci

(200 samples/20 loci), (v) doubling the density of the

sampling transect and number of loci (200 samples/20

loci), and (vi) doubling the length and density of the

sampling transect, as well as the number of loci (400

samples/20 loci). The data generated by the simulations

were analysed following the same procedure used for

the microsatellite data.

Results

Sampling, census densities, genotyping

A total of 400 samples were collected, with an average

of 80 samples per species (Table S1, Supporting infor-

mation). Overall, a stretch of 212.5 km was continu-

ously sampled for all species except for H. nigricans

(182.5 km) owing to the lower population densities of

this species towards the south of the transect. Fieldwork

could not be realized at the 17 northernmost sampling

sites (Fig. 1) owing to Alex, the first tropical storm of

the 2010 season, which hit the coasts of Belize on the

first day of the expedition.

A total of 43 scuba surveys covering 17 200 m2 of reef

were done along the 212.5 km of barrier reef sampled,

at an average depth of 38 ft (range 17–60 ft). Population

densities were estimated to 2.68 adults/400 m2 of reef

for H. nigricans (s.e. 0.38), 8.16 for H. flavolineatum (s.e.

1.18), 20.74 for S. partitus (s.e. 1.55), 3.4 for C. capistratus

(s.e. 0.38), and 14.91 for T. bifasciatum (s.e. 2.66, includ-

ing both initial and terminal phases). These densities

remained fairly constant throughout the transect except

for H. nigricans, which as mentioned previously tended

to become rarer towards the South. The density esti-

mates translate into linear densities ranging between

© 2012 Blackwell Publishing Ltd
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8696 (H. nigricans) and 67 419 (S. partitus) adults per

km of barrier reef (Table 2).

All samples were genotyped at 11–13 loci with <1.5%
missing data overall (poor or failed amplification at a

locus for a given sample after two attempts). Number

of alleles varied between 4 and 51 (average 21.9), het-

erozygosities between 0.425 and 0.970 (average 0.835),

and FIS between �0.181 and 0.509 (average 0.099). Of

the 58 loci considered, 41 were at Hardy–Weinberg

equilibrium and 17 presented significant heterozygote

deficits after sequential Bonferroni correction for multi-

ple tests (Table S1, Supporting information). Heterozy-

gote deficits have been reported in previous studies for

most of these loci (Purcell et al. 2006, 2009; Haney et al.

2007; Salas et al. 2010; references in Table S1, Support-

ing information). For all of them, the distribution of het-

erozygote deficits across size classes suggested that they

might be caused by null alleles, and also by stutter

peaks in two cases (SpAAC33 and ChaA1, Table S1, Sup-

porting information). Visual inspection of the chromato-

grams of these two loci confirmed the occurrence of

stutter peaks.

Data analyses

A small but positive IBD slope was observed for all five

species at most spatial scales of observation (Figs 2 and

3a). The probability of observing a positive slope in five

species independently by chance alone being

0.54 = 0.031, we conclude that this is a statistically sig-

nificant signal. Removing each locus one at a time

(including all loci with heterozygote deficits) had no

disproportionate effect on the IBD slopes (data not

shown), indicating that the IBD signal is not largely due

to one or a few loci that may be under selection. Yet,

IBD slopes were not significantly different from zero

within species (except for H. nigricans where it was

marginally significant, P = 0.054) and the lower confi-

dence intervals on the IBD slope were negative in four

of the five species (Table 2), which would translate into

infinite dispersal estimates. As discussed below and

illustrated by the simulations, this is not a surprising

outcome considering the very small IBD slopes and the

low power of the Mantel test.

Effective population sizes were estimated to 15 309

for H. nigricans (95% credible limits 3422–177 766),

20 922 for H. flavolineatum (95% CL 4280–377 164),

90 225 for S. partitus (95% CL 10 682–12 228 087), 898

for C. capistratus (95% CL 458–4625), and 2624 for T.

bifasciatum (95% CL 753–8132), translating in to effective

linear densities ranging between 4 (C. capistratus) and

425 (S. partitus) adults per km of barrier reef (Table 2).

Considering our IBD slopes and De estimates, we obtain

r estimates ranging between 9.4 and 52.5 km (CI 0.8–

141.9 km, Table 2). Assuming a normal or an exponen-

tial dispersal function, such estimates would translate

into mean unsigned dispersal distances ranging

between 6.6 and 41.9 km (CI 0.6–113.2 km, Table 2).

Simulations

Nine sets of simulations with different dispersal distri-

butions that generated IBD patterns similar to the

observed ones (i.e. small but consistently positive IBD

slopes) are presented in Table 3, and five of these are

further illustrated in Fig. 3b. Dispersal distributions

Table 2 Isolation by distance (IBD), density estimates and dispersal estimates for the five target species. IBD slope: slope of the IBD

regression (at the largest spatial scale of observation) with approximate bootstrap confidence intervals (DiCiccio & Efron 1996), Man-

tel test P-value (10 000 permutations), D and De: census and effective linear density estimate, respectively, lx: mean unsigned dis-

persal distance assuming a normal or exponential dispersal function

Species

Hypoplectrus

nigricans

Haemulon

flavolinueatum

Stegastes

partitus

Thalassoma

bifasciatum

Chaetodon

capistratus

IBD

IBD slope (largest scale) 3.23487E-05 1.18151E-06 6.69022E-06 2.70076E-05 2.14890E-05

Lower CI �1.24811E-05 �2.29992E-05 �1.45894E-05 2.24888E-06 �3.54176E-05

Higher CI 1.21669E-04 2.32309E-05 3.73173E-05 7.72978E-05 1.32394E-04

P-value 0.054 0.517 0.373 0.160 0.198

Density

D 8696 (704–25276) 26529 (2449–89404) 67419 (14698–179665) 56789 (501–190988) 11110 (1899–32776)
De 84 (5–979) 98 (10–1674) 425 (326–54962) 12 (4–47) 4 (1–26)

De/D (=Ne/N) 0.01 (0.001–0.4) 0.004 (0.0008–0.2) 0.006 (0.005–1) 0.0002 (0.00004–0.02) 0.0004 (0.0001–0.005)

Dispersal

r 9.6 (2.1–22.7) 46.4 (3.2–78.5) 9.4 (0.8–25.7) 27.4 (19.0–141.9) 52.5 (16.8–74.1)

lx normal (km) 7.7 (1.7–18.1) 37.0 (2.6–62.6) 7.5 (0.6–20.5) 21.8 (15.2–113.2) 41.9 (13.4–59.1)
lx exponential (km) 6.8 (1.5–16.1) 32.8 (2.3–55.5) 6.6 (0.6–18.2) 19.4 (13.4–100.3) 37.1 (11.9–52.4)
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include the Pareto distribution, where the probability of

moving k steps in one direction is given by

fk = f�k = M/kn, the geometric distribution, where

fk = f�k = m/2(1 � g)g(k�1), and the Sichel mixture (see

details in Chesson & Lee 2005; Watts et al. 2007). These

dispersal distributions include kernels with small mean

unsigned dispersal distances and high kurtoses (e.g.

Pareto with M = 0.01 and n = 1, where lx = 5 lattice

units and kurtosis = 1757), scenarios with large mean

dispersal distances and low kurtoses (e.g. geometric

with m = 0.99 and g = 0.992, where lx=122 and kurto-

sis = 3), as well as intermediate situations (Table 3).

Importantly, all dispersal distributions were quite local-

ized, with r ranging between 65 and 414 lattice units (and

lx between 5 and 122) within a 10 000 units long lattice.

Simulated and estimated r were generally in good

agreement, within a factor of 2.4 of each other on aver-

age with the standard sampling scheme of 100 individ-

uals/10 loci (note that no particular effort was made to

consider the most appropriate spatial scale of observa-

tions for the different dispersal distributions). Doubling

the number of loci reduced the difference between sim-

ulated and estimated r to a factor of 1.8 on average, but

Mantel tests were still nonsignificant (and lower confi-

dence intervals on the IBD slope negative) in most

cases. Doubling both the density of the sampling tran-

sect and the number of loci appeared to be a good

option in most cases, providing simulated and esti-

mated r within a factor of 1.6 of each other on average,

as opposed to 2.0–2.1 with the other sampling schemes

(including when the number of samples is quadrupled

and the number of loci doubled).

Discussion

To the best of our knowledge, this study constitutes a

first attempt to estimate the spatial scale of dispersal in

coral reef fishes using IBD between individuals in con-

tinuous populations. This approach stands between

population genetic studies, which consider population-

level parameters, are traditionally conducted at larger

spatial scales (e.g. Planes & Fauvelot 2002; Purcell et al.

2006, 2009) and address dispersal at evolutionary time-

scales, and parentage analyses, which consider individ-

ual genotypes, are usually conducted at smaller spatial

scales (e.g. Planes et al. 2009; Saenz-Agudelo et al. 2011)

and address dispersal on a timescale of one generation.

Our approach also stands out in coral reef fishes with

respect to the parameter estimated. Population genetic

studies typically address gene flow (genetic connectivity),
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Fig. 2 Patterns of isolation by distance

(IBD) in the five target species and in

one simulated data set (Pareto dispersal

distribution with M = 0.1 and n = 1.32).

As expected, IBD patterns are character-

ized by small slopes and a large scatter

(owing to the random nature of muta-

tion and drift).
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which integrates the effects of a suite of processes

including genetic drift, migration, mutation, and selec-

tion. On the other side, parentage analyses address lev-

els of self-recruitment within reefs and specific

dispersal events between reefs. Here, we estimate mean

square parent-offspring dispersal distance (r2), an

explicitly demographic parameter, using an indirect

approach that has been validated with direct estimates

of dispersal in a variety of taxa (Rousset 2000; Sumner

et al. 2001; Fenster et al. 2003; Broquet et al. 2006; Watts

et al. 2007; Bouyer et al. 2009; Selonen et al. 2010). Simu-

lation studies have established that this approach is

likely to provide estimates that reflect patterns of

dispersal within a few tens of generations (Leblois et al.

2004), is quite robust to demographic fluctuations and

spatial heterogeneities (Leblois et al. 2004), and provides

better dispersal estimates when individuals are sampled

at a local scale (Leblois et al. 2003) as in the present

study.

Dispersal estimates

A positive IBD slope was observed in the five species,

indicating dispersal limitation at the scale of the Belize

Barrier Reef. Considering the IBD slopes and our den-

sity estimates, we obtain r estimates ranging between 9

and 52 km (CI 1–142 km). Assuming a normal or an

exponential dispersal function, our r estimates translate

into estimates of mean unsigned dispersal distance

ranging between 7 and 42 km (CI 1–113 km). These dis-

persal estimates may seem surprisingly small consider-

ing the potential for long-distance dispersal provided

by the 13–94 days pelagic larval stage of the species

considered in this study. Nevertheless, they are consis-

tent with the accumulating evidence of localized dis-

persal in coral reef fishes from direct studies of larval

dispersal using otolith elemental chemistry (Swearer

et al. 1999), larval mass marking and recapture (Jones

et al. 1999; Almany et al. 2007), and parentage analysis

(Planes et al. 2009; Saenz-Agudelo et al. 2011). They are

also consistent with dispersal estimates based on IBD at

the population level (Puebla et al. 2009; Pinsky et al.

2010). The swimming abilities of coral reef fish larvae,

early development of their sensory systems, and sophis-

ticated behaviour (Leis & McCormick 2002) may poten-

tially contribute to local settlement. This is further

suggested by the observation that our mean dispersal

estimates of 7–42 km fall around the distance with

highest probability of successful dispersal predicted by

a coupled biophysical model of the Mesoamerican Bar-

rier Reef (Paris et al. 2007) when active ontogenetic ver-

tical migrations are included (~30 km). Without such

active migrations, the probability of successful dispersal

is predicted to remain relatively high up to distances of

60 km or more.

There is no correlation between mean PLD and mean

dispersal estimate in our data set (R2=0.001), but we

note that there is a correlation between the minimum

PLD reported for each species and the lower confidence

limit of our dispersal estimate (R2 = 0.412), as well as

the maximum PLD reported for each species and the

higher confidence limit of our dispersal estimate

(R2 = 0.576). Caution is required here as we present

only five data points, but this result is in line with pre-

vious findings that both minimum and maximum PLD

is better correlated with genetic structure than mean

larval duration (Weersing & Toonen 2009), and suggests
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Fig. 3 Slope of the genetic isolation-by-distance (IBD) linear

regression at increasing spatial scales of observation (a) in the

five target species, from 120 to 212.5 km and (b) in five simu-

lated data sets with different dispersal distributions, from 1000

to 3000 lattice units. In both cases, IBD slopes are small but

positive at most spatial scales of observation.
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Table 3 Nine simulation data sets with different dispersal functions that generated isolation by distance (IBD) patterns similar to the

observed ones. Dispersal is quite localized in all cases, with r ranging between 65 and 414 lattice units, and mean unsigned dispersal

distances (lx) of 5–122 units. Standard: sample of 100 regularly spaced individuals genotyped at 10 loci, reflecting our sampling

design. The number of loci was also doubled, as well as the length and density of the sampling transect (200 individuals). Estimated

r: r estimated from the IBD regression, difference: difference between simulated and estimated r (calculated as the largest of the two

divided by the smallest), IBD slope: slope of the IBD linear regression (at the largest spatial scale of observation) with approximate

bootstrap confidence intervals (DiCiccio & Efron 1996), Mantel test P-value (10 000 permutations, values <0.05 in bold). All values

are averages from five replicated simulations

Treatment lx Kurtosis Simulated r Estimated r Difference IBD slope Lower CI Higher CI P-value

Pareto (M = 0.99, n = 1.6)

Standard 30 428 227 542 2.4 4.714E-07 �7.64E-07 2.069E-06 0.237

20 loci 30 428 227 692 3.0 4.219E-07 �5.21E-07 1.699E-06 0.192

Long 30 430 227 554 2.4 4.221E-07 4.912E-08 8.817E-07 0.036

Dense 30 430 228 358 1.6 1.065E-06 2.509E-07 2.254E-06 0.024

Long/20 loci 30 430 227 590 2.6 4.302E-07 1.57E-07 7.402E-07 0.016

Dense/20 loci 30 429 227 384 1.7 9.231E-07 3.849E-07 1.665E-06 0.012

Long/dense/20 loci 30 429 227 520 2.3 4.8E-07 3.295E-07 6.544E-07 0.000

Pareto (M = 0.9, n = 1.6)

Standard 27 472 217 879 4.1 7.458E-07 �5.03E-07 2.16E-06 0.298

20 loci 27 473 217 390 1.8 8.664E-07 �7.13E-08 2.108E-06 0.067

Long 27 473 217 547 2.5 4.646E-07 1.296E-07 8.965E-07 0.023

Dense 27 472 217 370 1.7 9.328E-07 2.509E-07 2.254E-06 0.019

Long/20 loci 27 473 217 509 2.3 5.005E-07 2.642E-07 7.74E-07 0.001

Dense/20 loci 27 471 217 448 2.1 7.516E-07 2.712E-07 1.41E-06 0.019

Long/dense/20 loci 27 472 217 523 2.4 4.859E-07 3.14E-07 6.888E-07 0.000

Pareto (M = 0.1, n = 1.32)

Standard 13 792 181 791 4.4 1.414E-06 �2.32E-06 5.519E-06 0.336

20 loci 13 793 181 386 2.1 1.31E-06 �1.28E-06 4.502E-06 0.211

Long 13 794 181 326 1.8 1.372E-06 1.516E-07 2.959E-06 0.055

Dense 13 791 181 298 1.6 1.822E-06 1.743E-07 3.838E-06 0.213

Long/20 loci 13 794 181 345 1.9 1.121E-06 2.074E-07 2.405E-06 0.023

Dense/20 loci 13 792 181 252 1.4 2.199E-06 6.499E-07 4.079E-06 0.016

Long/dense/20 loci 13 790 181 408 2.3 7.876E-07 3.686E-07 1.32E-06 0.001

Pareto (M = 0.01, n = 1)

Standard 5 1757 130 164 1.3 1.499E-05 �1.2E-05 4.901E-05 0.310

20 loci 5 1757 130 109 1.2 9.126E-06 �1.02E-05 2.98E-05 0.358

Long 5 1756 130 257 2.0 6.506E-06 �1.36E-06 1.539E-05 0.394

Dense 5 1755 131 98 1.3 2.155E-05 8.39E-06 3.931E-05 0.354

Long/20 loci 5 1756 131 166 1.3 5.384E-06 �3.29E-08 1.183E-05 0.373

Dense/20 loci 5 1755 131 106 1.2 1.559E-05 6.511E-06 2.622E-05 0.218

Long/dense/20 loci 5 1756 131 182 1.4 3.999E-06 1.488E-06 6.813E-06 0.279

Geometric (m = 0.99, g = 0.992)

Standard 122 3 173 633 3.7 3.322E-07 �8.3E-07 1.91E-06 0.240

20 loci 122 3 173 498 2.9 3.77E-07 �5.01E-07 1.474E-06 0.230

Long 122 3 173 556 3.2 4.476E-07 6.94E-08 8.561E-07 0.034

Dense 122 3 173 1190 6.9 2.829E-07 �2.8E-07 1.08E-06 0.334

Long/20 loci 122 3 173 501 2.9 5.099E-07 2.496E-07 8.078E-07 0.001

Dense/20 loci 122 3 173 512 3.0 3.846E-07 �4.17E-08 9.883E-07 0.146

Long/dense/20 loci 122 3 173 515 3.0 4.786E-07 3.029E-07 7.259E-07 0.000

Geometric (m = 0.9, g = 0.995)

Standard 176 4 262 560 2.1 5.05E-07 �7.39E-07 2.029E-06 0.239

20 loci 176 4 262 512 2.0 4.013E-07 �4.42E-07 1.607E-06 0.180

Long 176 4 262 591 2.3 4.423E-07 9.324E-08 8.89E-07 0.041

Dense 176 4 262 516 2.0 5.701E-07 6.733E-08 1.216E-06 0.133

Long/20 loci 176 4 262 570 2.2 4.089E-07 1.61E-07 7.269E-07 0.006

Dense/20 loci 176 4 262 470 1.8 4.484E-07 2.898E-08 8.741E-07 0.104

Long/dense/20 loci 176 4 262 572 2.2 4.04E-07 2.192E-07 7.401E-07 0.000
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that extreme rather than mean PLDs are imposing

limits on dispersal. We also note that S. partitus is the

only species with demersal eggs in our study. As pela-

gic eggs are incapable of active swimming, one would

expect that for a similar PLD there might be more

retention in species with demersal eggs than in species

with pelagic eggs. This appears to be the case in our

data set, with S. partitus presenting the lowest r/PLD
ratio among the five species (whether mean, minimum,

or maximum values are considered). Accordingly, the

correlation between minimum/maximum PLD and dis-

persal is stronger when S. partitus is removed from the

data set (R2 = 0.707 and 0.716). Such high R2 values

suggest that there might be a quite strong correlation

between minimum/maximum PLD and dispersal in

coral reef fishes. Data on more species will be required

to test this hypothesis.

Dispersal and large-scale genetic structure

Another striking aspect of this study is the contrast

between our dispersal estimates and the vey low levels

of genetic structure across the Caribbean documented

in the same species (Purcell et al. 2006, 2009; Haney

et al. 2007; Salas et al. 2010). Nevertheless, low levels of

genetic structure at large spatial scales may result from

stepping-stone dispersal, and do not necessarily imply

long-distance dispersal. In addition, marine populations

are often characterized by very large population sizes,

which is expected to reduce the effect of genetic drift

and contribute to keep genetic structure at low levels.

For example, our scuba surveys suggest a census popu-

lation size of >43 500 000 adults for S. partitus on the

Mesoamerican Barrier Reef alone, and orders of magni-

tude more are expected across the entire Caribbean.

These are large numbers, even if effective population

size is several orders of magnitude lower than census

population size. (In this regard, we note that H. nigri-

cans, which presents higher levels of genetic structure

across the Caribbean, is also the less abundant species

in our scuba surveys). Finally, our results do not rule

out long-distance dispersal. The mathematical analysis

of Malécot’s lattice model underlying our estimates is

expected to be valid for a variety of dispersal distribu-

tions, including asymmetric ones, as long as the first,

second, and third moments are finite (Rousset 1997).

Dispersal may be highly leptokurtic, with most dis-

persal at a local scale and rare long-dispersal events.

Such rare events may play an important role, for exam-

ple, for the colonization of new habitat, but would not

be representative of typical dispersal distances over eco-

logical timescales.

Table 3 (continued)

Treatment lx Kurtosis Simulated r Estimated r Difference IBD slope Lower CI Higher CI P-value

Geometric (m = 0.1, g = 0.997)

Standard 31 59 142 205 1.4 4.205E-06 �4.93E-07 1.017E-05 0.285

20 loci 31 58 142 140 1.0 6.884E-06 2.559E-06 1.208E-05 0.013

Long 31 58 142 183 1.3 4.123E-06 2.116E-06 7.408E-06 0.005

Dense 31 58 142 167 1.2 5.648E-06 2.659E-06 9.946E-06 0.044

Long/20 loci 31 58 142 171 1.2 4.551E-06 3.141E-06 6.31E-06 <0.001

Dense/20 loci 31 58 142 159 1.1 5.082E-06 2.779E-06 7.948E-06 <0.001

Long/dense/20 loci 31 58 142 165 1.2 4.635E-06 3.822E-06 5.851E-06 0.000

Geometric (m = 0.01, g = 0.998)

Standard 5 618 65 71 1.1 5.514E-07 �5.72E-07 1.616E-06 0.326

20 loci 5 619 65 90 1.4 6.676E-07 �1.74E-07 1.576E-06 0.227

Long 5 618 65 74 1.1 1.539E-07 �1.48E-07 5.346E-07 0.325

Dense 5 618 65 69 1.1 4.206E-07 �1.99E-07 1.313E-06 0.306

Long/20 loci 5 618 65 80 1.2 2.031E-05 1.328E-05 3.022E-05 0.023

Dense/20 loci 5 618 65 73 1.1 2.455E-05 1.168E-05 3.865E-05 0.170

Long/dense/20 loci 5 618 65 81 1.2 1.926E-05 1.426E-05 2.554E-05 0.026

Sichel (c = �0.09, ξ = 1000, Ω = 0.0001)

Standard 109 57 414 431 1.0 5.514E-07 �5.72E-07 1.616E-06 0.326

20 loci 109 57 414 514 1.2 6.676E-07 �1.74E-07 1.576E-06 0.227

Long 109 57 414 601 1.5 1.539E-07 �1.48E-07 5.346E-07 0.325

Dense 109 57 414 595 1.4 4.206E-07 �1.99E-07 1.313E-06 0.306

Long/20 loci 109 57 414 1069 2.6 1.253E-07 �1.08E-07 4.076E-07 0.174

Dense/20 loci 109 57 414 573 1.4 3.667E-07 �6.74E-08 9.182E-07 0.422

Long/dense/20 loci 109 57 414 1298 3.1 8.469E-08 �2.58E-08 2.322E-07 0.127
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Census and effective densities

As expected, effective density estimates are lower than

census density estimates, with De/D (=Ne/N) ratios

ranging between 0.01 and 0.0002. These results fall

within the range reported in marine fishes (0.01–

0.000001, Hauser & Carvalho 2008). The lowest De/D

estimate is observed in T. bifasciatum, a protogynous

hermaphrodite characterized by a complex haremic

mating system with highly skewed sex ratios (Warner

& Robertson 1978). Such a mating system is expected to

translate into high variance in reproductive success

between individuals and therefore low De/D ratios

(Hedrick 2005). On the other side, the highest De/D

estimate is observed in H. nigricans, a simultaneous her-

maphrodite (sex ratio = 1) which spawns in pairs on a

daily basis throughout the year, alternating sex roles

(Fischer 1980). Such a mating system is expected to

dampen variance in lifetime reproductive success,

resulting in higher De/D ratios. The other species are

gonochoric, spawn throughout the year, and have inter-

mediate De/D ratios. We note, however, that C. capistra-

tus presents a surprisingly low De/D estimate (0.0004).

More data on the mating system and life history of this

species will be required to address this result.

Strengths and limitations

Our approach constitutes a unique complement to pre-

vious genetic and nongenetic studies of dispersal in

coral reef fishes. Three major assumptions are that i. the

habitat is continuous, ii. individuals are distributed con-

tinuously and homogeneously over the habitat, and iii.

individuals are sampled continuously. The Mesoameri-

can Barrier Reef is as close to a continuous habitat as

coral reefs can be, our scuba surveys establish that pop-

ulations are continuous and relatively homogenous over

the entire transect (with the exception of H. nigricans

whose density decrease towards the South), and all

populations were sampled continuously with one indi-

vidual every 2.5 km over 212.5 km (182.5 km for H. nig-

ricans) and few gaps. These assumptions appear

therefore to be mostly met.

Nevertheless, we do not mean to imply that our

approach is a panacea. It is based on many estimates,

including the estimation of relatedness between pairs of

individuals from microsatellite data, the estimation of

IBD slopes from pairwise genetic/geographic distances,

and the estimation of effective population sizes from

genetic data. In particular, the estimation of Ne is chal-

lenging, especially when effective populations sizes are

anticipated to be large (Luikart et al. 2010; Hare et al.

2011). This is illustrated by the wide confidence limits

around our largest Ne estimates. In addition, the effective

density De in the term Dr2 corresponds strictly speaking

to the inverse of the average probability of coalescence in

the previous generation for pairs of genes divided by the

linear extent of the population (Rousset 1997, 2004),

which is not easily estimated empirically. Another aspect

of our approach is that it is based on subtle IBD patterns,

as evidenced by the small IBD slopes and nonsignificant

Mantel tests. Nevertheless, the fact that a positive slope

is observed in five species independently is compelling,

and our simulations confirm that such IBD patterns are

the result of quite localized dispersal. On a 10 000 units

long lattice, IBD signals similar to the observed ones

were generated by r values ranging between 65 and 414

lattice units, and mean unsigned dispersal distances of 5

–122 units. This point was made by Rousset (2008b), who

pointed out that

Naive application of testing methodology has been

another factor contributing to confusion. […]. In

practice, nonsignificant [Mantel] test results have

often been interpreted as evidence that dispersal is

not localized. However, the Mantel test has often

been applied in conditions of low power. In many

populations with localized dispersal, the value of

Dr2 will be large, and thus expected patterns of

isolation by distance (increase of differentiation

with distance) will be weak […].

More precise estimates of IBD slopes should nonethe-

less be targeted in future studies. Our simulations sug-

gest that doubling both the density of the sampling

transect and number of loci (200 samples/20 individu-

als) is a good option, providing genetic estimates of dis-

persal within a factor of 1.6 of demographic dispersal

on average (instead of 2.4 with our sampling design of

~100 samples/10 loci), as well as significant Mantel tests

and positive lower confidence intervals on IBD slopes

in most cases. Further increasing the sampling effort

does not appear useful, because at this level of preci-

sion other sources of error such as spatial scale of

observation prevail. In addition, there is a trade-off

between sampling effort per species and number of spe-

cies considered, and the consideration of a variety of

species with different mating systems and demographic

histories is critical to evaluate to what extent localized

dispersal at ecological timescales is a general result in

coral reef fishes.

The approach implemented here assumes equilibrium

between dispersal, mutation and genetic drift. Simula-

tions studies have established that patterns of IBD

develop and approach equilibrium faster at small spa-

tial scales (Slatkin 1993; Hardy & Vekemans 1999), and

therefore, nonequilibrium conditions are expected to be

less of an issue at the local spatial scales considered in
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this study. Finally, the consideration of continuous pop-

ulations has several implications. It provides the advan-

tage of not requiring the a priori definition of discrete

populations (although a discrete sampling scheme

might be adopted; Rousset 2000), but it also means that

adults may potentially move across the continuous hab-

itat, confounding larval, juvenile, and adult dispersal

patterns. This might be the case for H. flavolineatum,

which presents the lowest IBD slope despite a short

PLD, and for which migrations of several kilometres

between the reef and seagrass beds have been reported

(Ogden & Ehrlich 1977).

Implications

From a management and conservation perspective, our

study would suggest that managers might manage coral

reef fish populations locally, considering spatial scales of

a few tens of kilometres. The Belize Barrier Reef is cov-

ered by a network of six marine reserves (from North to

South: Bacalar Chico, Hol Chan, Caye Caulker, South

Water Caye, Gladden Spit and Silk Cayes, and Sapodilla

Cayes), covering 4–19 km of barrier reef each and sepa-

rated by 5–90 km along the barrier reef. In light of our

data, these reserves are expected to be sustainable and

well connected demographically, except for the 90 km of

unprotected barrier reef between the Caye Caulker and

South Water Caye marine reserves. This network is also

expected to be connected demographically with other

nearby marine reserves such as Glovers Reef and Port

Honduras, as well as Xcalak and Banco Chinchorro in

Mexico. Clearly, many coral reef fish populations are not

distributed continuously over hundreds of kilometres as

on the Mesoamerican Barrier Reef, but we suggest that

by providing a ‘null model’ of dispersal (provided that

habitat is available), our results are also relevant for

understanding patterns of dispersal among discrete pop-

ulations of coral reef fishes elsewhere.

Conclusions and perspectives

We conclude that low levels of genetic structure across

large geographic areas are not necessarily incompatible

with localized dispersal, and suggest that at the ecologi-

cal timescales relevant for the management of coral reef

fish populations, dispersal may typically occur within

tens of kilometres or less. A combination of direct and

indirect studies of larval dispersal will be required to

confirm our results, and provide a more comprehensive

picture of larval dispersal in coral reef fishes. In particu-

lar, the characterization of dispersal kernels of coral reef

fishes is a major challenge for future research.

With the advent of next-generation sequencing, future

studies will be less constrained by the number of loci

and availability of microsatellite markers. Following

Santure et al. (2010), we suggest that a panel of 50–500

single nucleotide polymorphisms (SNPs) should

improve estimates of relatedness between pairs of indi-

viduals and effective population sizes and therefore

contribute to provide better dispersal estimates. Consid-

ering a variety of coral reef fish species as well as other

taxa such as corals, echinoderms, or algae will provide

the opportunity to address a variety of fundamental

and applied questions on the community dynamics of

coral reef ecosystems.
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Conseil International pour l’Éxploration de la Mer, 178, 369–374.
Bruno JF, Selig ER (2007) Regional decline of coral cover in the

Indo-Pacific: timing, extent, and subregional comparisons.

PLoS ONE, 2, e711.

Chesson P, Lee CT (2005) Families of discrete kernels for mod-

eling dispersal. Theoretical Population Biology, 67, 241–256.

Colin PL (1989) Aspects of the spawning of western Atlantic

butterflyfishes (Pisces: Chaetodontidae). Environmental Biol-

ogy of Fishes, 25, 131–141.
DiCiccio TJ, Efron B (1996) Bootstrap confidence intervals. Sta-

tistical Science, 11, 189–228.

© 2012 Blackwell Publishing Ltd

12 O. PUEBLA, E . BERMINGHAM and W. O. MCMILLAN



Domeier ML (1994) Speciation in the serranid fish Hypoplectrus.

Bulletin of Marine Science, 54, 103–141.
Fenster CB, Vekemans X, Hardy OJ (2003) Quantifying gene flow

from spatial genetic structure data in a metapopulation of Cha-

maecrista fasciculata (Leguminosae). Evolution, 57, 995–1007.

Fischer EA (1980) The relationship between mating system and

simultaneous hermaphroditism in the coral reef fish, Hypo-

plectrus nigricans (Serranidae). Animal Behaviour, 28, 620–633.
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