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Abstract

Identifying patterns of larval dispersal within marine metapopulations is vital for
effective fisheries management, appropriate marine reserve design, and conservation
efforts. We employed genetic markers (microsatellites) to determine dispersal patterns in
bicolour damselfish (Pomacentridae: Stegastes partitus). Tissue samples of 751 fish were
collected in 2004 and 2005 from 11 sites encompassing the Exuma Sound, Bahamas.
Bayesian parentage analysis identified two parent-offspring pairs, which is remarkable
given the large population sizes and 28 day pelagic larval duration of bicolour
damselfish. The two parent-offspring pairs directly documented self-recruitment at the
two northern-most sites, one of which is a long-established marine reserve. Principal
coordinates analyses of pair-wise relatedness values further indicated that self-recruit-
ment was common in all sampled populations. Nevertheless, measures of genetic
differentiation (Fsy) and results from assignment methods suggested high levels of gene
flow among populations. Comparisons of heterozygosity and relatedness among samples
of adults and recruits indicated spatially and temporally independent sweepstakes
events, whereby only a subset of adults successfully contribute to subsequent genera-
tions. These results indicate that self-recruitment and sweepstakes reproduction are the
predominant, ecologically-relevant processes that shape patterns of larval dispersal in
this system.

Keywords: bicolour damselfish, larval dispersal, multivariate statistics, parentage, population
connectivity, relatedness

Received 18 September 2009; revision received 17 November 2009; accepted 22 November 2009

Palumbi 2003), and facilitating fisheries management

Introduction

The vast majority of marine invertebrates and fishes
have a planktonic larval stage. How far and to what
extent larvae disperse from their natal sites remains a
pressing question in marine ecology, conservation biol-
ogy, and fisheries biology. Answers to these questions
have vast ramifications for understanding metapopula-
tion dynamics (Hixon et al. 2002; Kritzer & Sale 2004),
enhancing marine reserve design (Botsford et al. 2003;
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(Gell & Roberts 2003; Francis et al. 2007). Because the
larvae of most marine species are miniscule, it is extre-
mely difficult to observe and track them in situ. Conse-
quently, early approaches for determining dispersal
patterns focused on predictive models of passive larval
transport (e.g. Roberts 1997). Results from such studies
fostered the common assumption that the vast majority
of marine populations were demographically open and
characterized by high levels of larval connectivity (Co-
wen et al. 2000). More recent work, using both genetic
and microchemical analyses, have demonstrated that
self-recruitment—the return of larvae to their natal pop-
ulation—may be more common than previously
thought (Jones et al. 2005; Almany et al. 2007).
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Reconciling these conflicting patterns of larval dis-
persal remains challenging because most marine popu-
lations cannot be simply categorized as closed or open
(Cowen et al. 2000), but rather occur along a dynamic
continuum of self-recruitment and population connec-
tivity. Understanding the full complexity of dispersal
patterns requires sampling of multiple cohorts (i.e. mul-
tiple dispersal events) both spatially and temporally
(Selkoe et al. 2006). Furthermore, the majority of marine
species have high rates of gene flow over evolutionary
time scales (Hedgecock et al. 2007a). Determining the
extent to which populations are connected, despite high
gene flow, remains the single greatest challenge for
revealing ecologically meaningful patterns of larval dis-
persal (Botsford et al. 2009).

Spatial patterns of larval dispersal can be detected
with either direct or indirect methods (Hedgecock
et al. 2007a). Indirect methods focus on population-
level analyses and often require theoretical assump-
tions (e.g., drift-mutation equilibrium). Such methods
are often plagued by a lack of statistical power for
detecting ecologically relevant patterns of connectivity
when faced with moderate to high levels of gene flow
(Wang 2004). Nevertheless, when the appropriate con-
ditions are met, certain indirect methods can effec-
tively reveal broad patterns of larval dispersal (Manel
et al. 2005; Saenz-Agudelo et al. 2009). Direct methods,
on the other hand, focus on tracking individual larvae
from birth to settlement usually via mark/recapture
methods. For example, fairly elaborate methods have
been developed to tag the otoliths (ear stones) of fishes
with various elemental markers (Thorrold et al. 2006).
However, such tagging methods are often quite expen-
sive and can be limited by logistical constraints, such
as limited mark duration and the need for multiple
field collections.

One underexplored direct method of tracking marine
larvae is parentage analysis (Hauser et al. 2007; Planes
et al. 2009; Christie 2010). To date, parentage analyses
have been used to determine dispersal patterns only in
fishes with short pelagic larval durations in populations
where all of the adults can be sampled (Jones et al.
2005; Planes et al. 2009; but see Hauser et al. 2007).
Here, we overcame difficulties of applying parentage
methods to large natural populations by employing a
novel Bayesian parentage method that fully accounts
for large numbers of pair-wise comparisons and small
or unknown proportions of sampled parents (Christie
2010). Given the large population sizes and potentially
vast dispersal distances of many marine species, it
remains likely that even large data sets may record few
direct observations of larval dispersal. Thus, the cou-
pling of both direct and indirect methods will likely
reveal greater insights than either approach alone.
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Besides parentage, other tests of relatedness within
marine species hold much promise (Veliz et al. 2006).
Analyses that focus on cohorts of settling recruits can
yield important spatial and mechanistic insight into pat-
terns of larval dispersal (Selkoe et al. 2006). One impor-
tant process is the ‘sweepstakes effect,” in which a small
proportion of the available gene pool successfully con-
tributes to the replenishment of the population (Hedge-
cock 1994a; b). Because the majority of adults do not
successfully reproduce, the characteristic signatures of a
sweepstakes effect include reduced genetic diversity
and increased levels of relatedness in cohorts of recruits
when compared to adults. The sweepstake hypothesis
further predicts that recruits should have less within-
cohort but greater among-cohort genetic diversity than
adults (Hedgecock et al. 2007b). While most studies
indicate that sweepstakes effects are likely caused by
stochastic larval mortality, a similar pattern could be
created before the pelagic larval stage if a subset of
adults (e.g. the largest individuals) produce either more
offspring (Berkeley et al. 2004) or offspring that are
disproportionately more likely to survive. Regardless of
the mechanisms underlying sweepstakes effects, docu-
menting such patterns over both spatial and temporal
scales can reveal detailed insights into the patterns of
larval dispersal (Hedgecock 1994b).

Bicolour damselfish (Stegastes partitus) are ubiqui-
tously distributed on coral reefs throughout the Baha-
mas and Caribbean and are an ideal species for
studying patterns of larval dispersal. Furthermore,
bicolour damselfish possess large population sizes and
high rates of gene flow typical of most marine fishes
targeted by commercial fisheries (Ward et al. 1994).
Tagging and observational studies have revealed that
bicolour damselfish rarely move more than a few
meters after settlement (McGehee 1995, Hixon et al.
unpublished data). Because there is little post-settlement
movement, any geographic distances between parents
and offspring can be attributed solely to larval dis-
persal. Male bicolour damselfish vigorously defend
territories on coral heads that often include multiple
females. In the Bahamas, spawning activity peaks
during the summer months and occurs in 2 week cycles
that are influenced by lunar phase (Robertson et al.
1988). Males guard nests of demersal eggs, which often
consist of clutches laid by several females (Knapp et al.
1995). We estimate an average of 4945 eggs per clutch
with males guarding up to nine clutches in their nest
per lunar month (Johnson et al. unpublished data). The
eggs hatch 3.5 days after spawning, and the larvae
are planktonic for approximately 28 days (Wilson &
McCormick 1999).

Despite low overall levels of genetic differentiation,
a large-scale population-genetics study of bicolour
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damselfish revealed significant isolation-by-distance at
spatial scales around 1000 km (Purcell et al. 2009),
suggesting little gene flow among distant sites. Region-
wide comparisons of Fgr indicated that reefs lining
Exuma Sound, Bahamas (our study system) were iso-
lated from most other sites in the Caribbean (Purcell
et al. 2009). Additionally, the Great Bahama Bank, a
wide but shallow (<5m deep) limestone shelf that
encompasses the Exuma Sound (> 1000m deep), likely
acts as a barrier to larval dispersal both into and out of
the sound because it contains no suitable coral-reef hab-
itat (Stoner & Davis 1997; Gutierrez-Rodriguez & Lasker
2004). Within the Exuma Sound, complex oceano-
graphic patterns likely influence patterns of larval dis-
persal. As illustrated in Fig. 1, seasonal mesoscale gyres
could entrain larvae and provide a mechanism for lar-
val transport between reefs located on different sides of
the sound (BM Hickey, University of Washington,
unpublished data). Furthermore, general northwesterly
surface currents derived from the Antilles Current
could result in along-shore transport of larvae from
southern to northern reefs (Colin 1995).

Here, we address two questions regarding ecologi-
cally relevant patterns of dispersal in bicolour damsel-
fish: (i) to what extent do larvae return to their natal
populations (self-recruitment) versus disperse among
local populations (connectivity), and (ii) to what spatial
and temporal extent do sweepstakes effects occur? We
conclude that self-recruitment and local sweepstakes
events are the central processes that influence patterns
of larval dispersal in this system.

Materials and methods

Sample collection

Tissue samples were gathered from 751 Stegastes partitus
collected from 11 sites within the Exuma Sound, Baha-
mas, during 2004 and 2005 (Fig. 1, Table 1). Adults
(>5cm  total length, n =437) and recently settled
recruits (< 2.5cm total length, n = 314) were collected
via hand nets by pairs of SCUBA divers. Based on size
at age relationships, most recruits were less than
72 days post hatching while the average reproductively
mature adult was greater than 300 days post hatching.
A solution of 10% quinaldine to 90% methanol was
used to anaesthetize the damselfish before live capture.
Tissue was clipped from the pelvic fins of adults and
placed in a urea-based storage solution consisting of
10 mM Tris, 125 mM NaCl, 10 mM EDTA, 1% SDS,
8 M urea, pH adjusted to 7.5 with HCI (JFH Purcell,
personal communication). After sampling, adults were
returned unharmed to their original collection location
on the reef. Caudal fin tissue was collected from
recruits, which were preserved for future analyses.

In 2004, sampling was concentrated along the western
edge of the Exuma Sound (Fig. 1). Tissue was collected
from 315 fish from six sites. In 2005, sampling was
expanded to include sites located around the entire Ex-
uma Sound. Approximately fifty adults and fifty
recruits were collected at each of five sites for a total of
456 fish. Recruit samples likely come from a single set-
tlement pulse given their similarity in size, while adults

Eleuthera

L)
i
r + 5

-

ZZIlN

235N
1

Fig. 1 Sample sites and prevailing sur-
face currents (dashed arrows) for bicol-
25 km our damselfish collected in Exuma
Sound, Bahamas. Parentage analysis
identified two parent—offspring pairs
(solid arrows), which directly docu-
ments self-recruitment at the two north-
ern-most sites. Light seafloor indicates
the shallow (mostly <3 m deep) Great
Bahama Bank, whereas dark seafloor
indicates the Exuma Sound and nearby
open ocean (mostly >1500 m deep). Tri-
angles and straight arrows indicate 2004
sample sites, and filled circles indicate
2005 sample sites. Site abbreviations are
¢ as follows: Compass Cay (CC), Bock
Rock (BR), String Bean Cay (SB), Big
Lo Point (BP), Lee Stocking Island (LSI),
Three Sisters Reef (TS), and South Reef
(SR). The Exuma Cays Land and Sea
Park (Park) is a marine reserve that has
been protected since 1964.
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Table 1 Summary statistics for each sample site averaged over all seven loci. Observations include: sample locality, site abbrevia-
tion, sample size (N), mean number of alleles per locus, mean allelic richness, mean inbreeding coefficient (Fs), observed heterozy-
gosity (H,), expected heterozygosity (Hg), among-loci HWE P value (with number of loci out of HWE), percentage of loci pairs in

linkage disequilibrium, and the number of private alleles

Mean # Mean HWE P
alleles/ allelic value % loci Private
Sample locality Site code N locus richness Fis Ho Hg (# loci out) in LD' alleles
Adults
Lee Stocking Island LsI 42 27.7 18.7 0.053 0.919 0.934 0.5016 (0) 0 0
Land and Sea Park Park 44 23.1 19.7 0.026 0.926 0.930 0.4950 (0) 0 1
Eleuthera Eleuthera 49 23.3 19.5 0.051 0.927 0.936 0.0826 (0) 0 2
Cat Island Cat 46 25.0 20.1 0.098 0.919 0.929 0.0000%* (2) 4.76 7
Long Island Long 41 229 19.8 0.041 0.925 0.938 0.1858 (0) 4.76 3
Compass Cay CC 39 22.0 18.7 0.061 0.903 0.935 0.0004 (2) 0 2
Bock Rock BR 28 20.9 19.4 0.031 0.901 0.93 0.2719 (0) 0 1
String Bean Cay SB 56 30.0 19.7 0.121 0.916 0.924 0.3192 (0) 0 4
Big Point BP 28 25.0 185 0.045 0.911 0.932 0.3984 (0) 0 3
Three Sisters Reef TS 25 21.0 20.1 0.058 0.894 0.929 0.0609 (0) 0 0
South Reef SR 39 223 18.7 0.077 0.885 0.927 0.0145 (0) 0 2
Recruits
Lee Stocking Island LsI 61 27.1 19.3 0.121 0.916 0.926 0.0000* (3) 28.57* 4
Land and Sea Park Park 45 23.0 19.1 0.011 0.919 0.928 0.1116 (1) 4.76 5
Eleuthera Eleuthera 37 22.9 20.5 0.046 0.915 0.928 0.0141 (2) 0 3
Cat Island Cat 44 22.7 18.8 0.099 0.917 0.928 0.0000* (2) 4.76 2
Long Island Long 47 22.6 18.7 0.061 0.914 0.929 0.6336 (0) 0 3
String Bean Cay SB 31 22.6 19.1 0.022 0.856 0.908 0.3222 (0) 9.52 0
Big Point BP 49 27.3 19.4 0.081 0.856 0.931 0.0004* (2) 0 3

*Significant after a Bonferroni correction.

tCalculated as number of loci pairs in linkage disequilibrium (P < 0.05) divided by the total number of comparisons.

undoubtedly consist of individuals from many settle-
ment events. For both years, sampling was conducted
from June to August, which encompasses the peak
spawning and recruitment period for bicolour damsel-
fish.

DNA extraction and microsatellite typing

DNA was extracted using a protocol optimized for sam-
ples stored in urea-based buffer (JFH Purcell, personal
communication). Tissue was incubated in extraction
buffer (75 mM NaCl, 25 mM EDTA, 1% SDS) along
with proteinase K (2 pL of 20 mg/mL) at 55 °C for 2 h.
After incubation, one half volume of ammonium acetate
(75M) was added. Samples were centrifuged and
genomic DNA was precipitated from the resulting
supernatant with standard isopropanol and ethanol
washes (Sambrook & Russell 2001).

Samples were genotyped at seven microsatellite loci
originally described by Williams et al. (2003). The seven
loci employed in this study were SpGATALlS,
SpGATA40, SpAAT40, SpAAC33, SpAACA41, Sp AAC42,
and SpAAC47. PCR reactions contained 1.5 mM MgCl,,
0.2 mM dNTPs, 0.2 U Tag DNA polymerase (Promega),
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10 pM of each primer, and 2.0 pL of approximately
100 ng/pL template in a total reaction volume of 15 pL.
Thermocycling profiles consisted of an initial denature
at 94 °C for 4 min followed by 35 cycles of 30 s at
94 °C, 45 s at 52 °C, and 45 s at 72 °C. All loci had an
optimal annealing temperature of 52 °C, except for
SpGATA40 (60 °C), SpAAC41 (55 °C), and Sp AAC42
(55 °C). PCR products were screened on an ABI 3100
automated sequencer (Applied Biosystems). Allele sizes
were determined with the fragment analysis software
GENOTYPER 3.7. Approximately 5% of individuals were
re-processed through the entire procedure to remedy
difficulties with scoring alleles and to regenotype indi-
viduals that were homozygous at the most polymorphic
loci (see methods in Morin et al. 2009). A further 96
individuals were re-processed to calculate a study-spe-
cific error rate.

All data were tested for departure from Hardy—Wein-
berg equilibrium (HWE) within each population by
locus and over all loci using Generop v. 3.4 (Raymond &
Rousset 1995). A total of 10 000 batches and 5000 itera-
tions per batch were employed to reduce the standard
errors below 0.01. GeNeror was additionally used to cal-
culate observed and expected heterozygosities. The
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mean number of alleles per locus, mean allelic richness,
and observed number of alleles were calculated with
FSTAT v. 2.9.3 (Goudet 2001). Additionally, randomiza-
tion tests (21 000 randomizations) were conducted using
FSTAT to detect significant Fg. MICRO-CHECKER V. 2.2.3 was
employed to determine whether any deviations from
HWE were due to null alleles or large allele drop-out,
as well as to check for stuttering (Van Oosterhout et al.
2004). Both ceneror (10 000 batches, 5000 iterations) and
GENETIX 4.05 (5000 permutations) (Belkhir et al. 2002)
were employed to test for linkage disequilibrium at all
locus pairs and over all populations.

Parentage methods

The multi-locus genotypes of all adult damselfish were
compared to the multi-locus genotypes of all recruits.
The study-specific genotyping error rate of approxi-
mately 0.014 allowed for up to 1 locus to mismatch (see
methods in Christie 2010). All pairs that shared at least
one allele at six out of seven loci were considered puta-
tive parent-offspring pairs. The putative pairs were
completely reanalysed, from extraction through scoring,
to minimize the possibility of laboratory error. Due to
an increase in type I error by allowing 1 locus to mis-
match, all putative parent-offspring pairs that contin-
ued to mismatch at one locus were discarded (n =1,
and the mismatch was likely a true Mendelian incom-
patibility as heterozygous alleles were separated by
more than 80 base pairs). None of the putative parent—
offspring pairs had missing data. When calculating
allele frequencies, missing data were coded as the most
common allele, which is a conservative approach
because it makes the underlying allele frequency distri-
bution less uniform (Christie 2010). Allele frequencies
could have been estimated after the missing data were
either ignored, or coded as a single null allele, but these
approaches were less conservative. For each putative
parent-offspring pair, we calculated the probability of
the pair being false given the frequencies of shared
alleles, Pr (¢ |)). (Christie 2010). This method employs
Bayes’ theorem to account fully for the exclusion proba-
bility of each locus, while also accounting for the fre-
quencies of shared alleles. Within this framework,
shared rare alleles decrease the probability of a putative
pair being false because it is an unlikely event. This
method, unlike many commonly implemented appro-
aches, is not affected by differences in allele frequencies
between adult and recruit samples. Furthermore, this
approach fully accounts for the large number of pair-
wise comparisons. Thus Pr (¢ |2) equals the probability
of a putative pair being false after accounting for the
frequencies of shared alleles and for the total number of
pair-wise comparisons. Simulations required for the

calculation of Pr (¢|X) were conducted with 10 000
false pairs generated from over 100 null data sets. Pro-
grams to implement these methods are available at:
http:/ /sites.google.com/site/parentagemethods/ .

To assess the possibility of parent-offspring pairs
being a different first-order relative (i.e. full sibs), we
calculated the probability of full-sib pairs being indis-
tinguishable from parent-offspring pairs (P < 0.025)
(Goodnight & Queller 1999). To generate this P-value
we created 10 000 simulated full sibs in KINGROUP V. 2.0
(Konovalov et al. 2004) with the observed damselfish
allele frequencies and calculated the proportion of pair-
wise comparisons that shared at least one allele at all
loci. Furthermore, it is unlikely that two siblings of such
vastly different sizes (adult vs. recruit) would be alive
at the same time. Both parents of such full-sibs would
have to be at least 2 years old, given known bicolour
damselfish growth rates and average size at maturity.
Because, on average, each recruit damselfish has less
than an 8% chance of surviving to more than 2 years,
this event was quite unlikely (Hixon et al. unpublished
data).

Population structure

We performed multiple tests for the presence of popula-
tion genetic structure. Adults and recruits were treated
as separate samples, though pooling did not alter find-
ings. Global and pair-wise Fgr values among all popula-
tions were calculated with rstaT. Given the high marker
polymorphism we also calculated a standardized mea-
sure of genetic differentiation, Ggr, (Hedrick 2005) using
RECODEDATA V. 0.1 (Meirmans 2006). Exact tests for allelic
differentiation among populations were performed in
GENerOP with 10 000 batches and 5 000 iterations per
batch. We also employed assignment methods, using a
broad array of input parameters, to search for fine-scale
population structure. We ran sTRUCTURE 2.3.1 (Pritchard
et al. 2000; Hubisz et al. 2009) both with and without
prior population information and with multiple param-
eter sets (i.e. with and without admixture, with and
without correlated allele frequencies). We also used
Bayesian assignment methods (Rannala & Mountain
1997) as implemented in GeNEcLAss2 (Piry et al. 2004).

To examine patterns of dispersal by comparing
shared alleles, we calculated pair-wise relatedness val-
ues among all 751 individuals using Queller & Good-
night’s (1989) relatedness metric as implemented in
GENALEX 6.2 (Peakall & Smouse 2006). This relatedness
metric describes the number of shared alleles between
pairs of individuals and standardizes this value based
upon the individual’s allelic state (e.g. heterozygous)
and on the frequency of the alleles in the reference
population. To visualize the results of this analysis, we
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conducted a principal coordinates analysis (PCoA) on
the pair-wise relatedness matrix. Individuals that share
identical alleles occupy the same location in multivari-
ate space, while individuals with different and rare
alleles occupy distant locations in multivariate space.
PCoA performs well with a wide variety of distance
measures (McCune & Grace 2002; Jombart et al. 2009)
and is well suited for a pair-wise relatedness matrix.
We repeated this analysis with pair-wise relatedness
matrices calculated with other relatedness metrics (e.g.
Lynch & Ritland 1999), which produced similar patterns
but with more outliers.

To evaluate statistically whether our sample groups
(adults or recruits collected from different sites) occu-
pied different regions of multivariate space we per-
formed multi-response permutation procedures (MRPP).
This method calculates the average multivariate distance
within each group and determines whether the average
within-group distance is significantly smaller than the
average within-group distances generated by random
assignment of individuals to groups (Mielke & Berry
2001; McCune & Grace 2002). We used Euclidean dis-
tances and 10 000 permutations for each comparison.
Analyses were performed within the R statistical soft-
ware environment (scripts available from corresponding
author upon request) (R Development Core Team 2009).
Test statistics were compared to a Pearson Type III dis-
tribution with mean, variance and skewness calculated
from permuted datasets (McCune & Grace 2002). We
performed MRPP for all PCoA groups as well as for
each between-site comparison to determine whether the
observed pattern was different than expected by chance.
We also calculated effect size, which is the chance-cor-
rected within group agreement, by dividing the
observed and expected weighted mean within-group
distances and subtracting the resulting quotient from
one (McCune & Grace 2002). An effect size of 0 indicates
chance assignment of samples to groups, while an effect
size of 1 indicates maximal differences between groups.

We next examined our data for temporal differences
between 2004 and 2005 at Lee Stocking Island (LSI), the
only site sampled both years, using exact tests. We fur-
ther examined our 2005 data by conducting a principal
coordinates analysis (PCoA) on pair-wise Fgr values
using GENALEX. Note that the Fsr analysis identifies
differences in allele frequencies between all sampled
populations, while the PCoA on pair-wise relatedness
values (see above paragraphs) examines shared alleles
among all individuals. We also calculated within-popu-
lation levels of heterozygosity and relatedness. For both
measures, we calculated the mean across populations,
but within groups (adults or recruits), and calculated
95% confidence intervals using a t multiplier with four
degrees of freedom. Additionally, we employed ran-
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domization procedures as implemented in FSTAT to
detect differences in heterozygosity, relatedness and Fsr
between samples of adults and recruits. Lastly, we esti-
mated the effective number of breeders by calculating
the effective population size of recruits with a linkage
disequilibrium method (Waples 2006). We employed
LDNE to calculate our estimates and calculated confi-
dence intervals with both parametric and jackknife
methods (Waples & Do 2008). Estimates were obtained
for alleles that occurred with frequencies greater than
0.01, 0.02, and 0.05, though excluding rare alleles did
not affect the results.

Results

General genetic patterns

The mean number of alleles per locus ranged from 20.9
to 30.0 across populations. Allelic richness over all loci,
calculated from a minimum sample size of 26 individu-
als, ranged from 18.5 to 20.5 (Table 1). The observed
heterozygosity over all populations and loci was 0.89
and ranged from 0.84 to 0.93. Loci spGATA16 and
spGATA40 were approximately twice as polymorphic
as the other five loci, with 70 and 78 alleles, respec-
tively, sampled throughout the entire Exuma Sound.
The number of private alleles per population ranged
from zero to seven, with the most being found in Cat
Island adults.

There was no evidence for large-allele drop-out or
stuttering at any locus or population, as determined by
MICRO-CHECKER. Null alleles were suggested as a possible
cause for departure from HWE for two loci at four of
the eighteen sample locations. This problem was largely
resolved after homozygous individuals were re-geno-
typed (see Methods). None of the seven loci had more
than two significant departures from HWE across all 18
populations, suggesting few null alleles. Most of the
occurrences of loci being out of HWE occurred in popu-
lations of recruits (Table 1), which is a characteristic of
sweepstakes effects (see Discussion). Seventeen of the
eighteen populations showed no evidence of linkage
disequilibrium (Table 1). One population, 2005 LSI
recruits, had a small but significant percentage of loci
pairs in linkage disequilibrium.

Self-recruitment

Remarkably, two parent-offspring pairs were identified,
directly documenting self-recruitment at the two north-
ern-most sites in Exuma Sound (Fig. 1). One pair was
sampled at Eleuthera, (Pr (¢ |A) = 0.036), and the other
pair was sampled at the Land and Sea Park (Pr
(¢ %) = 0.011). Despite conducting pair-wise compari-
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sons between all adults and recruits, no parent-off-
spring pairs between any two sites were detected.
Given the relatively small sample sizes, it is remarkable
that any parent-offspring pairs were identified and is
suggestive of high rates of self-recruitment at the two
northern sites.

Evidence for self-recruitment within bicolour damsel-
fish populations located in the Exuma Sound was fur-
ther bolstered by results from PCoA of pair-wise
relatedness values (Fig. 2), where the first principal
coordinate explained 23.19% of the total variation and
the second principal coordinate explained 18.62% of the
total variation. MRPP analysis revealed that it is very
unlikely to have observed this overall pattern by chance
(T = -12.36,P < 0.001). Although the analysis was per-
formed for all individuals jointly, Fig. 2 is displayed by
population for graphical clarity. Thus, the relative posi-
tions in two-dimensional ordinate space of all individu-
als within and among populations are accurately
depicted. The adults and recruits within each popula-
tion demonstrate extensive overlap (Fig. 2), which is
highly suggestive of self-recruitment within each popu-
lation and further supports the results from parentage
analysis. Additionally, the pair-wise MRPP analyses
reveal that no adults and recruits from the same site
were significantly different from one another and all
within site comparisons had low effect sizes (Table 2,
Appendix 1), where effect size measures the strength of
the difference between the two groups (McCune &
Grace 2002). Each sample of recruits had a lower effect
size when compared to adults from the same sample

site than when compared to the average effect size of
adults from all other populations (Table 2), which sug-
gested that recruits shared more alleles with adults
from their own sampling location than any other loca-
tion. Additionally, most pair-wise comparisons of effect
sizes among sample sites were significant (Appen-
dix 1), indicating differences among sites.

Global (study-wide) Fsr was low and not significantly
different from zero (95% confidence interval: —0.001 to
0.003). Pair-wise Fsy values among all samples were low
(range: 0 to 0.0097) and only one out of 153 pair-wise
comparisons were significantly greater than 0 (Appen-
dix 2). Standardized Fsr (Ggr) values were higher
(range: 0 to 0.072), but still suggestive of extensive gene
flow as 42 out of 153 pair-wise comparisons were 0 and
the average value was 0.022 (Appendix 3). Furthermore,
results from sTRUCTURE did not identify more than one
population regardless of parameter selections. Assign-
ment tests (i.e. GENECLASS) lacked power to assign recruits
to adult populations, and recruits were consistently
assigned to reference populations with larger sample
sizes regardless of recruit origin. All of these results are
indicative of substantial gene flow among populations
at evolutionary timescales.

Sweepstakes reproduction

Recruit allele frequencies at Lee Stocking Island were
significantly different between 2004 and 2005 (exact
tests, Table 3). Further evidence for this effect is
illustrated in Fig. 2, where the recruits from 2004 clus-

Fig. 2 Principal coordinates analysis
(PCoA) on all pair-wise relatedness val-
ues of sampled bicolour damselfish,
with results separated by sampling loca-
tion for clarity. Adults are represented

by filled circles and recruits are repre-
sented by open circles. Both axes com-
bined explain 42% of the total variation.
Note that (i) all recruits cluster in the
same multivariate space as adults from

T T the same sampling location, suggesting
self-recruitment; and (ii) sites such as
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Park and Lee Stocking Island, and Eleu-
thera and Long Island occupy different
quadrants suggesting little larval con-
nectivity. LSI 2004 comprised samples
collected at String Bean Cay and Big
Point (see Fig. 1). Results from multi-
response permutation procedure for all
sites indicate that the observed distri-
bution of individuals in multivariate
space is unlikely to occur by chance
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Table 2 Comparisons of effect sizes between recruits and adults collected from the same site (in bold) and between recruits and
adults collected from all other sites. Lower effect sizes between adults and recruits collected from the same site suggest self-recruit-
ment. Effect sizes averaged over all between-site comparisons, A, reveal greater differences between recruits and adults from differ-
ent sites. Effect sizes were calculated following multivariate analyses of pair-wise relatedness values

Adult sample

Recruit sample Cat Long Eleuthera Park LSI 2004 LSI 2005 A

Cat 0.021 0.244 0.129 0.244 0.025 0.089 0.146
Long 0.117 0.046 0.242 0.027 0.208 0.276 0.174
Eleuthera 0.126 0.258 0.029 0.275 -0.047 0.032 0.129
Park 0.117 0.088 0.234 0.049 0.211 0.279 0.186
LSI 2004 0.169 0.337 0.111 0.366 -0.057 0.029 0.202
LSI 2005 0.251 0.316 0.274 0.353 0.111 0.142 0.261

Table 3 Patterns of genetic differentiation for sites located near Lee Stocking Island in 2004 (BP, BR, SB) and 2005 (LSI). Pair-wise
Fsr values are below the diagonal. P values for exact tests of allelic differentiation are above the diagonal. Significant tests, after a
Bonferroni correction, are indicated in bold. Notice that no within-year comparisons are significant, while all between-year recruit

comparisons are significant

BP adults BP recruits BR adults SB recruits SB adults LSI recruits LSI adults

BP adults — 0.342 0.219 0.132 0.046 0.099 0.991
BP recruits 0.000 — 0.016 0.286 0.097 0.005 0.637
BR adults 0.003 0.006 — 0.117 0.351 0.000 0.117
SB recruits 0.001 0.001 0.001 — 0.048 0.004 0.487
SB adults 0.000 0.000 0.000 0.002 — 0.000 0.126
LSI recruits 0.001 0.002 0.009 0.005 0.010 — 0.187
LSI adults 0.000 0.005 0.000 0.000 0.001 0.000 —

ter in the lower left quadrant whereas recruits from
2005 tend to cluster in the upper left quadrant. No
within-year comparisons of recruit allele frequencies
from Lee Stocking Island were significant. The principal
coordinate analysis of pair-wise Fgr values between all
sites, for which both axes explained 44.34% of the total
variation, provided further evidence suggestive of
sweepstakes effects (Fig. 3). All adult populations were
much more similar to one another than the recruit pop-
ulations were to each other. No recruit populations
clustered near the adult populations, suggesting that
recruit populations had different allele frequencies from
one another and from the adult populations. Addition-
ally, results from randomization tests as implemented
in FSTAT indicated significant differences in Fgy values
between adult and recruit samples (P < 0.033). These
differences in allele frequencies are best explained as a
striking consequence of spatially independent variance
in reproductive success as opposed to recruits coming
from distinct natal sources (see below and Discussion).
Further signatures of a sweepstakes effect were indi-
cated by examining differences in average heterozygosity
and average relatedness among adults and recruits.
Using a t multiplier, the average level of heterozygosity

© 2010 Blackwell Publishing Ltd

among adult populations was significantly higher than
the average heterozygosity among recruits (Fig. 4).
Additionally, average relatedness was significantly
higher among recruits than adults (Fig. 4), which is a
strong indicator of sweepstakes patterns as recruits com-
ing from a subset of adults would be expected to share
more alleles (Hedgecock 1994a; b). Furthermore, ran-
domization tests from FsTAT indicated significant differ-
ences in relatedness (P < 0.031) between adult and
recruit samples. Unlike analyses with the t multiplier,
FsTAT did not detect significant differences in heterozy-
gosity between adults and recruits (P < 0.43), which sug-
gests that this pattern may be less robust. When all
recruit samples were pooled, relatedness was negative
(mean: —0.0010, 95% CI: —0.0012 to —0.0008). This pattern
was not surprising given the dissimilarity among recruit
samples displayed in Fig. 3 and suggests that each
sample of recruits came from spatially (and possibly
temporally) independent reproductive events. Two
trends provide additional evidence of sweepstakes-type
reproduction: (i) recruit samples tended to have higher
levels of linkage disequilibrium among pairs of loci, and
(i) less within-cohort but greater among-cohort genetic
diversity was observed in recruits compared to adults.
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Fig. 3 Principal coordinates analysis (PCoA) on all 2005 pair-
wise Fgr values. Adults are represented by filled circles and
recruits are represented by open circles. Both axes combined
explain 44% of the total variation. Note that (i) all adults clus-
ter together indicating greater genetic similarity to other adult
samples than to the recruit samples; and (ii) all recruit samples
are both different from other recruit samples and from adult
samples, which is indicative of separate sweepstakes events.
Randomization tests as implemented in FSTAT indicated sig-
nificant differences in Fsr values between pooled adult and
pooled recruit samples (P < 0.033).

Discussion

Despite relatively small sample sizes, two parent-off-
spring pairs were identified at two widely separated

reefs on opposite sides of the Exuma Sound, Bahamas.
These finding are remarkable given the large population
sizes at the two sites where these fish were identified.
Using fore-reef habitat data for the Bahamas Millen-
nium Coral Reef Mapping Project (http://www.imars.
usf.edu/MC/index.html) and conservative estimates of
adult bicolour damselfish densities (Figueira et al.
2008), we roughly estimate the minimum number of
adult bicolour damselfish to be greater than 40 000 at
Eleuthera and more than 100 000 at the Land and Sea
Park. Given the large population sizes of bicolour
damselfish and low proportion of sampled candidate
parents, these results strongly suggest that there are
high rates of self-recruitment at these two sites.

Self-recruitment to the Exuma Cays Land and Sea
Park indicate that larvae produced from this marine
reserve settle within its boundaries, which is an impor-
tant consideration for evaluating the effectiveness of
marine reserves and, to date, has only been directly
demonstrated in one other marine protected area
(Planes et al. 2009). Note that both of the sites with doc-
umented parent-offspring pairs occurred in the north-
ern Exuma Sound, suggesting that there may be
oceanographic features that facilitate self-recruitment in
this region. Indeed, large gyres are known to form in
this region during the summer recruitment season (BM
Hickey, unpublished data).

Pair-wise relatedness analyses further indicated that
self-recruitment may be prevalent within all sites sam-
pled in the Exuma Sound. All of the recruits clustered
in the same multivariate space as adults from the same
location, which is the pattern that would be expected if

Fig. 4 Mean levels of observed hetero-
zygosity and relatedness for 2005 sam-
ple sites. Bars represent 95% confidence
intervals and do not overlap. The pat-
tern of reduced genetic diversity and
increased relatedness within recruit
samples is a distinctive signature of
sweepstakes effects.
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there were high levels self-recruitment. Furthermore,
for 34 of 36 possible comparisons of effect sizes, sam-
ples of recruits were more similar to adults from the
same reef than to adults from other sampled reefs, sug-
gesting high levels of self-recruitment. These results
complement studies indicating behavioral mechanisms
that would facilitate larval retention in this species (e.g.,
Cowen ef al. 2000). Because the PCoA of pair-wise relat-
edness values clusters individuals with shared alleles,
this method can also be employed to examine genetic
differences between samples. As such, large effect sizes
revealed clear demarcations between both adults and
recruits from Lee Stocking Island vs. the Land and Sea
Park, and Lee Stocking Island vs. Long Island. Also,
comparisons of both adults and recruits from Long
Island vs. Eleuthera, as well as Cat Island vs. Long
Island, reveal large effect sizes, and thus few shared
alleles.

Nonetheless, the direct parentage and relatedness
analyses must be considered within the context of our
indirect analyses. Genetic differentiation as measured
by Fsr, which employs population allele frequencies as
opposed to shared alleles between pairs of individuals,
was low and only one pair-wise comparison was signif-
icantly different from 0. Fine-scale clustering tools such
as STRUCTURE were unable to identify more than one
population, which is not surprising given the low levels
of genetic differentiation (Manel et al. 2005). Given
these patterns, we conclude that there is a background
of gene flow to neighboring populations that, over evo-
lutionary time scales, has led to homogeneity in allele
frequencies among sites. While it is difficult to deter-
mine how this homogeneity translates to connectivity at
ecological time scales, the parentage and relatedness
results suggest that connectivity among populations
may occur less frequently than self-recruitment. Simula-
tion-based exercises, perhaps coupled with estimates of
dispersal from larger-scale isolation-by-distance analy-
ses (e.g. Puebla et al. 2009), could uncover quantitative
estimates of self-recruitment and connectivity among
sites. Adding to the complexity of this system is the fact
that highly polymorphic markers, while ideal for par-
entage analyses, make it difficult to isolate a signal for
genetic differentiation from noise (Waples 1998). Addi-
tionally, homoplasy and large population sizes may fur-
ther weaken any signal (Purcell ef al. 2009).
Nevertheless, the novel and coupled analyses presented
here clearly demonstrate that self-recruitment is occur-
ring amidst a background of high gene flow.

We also found that recruitment to bicolour damselfish
populations is influenced by processes similar to sweep-
stakes effects. Our analysis of Fsy among sample sites
in 2005 indicate that each population experienced spa-
tially independent reproductive events (Fig. 3), which
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further supports the observation of self-recruitment
within each population because it suggests that each
population is governed by separate processes. It is unli-
kely that genetic differences among recruit samples
resulted from distant or unsampled source populations.
This interpretation would require that each sample of
recruits came from a genetically distinct source popula-
tion, which is unlikely given the low overall levels of
genetic differentiation observed in this study and across
the entire Caribbean (Purcell et al. 2009). We therefore
conclude that the striking differences in Fgr between
adults and recruits are the result of differential repro-
ductive success among adults within each population.

Additional evidence of sweepstakes events comes
from the observation that the average relatedness value
of recruits from each sample site was greater than zero,
while the overall relatedness of all pooled recruits was
negative. Comparisons at the same site (Lee Stocking
Island) from different years yielded significant differ-
ences in allele frequencies among recruit samples. Thus,
it appears that sweepstake effects occurred within sites
among years as well as among sites within years.
Future work should focus on determining the relative
importance of temporal versus spatial variation in pat-
terns of larval dispersal.

While we did detect a clear signature of sweepstakes
effects in this study system, we do not believe that the
magnitude of this effect equals that of other published
studies. For example, Hedgecock et al. (2007b) esti-
mated that only 10 to 20 adult oysters produced over
185 sampled offspring. Using our genetic markers, esti-
mates of the effective number of breeders included
infinity as both the lower and upper 95% confidence
limits. This outcome is likely due to the characteristics
of this data set (i.e. sample size, number of loci, etc.)
and because such methods are not effective at accu-
rately estimating large effective population sizes (Wa-
ples 2006). Because we cannot quantitatively determine
the variance in reproductive success, it is difficult to
know whether these patterns qualify as bonafide sweep-
stakes events. Nevertheless, we estimate the total census
population size of damselfish in the Exuma sound to be
in the tens of millions. Such large population sizes
likely make accurate estimation of the effective number
of breeders difficult, even if the effective number of
breeders were several orders of magnitude smaller than
the census size. Because we have documented charac-
teristic signatures of sweepstakes events (i.e. differences
in Fgr, relatedness, and heterozygosity between adults
and recruits), we believe that sweepstake processes are
likely influencing damselfish populations. At any rate,
we conclude that only a small portion of the potential
parents contribute to subsequent generations of bicolour
damselfish in Exuma Sound.
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Our demographic data from these same sites reveal
that larger male bicolour damselfish have more mates
and guard greater numbers of eggs per clutch than
smaller males (Johnson et al. unpublished data). High
variance in reproductive success among males could
contribute to the observed patterns of few adults
contributing successfully to subsequent generations.
Nevertheless, we cannot eliminate stochastic larval or
post-settlement mortality as an underlying mechanism.
It is unlikely that selection on our genetic markers
caused the observed patterns because selection would
not occur across all unlinked markers and is unlikely to
act differentially at the small spatial scale of this study.

The combination of novel direct and indirect methods
used in this study provides much greater insight into
patterns of marine larval dispersal than previous meth-
ods. Specifically, we have shown that self-recruitment,
sweepstakes effects, and gene flow all play a role in
characterizing the patterns of larval dispersal in bicol-
our damselfish. Detailed knowledge of both within and
among population dispersal patterns is vital for improv-
ing marine conservation efforts, informing fisheries
management, and advancing marine metapopulation
theory (Botsford et al. 2009). Incorporating this knowl-
edge into a broader theoretical and socio-political
framework will also provide measurable advances
towards conservation and management goals.
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Appendix 1 Multi-response permutation procedure (MRPP) results for each pair-wise sample locality comparison. MRPP was
calculated on results from PCoA analysis of pair-wise relatedness values (Figure 3) with 10 000 permutations. Observed and

expected 0 equal the observed and expected weighted mean within group distance. The probability of observed differences between
the groups occuring by chance, P, and corresponding effect size, A, are also reported

Sample locality Observed ¢ Expected ¢ P A

Long adults Long recruits 0.013 0.014 0.19629 0.046
Long adults Park adults 0.013 0.014 0.08208 0.077
Long adults Park recruits 0.013 0.015 0.06283* 0.088
Long adults Cat adults 0.017 0.019 0.03681* 0.149
Long adults Cat recruits 0.015 0.020 0.00000** 0.244
Long adults Eleuthera adults 0.014 0.019 0.00000** 0.272
Long adults Eleuthera recruits 0.015 0.020 0.00001** 0.258
Long adults LSI 2005 adults 0.014 0.019 0.00000%* 0.269
Long adults LSI 2005 recruits 0.013 0.019 0.00000** 0.316
Long adults LSI 2004 adults 0.016 0.020 0.00007** 0.196
Long adults LSI 2004 recruits 0.012 0.019 0.00000** 0.337
Long recruits Park adults 0.013 0.014 0.32366 0.027
Long recruits Park recruits 0.014 0.014 0.22518 0.042
Long recruits Cat adults 0.017 0.019 0.09565 0.117
Long recruits Cat recruits 0.015 0.019 0.00000** 0.219
Long recruits Eleuthera adults 0.014 0.019 0.00000** 0.242
Long recruits Eleuthera recruits 0.015 0.020 0.00001** 0.244
Long recruits LSI 2005 adults 0.014 0.020 0.00000** 0.276
Long recruits LSI 2005 recruits 0.013 0.019 0.00000** 0.317
Long recruits LSI 2004 adults 0.016 0.021 0.00000** 0.208
Long recruits LSI 2004 recruits 0.013 0.019 0.00000** 0.333
Park adults Park recruits 0.013 0.014 0.19063 0.049
Park adults Cat adults 0.016 0.019 0.05516 0.138
Park adults Cat recruits 0.015 0.020 0.00001** 0.244
Park adults Eleuthera adults 0.014 0.019 0.00000** 0.269
Park adults Eleuthera recruits 0.015 0.020 0.00000** 0.275
Park adults LSI 2005 adults 0.014 0.020 0.00000** 0.311
Park adults LSI 2005 recruits 0.013 0.020 0.00000** 0.353
Park adults LSI 2004 adults 0.016 0.021 0.00000** 0.241
Park adults LSI 2004 recruits 0.013 0.020 0.00000** 0.366
Park recruits Cat adults 0.017 0.019 0.07772 0.117
Park recruits Cat recruits 0.015 0.020 0.00001** 0.213
Park recruits Eleuthera adults 0.014 0.019 0.00001** 0.234
Park recruits Eleuthera recruits 0.015 0.020 0.00002** 0.241
Park recruits LSI 2005 adults 0.014 0.020 0.00000** 0.279
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Sample locality Observed ¢ Expected ¢ P A
Park recruits LSI 2005 recruits 0.013 0.020 0.00000** 0.332
Park recruits LSI 2004 adults 0.016 0.021 0.00000%* 0.210
Park recruits LSI 2004 recruits 0.013 0.019 0.00000** 0.327
Cat adults Cat recruits 0.019 0.020 0.09833 0.021
Cat adults Eleuthera adults 0.017 0.020 0.04793* 0.137
Cat adults Eleuthera recruits 0.019 0.021 0.09782 0.126
Cat adults LSI 2005 adults 0.016 0.020 0.00916* 0.157
Cat adults LSI 2005 recruits 0.016 0.021 0.00002** 0.251
Cat adults LSI 2004 adults 0.019 0.021 0.15478 0.093
Cat adults LSI 2004 recruits 0.016 0.019 0.02038* 0.169
Cat recruits Eleuthera adults 0.016 0.018 0.01330* 0.120
Cat recruits Eleuthera recruits 0.017 0.018 0.19879 0.055
Cat recruits LSI 2005 adults 0.015 0.017 0.06603 0.089
Cat recruits LSI 2005 recruits 0.015 0.019 0.00000** 0.237
Cat recruits LSI 2004 adults 0.018 0.018 0.39213 0.025
Cat recruits LSI 2004 recruits 0.014 0.015 0.20457 0.059
Eleuthera adults Eleuthera recruits 0.016 0.017 0.06504 0.029
Eleuthera adults LSI 2005 adults 0.015 0.017 0.00686* 0.131
Eleuthera adults LSI 2005 recruits 0.014 0.019 0.00000** 0.274
Eleuthera adults LSI 2004 adults 0.017 0.018 0.14267 0.070
Eleuthera adults LSI 2004 recruits 0.014 0.015 0.03503* 0.111
Eleuthera recruits LSI 2005 adults 0.015 0.016 0.29469 0.032
Eleuthera recruits LSI 2005 recruits 0.014 0.018 0.00005** 0.209
Eleuthera recruits LSI 2004 adults 0.018 0.017 0.74778 -0.047
Eleuthera recruits LSI 2004 recruits 0.014 0.014 0.66135 —-0.028
LSI 2005 adults LSI 2005 recruits 0.014 0.016 0.09098 0.142
LSI 2005 adults LSI 2004 adults 0.016 0.016 0.62418 -0.017
LSI 2005 adults LSI 2004 recruits 0.014 0.014 0.30045 0.029
LSI 2005 recruits LSI 2004 adults 0.016 0.018 0.03598* 0.110
LSI 2005 recruits LSI 2004 recruits 0.013 0.016 0.00000%* 0.222
LSI 2004 adults LSI 2004 recruits 0.015 0.015 0.78843 -0.057
All samples 0.014 0.021 <0.0001** 0.288

* Significant at the 0.05 level.

** Significant after a Bonferroni correction.
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Appendix 2 Pair-wise Fsr values for all sample sites (below diagonal) and corresponding P-value after 10 000 randomizations

(above diagonal). Significant tests after a Bonferroni correction are indicated in bold. Recruit samples are indicated with an asterisk

(*). Negative values are reported as 0

Long Long?* Park Park* Cat Cat* Eleuthera Eleuthera* LSI LSI*
Long 0.352 0.453 0.040 0.533 0.646 0.578 0.365 0.900 0.052
Long 0.0061 0.847 0.038 0.758 0.309 0.145 0.501 0.994 0.035
Park 0.0054 0.006 0.769 0.918 0.717 0.847 0.716 0.985 0.175
Park* 0.0078 0.0087 0.0064 0.759 0.532 0.189 0.041 0.657 0.030
Cat 0.0059 0.0058 0.0056 0.0067 0.739 0.184 0.769 0.947 0.221
Cat* 0.0062 0.0068 0.0065 0.0076 0.0064 0.565 0.637 0.778 0.582
Eleuthera 0.0052 0.0065 0.0048 0.0064 0.0062 0.0061 0.899 0.838 0.083
Eleuthera* 0.0074 0.0064 0.0069 0.0097 0.0062 0.0070 0.0059 0.929 0.015
LsI 0.0047 0.0046 0.0040 0.0051 0.0041 0.0056 0.0034 0.0058 0.788
LsI* 0.0072 0.0067 0.0070 0.0092 0.0065 0.0054 0.0068 0.0084 0.0000
TS 0.0000 0.0011 0.0000 0.0019 0.0007 0.0056 0.0002 0.0053 0.0000 0.0043
BP 0.0000 0.0000 0.0000 0.0042 0.0000 0.0000 0.0011 0.0001 0.0000 0.0009
BP* 0.0000 0.0028 0.0000 0.0024 0.0000 0.0000 0.0013 0.0040 0.0052 0.0023
BR 0.0000 0.0000 0.0010 0.0064 0.0036 0.0023 0.0000 0.0010 0.0000 0.0088
SB* 0.0000 0.0039 0.0025 0.0038 0.0000 0.0029 0.0019 0.0044 0.0000 0.0047
CcC 0.0009 0.0026 0.0000 0.0013 0.0003 0.0022 0.0000 0.0031 0.0000 0.0061
SR 0.0000 0.0000 0.0000 0.0028 0.0000 0.0027 0.0000 0.0000 0.0000 0.0052
SB 0.0000 0.0031 0.0007 0.0029 0.0025 0.0024 0.0017 0.0067 0.0006 0.0097

LSI LsI* TS BP BP* BR SB* CcC SR SB
Long 0.900 0.052 0.572 0.569 0.588 0.412 0.318 0.025 0.506 0.074
Long* 0.994 0.035 0.392 0.275 0.200 0.416 0.194 0.168 0.888 0.147
Park 0.985 0.175 0.790 0.997 0.815 0.594 0.253 0.558 0.962 0.355
Park* 0.657 0.030 0.401 0.341 0.269 0.079 0.231 0.251 0.184 0.065
Cat 0.947 0.221 0.586 0.617 0.599 0.331 0.900 0.492 0.941 0.075
Cat* 0.778 0.582 0.110 0.761 0.345 0.450 0.368 0.096 0.471 0.250
Eleuthera 0.838 0.083 0.554 0.419 0.193 0.260 0.279 0.167 0.880 0.093
Eleuthera* 0.929 0.015 0.183 0.644 0.481 0.666 0.216 0.242 0.852 0.034
LsI 0.788 0.980 0.995 0.889 0.526 0.712 0.358 0.955 0.323
Lsr* 0.0000 0.119 0.456 0.087 0.002 0.125 0.012 0.009 0.000
TS 0.0000 0.0043 0.279 0.685 0.672 0.522 0.249 0.285 0.279
BP 0.0000 0.0009 0.0040 0.604 0.208 0.254 0.210 0.767 0.023
BP* 0.0052 0.0023 0.0032 0.0000 0.115 0.397 0.130 0.316 0.006
BR 0.0000 0.0088 0.0001 0.0029 0.0064 0.245 0.186 0.339 0.467
SB* 0.0000 0.0047 0.0000 0.0010 0.0007 0.0037 0.136 0.710 0.094
CcC 0.0000 0.0061 0.0024 0.0000 0.0000 0.0015 0.0007 0.287 0.002
SR 0.0000 0.0052 0.0019 0.0000 0.0000 0.0023 0.0000 0.0006 0.062
SB 0.0006 0.0097 0.0000 0.0000 0.0049 0.0000 0.0021 0.0052 0.0023
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same as Appendix 2), after 10 000 randomizations (above diagonal). Recruit samples are indicated with an asterisk (*). Negative val-

ues were reported as 0

Long Long?* Park Park* Cat Cat* Eleuthera Eleuthera* LSI LSI*

Long 0.352 0.453 0.040 0.533 0.646 0.578 0.365 0.900 0.052
Long 0.045 0.847 0.038 0.758 0.309 0.145 0.501 0.994 0.035
Park 0.041 0.040 0.769 0.918 0.717 0.847 0.716 0.985 0.175
Park* 0.058 0.060 0.046 0.759 0.532 0.189 0.041 0.657 0.030
Cat 0.045 0.040 0.040 0.048 0.739 0.184 0.769 0.947 0.221
Cat* 0.047 0.047 0.046 0.053 0.045 0.565 0.637 0.778 0.582
Eleuthera 0.042 0.048 0.037 0.048 0.047 0.045 0.899 0.838 0.083
Eleuthera* 0.056 0.044 0.050 0.068 0.045 0.049 0.045 0.929 0.015
LSI 0.036 0.032 0.029 0.036 0.030 0.040 0.026 0.042 0.788
Lsr* 0.055 0.048 0.051 0.067 0.047 0.039 0.053 0.061 0.000

TS 0.000 0.008 0.000 0.014 0.005 0.041 0.001 0.040 0.000 0.033
BP 0.000 0.000 0.000 0.030 0.000 0.000 0.008 0.001 0.000 0.007
BP* 0.000 0.018 0.000 0.016 0.000 0.000 0.009 0.028 0.036 0.016
BR 0.000 0.000 0.008 0.047 0.027 0.017 0.000 0.007 0.000 0.066
SB* 0.000 0.027 0.018 0.027 0.000 0.020 0.014 0.031 0.000 0.033
CcC 0.007 0.018 0.000 0.009 0.002 0.016 0.000 0.022 0.000 0.045
SR 0.000 0.000 0.000 0.019 0.000 0.018 0.000 0.000 0.000 0.036
SB 0.000 0.022 0.005 0.020 0.018 0.017 0.013 0.049 0.004 0.072

LsI Lsr* TS BP BP* BR SB* cC SR SB

Long 0.900 0.052 0.572 0.569 0.588 0.412 0.318 0.025 0.506 0.074
Long* 0.994 0.035 0.392 0.275 0.200 0.416 0.194 0.168 0.888 0.147
Park 0.985 0.175 0.790 0.997 0.815 0.594 0.253 0.558 0.962 0.355
Park* 0.657 0.030 0.401 0.341 0.269 0.079 0.231 0.251 0.184 0.065
Cat 0.947 0.221 0.586 0.617 0.599 0.331 0.900 0.492 0.941 0.075
Cat* 0.778 0.582 0.110 0.761 0.345 0.450 0.368 0.096 0.471 0.250
Eleuthera 0.838 0.083 0.554 0.419 0.193 0.260 0.279 0.167 0.880 0.093
Eleuthera* 0.929 0.015 0.183 0.644 0.481 0.666 0.216 0.242 0.852 0.034
LsI 0.788 0.980 0.995 0.889 0.526 0.712 0.358 0.955 0.323
Lsr* 0.000 0.119 0.456 0.087 0.002 0.125 0.012 0.009 0.000
TS 0.000 0.033 0.279 0.685 0.672 0.522 0.249 0.285 0.279
BP 0.000 0.007 0.030 0.604 0.208 0.254 0.210 0.767 0.023
BP* 0.036 0.016 0.023 0.000 0.115 0.397 0.130 0.316 0.006
BR 0.000 0.066 0.001 0.022 0.046 0.245 0.186 0.339 0.467
SB* 0.000 0.033 0.000 0.007 0.005 0.027 0.136 0.710 0.094
CcC 0.000 0.045 0.018 0.000 0.000 0.011 0.005 0.287 0.002
SR 0.000 0.036 0.013 0.000 0.000 0.016 0.000 0.004 0.062
SB 0.004 0.072 0.000 0.000 0.034 0.000 0.015 0.038 0.016
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Population connectivity, the extent to which geographi-
cally separated subpopulations exchange individuals and
are demographically linked, is important to the scientific
management of marine living resources. In theory, the
design of a marine protected area, for example, depends
on an explicit understanding of how dispersal of plank-
tonic larvae affects metapopulation structure and dynam-
ics (Botsford et al. 2001). In practice, for most marine
metazoans with planktonic larvae, the mean and variance
of the distances that larvae disperse are unobservable
quantities, owing to the small sizes of larvae and the very
large volumes through which they are distributed. Simu-
lation of dispersal kernels with models that incorporate
oceanography and limited aspects of larval biology and
behaviour, coupled with field studies of larval distribu-
tion, abundance, and settlement, have provided the best
available approaches to date for understanding connectiv-
ity of marine populations (Cowen et al. 2006). On the
other hand, marine population connectivity has often
been judged by spatial variation in the frequencies of
alleles and genotypes, although the inherent limitations
of this indirect approach to measuring larval dispersal
have often been overlooked (Hedgecock et al. 2007). More
recently, researchers have turned to genetic methods and
highly polymorphic markers that can provide direct evi-
dence of population connectivity in the form of parentage
or relatedness of recruits (e.g. Jones et al. 2005). In this
issue, Christie et al. (2010) provide a particularly elegant
example, in which both indirect and novel direct genetic
methods are used to determine the major ecological pro-
cesses shaping dispersal patterns of larval bicolour dam-
selfish Stegastes partitus, a common and widespread reef
fish species in the Caribbean Basin (Fig. 1).
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Migration homogenizes subpopulation allele frequencies,
providing the obvious conceptual link between population
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Fig. 1 The bicolour damselfish Stegastes partitus shows sub-
stantial self-recruitment of juveniles to their natal coral reef
habitat. Below, a male guarding an artificial nest made from
PVC pipe; differential reproductive success of parents or differ-
ential survival of egg clutches or the larvae that hatch from
them may account for signals of sweepstakes reproductive suc-
cess in this species (photo credits: top, Bill Harward; bottom,
Darren Johnson).

genetics and marine population connectivity. Sewall
Wright's classic equation, Fsr = 1/(4Nm + 1), was used
early and often to estimate indirectly Nm, the absolute
number of migrants exchanged among populations (the
product of local subpopulation size, N, and m, the propor-
tion of migrants entering a subpopulation in each genera-
tion) from Fsr, Wright's standardized variance of allele
frequencies among subpopulations. Unfortunately, while
Fsr or the conceptually similar G’sy, which is appropriate
for markers with multiple alleles (Hedrick 2005), is a per-
fectly good measure of genetic divergence among subpop-
ulations, using it to estimate Nm depends critically on the
particular theoretical population model for which the equa-
tion was derived (the island model, with constant and
equal probability of migration among all subpopulations)
and on the assumption that the total population has
reached equilibrium for demographic and population
genetic processes, mainly random genetic drift and migra-
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tion. That the island model and the assumption of equilib-
rium almost never apply to natural populations (see Whit-
lock & McCauley 1999 emphatically titled article) was
often overlooked. The problem of inferring connectivity
becomes particularly acute, when Fgr is low, < 0.05, as is
often the case for marine species with planktonic larvae.
For the bicolour damselfish, Christie et al. (2010) show that
genetic divergence among populations in the Exuma
Sound, Bahamas, whether measured by Fsr or G'sy, is not
significantly different from zero and that only one of 153
pairwise comparisons is significantly greater than zero.
Lack of genetic divergence likely does mean that gene flow
has been high enough over evolutionary time scales to
homogenize allele frequencies, but it does not mean neces-
sarily that populations have high connectivity on ecological
time scales. Indeed, application of direct genetic methods
provides evidence, in this and other recent studies (e.g.
Jones et al. 2005), for substantial self-recruitment to coral
reef fish populations despite high genetic similarity.

Direct genetic methods of ascertaining connectivity
include assignment of individuals to populations of origin
or to specific parents and the estimation of relatedness
among recruits. Methods for assigning individuals to pop-
ulations are most effective, when source populations are
genetically distinct (i.e. when gene flow and connectivity
are low, Fsy > ~0.1), and fail when source populations are
genetically similar, as Christie et al. (2010) find in their
study. Bicolour damselfish around the Exuma Sound effec-
tively comprise a single, randomly mating population. On
the other hand, applying a new Bayesian method for
detecting parent-offspring relationships, Christie et al.
(2010) detect significant parent-offspring (adult-recruit)
pairs in two populations on opposite sides of the northern
Exuma Sound. Given the large size of local populations
and the comparatively small sample sizes, these two par-
ent-offspring pairs are remarkable direct evidence of self-
recruitment. Additional support for self-recruitment comes
from a novel, multi-layered analysis, involving principle
component analysis and multi-response permutation proce-
dures, of relatedness between pairs of individuals, which
shows that adult-recruit pairs within site have higher relat-
edness (share alleles more often) than other pairs.

Marine populations are hypothesized to exhibit sweep-
stakes reproductive success, in which a subset of the adult
population contributes the majority of offspring to the
subsequent generation (Hedgecock et al. 2007). The
hypothesis leads to explicit, testable predictions about
genetic diversity within and between adults and recruits.
Christie et al. (2010) support a number of such predictions:
(i) significant genetic differences between recruits settling
in 2004 and 2005 near Lee Stocking Island; (ii) significant
relatedness within but reduced relatedness between these
two cohorts; (iii) significantly greater genetic similarity of
adult samples compared to recruit samples; (iv) greater
average heterozygosity of adults compared to recruits; and
(v) higher average relatedness of recruits at a site than
adults at a site or recruits at large. (Note that greater relat-
edness between adults and recruits at a site, evidence of

self-recruitment, does not contradict significant Fgr
between adults and recruits, since the former is based on
allele-sharing probabilities, while the latter is based on
allele-frequency variance among populations.) Buston et al.
(2009) also detect relatedness among small, similar sized
recruits of the humbug damselfish Dascyllus aruanus in the
South Pacific, suggesting that co-settlement of full- or half-
sibs may be a general feature of recruitment in tropical
reef fishes. Additional signals consistent with sweepstakes
reproductive success in the bicolour damselfish are the
greater number of significant departures from random
mating genotypic proportions (Hardy-Weinberg equilibria)
and higher proportions of loci in linkage disequilibrium in
recruits than adults. Nevertheless, for no recruit cohort
were Christie et al. (2010) able to place finite confidence
limits around an estimate of the effective numbers of
breeders (N,). Given the power of their study, however,
the fraction of successful breeders could still be several
orders of magnitude smaller than the tens of millions of
bicolour damselfish estimated for the Exuma Sound
region. More markers and larger sample sizes of recruits
are needed to provide an estimate of variance in reproduc-
tive success.

Christie et al. (2010) suggest that sweepstakes reproduc-
tive success may be attributed to high variance in male
reproductive success, although they do not exclude sto-
chastic larval or post-settlement mortality as a cause. High
variance in egg batch mortality before hatching (Cole & Sa-
dovy 1995) could also introduce correlation in the survival
of sibling offspring and cause high variance in reproduc-
tive success (Waples 2002).

Results from the indirect genetic method - high
genetic similarity, likely high gene flow, and high con-
nectivity—contrast with those from direct genetic meth-
ods—substantial ~ self-recruitment, spatially restricted
sweepstakes reproduction, restricted connectivity—but are
not contradictory, because they refer to processes operat-
ing on very different temporal and spatial scales. Direct
genetic methods bear more closely than do inferences of
gene flow over evolutionary time scales on immediate
questions about population dynamics and the design of
marine protected areas but still do not provide sufficient
quantitative information on larval dispersal kernels or
migration matrices for accurate modelling and prediction.
What ratios of outside to self-recruitment might be com-
patible with the observations of two parent-offspring
pairs and relatedness of adults and recruits at each site?
Does self-recruitment drive local population dynamics?
Such questions might be approached through simula-
tions. Future studies also need to tease out the temporal
and spatial patterns of sweepstakes reproductive success,
which may help to identify potential sources and sinks
in marine metapopulations. Coupling of rigorous physical
and biological oceanographic analyses with direct genetic
analysis not only of cohorts of recruits but also of
cohorts of larvae still in the water column will ultimately
resolve the connectivity of marine populations with low
Fsr.

© 2010 Blackwell Publishing Ltd
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