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ABSTRACT
Self-recruitment in a coral reef fish population in a marine reserve
Marcela Herrera Sarrias

Marine protected areas (MPAs) have proliferated in the past decades to protect
biodiversity and sustain fisheries. However, most of the MPA networks have been
designed without taking into account a critical factor: the larval dispersal patterns of
populations within and outside the reserves. The scale and predictability of larval
dispersal, however, remain unknown due to the difficulty of measuring dispersal when
larvae are minute (~ cm) compared to the potential scale of dispersal (~ km).
Nevertheless, genetic approaches can now be used to make estimates of larval dispersal.
The following thesis describes self-recruitment and connectivity patterns of a coral reef
fish species (Centropyge bicolor) in Kimbe Bay, Papua New Guinea. To do this,
microsatellite markers were developed to evaluate fine-scale genetics and recruit
assignment via genetic parentage analysis. In this method, offspring are assigned to
potential parents, so that larval dispersal distances can then be inferred for each
individual larvae. From a total of 255 adults and 426 juveniles collected only 2 parentoffspring pairs were assigned, representing less than 1% self-recruitment. Previous data
from the same study system showed that both Chaetodon vagagundus and Amphiprion
percula have consistent high self-recuitment rates (~ 60%), despite having contrasting
life history traits. Since C. bicolor and C. vagabundus have similar characteristics (e.g.
reproductive mode, pelagic larval duration), comparable results were expected. On the
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contrary, the results of this study showed that dispersal patterns cannot be generalized
across species. Hence the importance of studying different species and seascapes to
better understand the patterns of larval dispersal. This, in turn, will be essential to
improve the design and implementation of MPAs as conservation and management tools.

Keywords: Centropyge bicolor, Kimbe Bay, Larval dispersal, Microsatellites, Parentage
analysis

6
ACKNOWLEDGMENTS
I want to thank KAUST for giving me an opportunity to undertake my master’s degree,
which has been an amazing experience. The work carried out here would have not been
possible without the help and support of many great people.
First, my advisor, Professor Michael Berumen, who invited me to join his lab. It has been
a privilege to learn from him. Furthermore, I would like to thank Dr. Pablo SaenzAgudelo and Dr. Joseph DiBattista for mentoring me in population genetics. Special
thanks also go to Dr. Gerrit Nanninga for collecting the samples in the field and helping
with the data analysis. I also thank Dr. Manual Aranda Lastra for his constructive
criticism and advice during my thesis writing.
I want to thank my family and friends who are in Costa Rica. When I told them I was
leaving to Saudi Arabia for grad school, I never felt the slightest doubt or reluctance in
their minds about it. Instead, they always encouraged me to pursue my dreams. My
warmest gratitude goes to the amazing group of people I have met here. I arrived to this
country without knowing anyone and they made me feel that I also had a family in
KAUST. Marlon Díaz, Ahmed Shibl, Galo Torres, Damián San Román, Martin Ibarra,
Flavio Siller, Federico Pacheco, Manalle Al-Salamah, Zahra Al-Saffar, Alaa Ezzedine,
Jesse Cochran, Marija Kupresanin, Ali Naqvi and my salsa friends from Jeddah. Their
kindness and love made my stay in Saudi Arabia much more enjoyable. I also want to
thank my colleagues in the Reef Ecology Lab, especially Vanessa Robichz and Diego
Lozano, I have learned a lot working with them. Lastly, I would like to thank the
KAUST Bioscience Core Lab for providing fragment analysis and technical support.

7
TABLE OF CONTENTS



Examination Committee Approvals Form…………………………………. p.2



Copyright Page……………………………………………………………... p.3



Abstract………………………………………………………………..…… p.4



Acknowledgements………………………………………………………… p.6



Table of Contents…………………………………………………………... p.7



List of Abbreviations……………………………………………………….. p.9



List of Figures……………………………………………………………… p.10



List of Tables……………………………………………………………….. p.11



1. Introduction……………………………………………………………… p.13
o 1.1 Larval dispersal………………………………………………… p.13


1.1a Self-recruitment and connectivity…………….. p.13



1.1b Species level traits…………………………….. p.14



1.1c Marine Protected Areas……………………….. p.16

o 1.2 Genetic markers………………………………………………... p.17
o 1.3 Parentage analysis……………………………………………… p.18
o 1.4 The Kimbe Bay case study……………………………………... p.21
o 1.5 Aim of study……………………………………………………. p.23
o 1.6 Predictions for self-recruitment and connectivity patterns of
Centropyge bicolor………………………………………………… p.24


2. Material and methods…………………………………………………… p.25
o 2.1 Study species and location……………………………………... p.25
o 2.2 Sample collection………………………………………………. p.26
o 2.3 Isolation and characterization of microsatellite loci…………… p.27
o 2.4 Population genetics…………………………………………….. p.29
o 2.5 Parentage analysis……………………………………………… p.30

8
o 2.6 Sibship analyses……..…………………………………………. p.33


3. Results………………………………………………………………

p.36

o 3.1 Summary statistics……………………………………………... p.36
o 3.2 Characterization of microsatellite markers…………………….. p.36
o 3.3 Population genetics………....………………………………….. p.37
o 3.4 Parentage analysis…………...…………………………………. p.38
o 3.5 Sibship analyses………………………………………………... p.38


4. Discussion..………………………….……………………………...

p.40



5. Conclusion……..………………….…………………………..……

p.44



References…………..…………………………………………………

p.46



Appendices…………………………………………………………….

p.53

9
LIST OF ABBREVIATIONS


1. Introduction
o PLD: Pelagic Larval Duration
o MPA: Marine Protected Area
o DNA: Deoxyribonucleic acid
o PCR: Polymerase chain reaction



2. Material and Methods
o FL: Fork length
o TL: Total length
o NA: Allelic diversity, number of alleles
o HO: Observed heterozygosity
o HE: Expected heterozygosity
o HWE: Hardy-Weinberg Equilibrium
o LD: Linkage Disequilibrium
o FDR: False Discovery Rate
o PIC: Polymorphic Information Content
o MCMC: Markov Chain Monte Carlo
o K: Genetic cluster
o AMOVA: Analysis of Molecular Variance
o FST: Fixation Index
o Ne: Effective population size
o N: Census population size
o LOD: Log of the odds ratio

10
LIST OF FIGURES
1. Figure 1. Sampling sites in Kimbe Bay, Papua New Guinea. Refer to
Table 3 for more details about the sites.…………………………………... p.54
2. Figure 2. Optimal number of data clusters (K= 1) as determined in
STRUCTURE Harvester: (a) the mean of logarithm of the probability of
data for different K (1 to 10) and (b) second order derivative (Delta K,
Evanno’s method)……………………………………..…………………... p.58
3. Figure 3. Effective population size (Ne; NeESTIMATOR) with
subsamples of increasing size for the C. bicolor population of Kimbe
Bay, Papua New Guinea (Linkage Disequilibrium method, p= 0.01).........
4. Figure 4. Geographical distance of dispersal between full sibling pairs...

p.59
p.60

5. Figure 5. Mean relatedness comparison within South Emma Reef (n=16),
South Bay Reef (n= 30), Tuare Island (n=307) and Kimbe Island (n=60)..

p.60

6. Figure 6. Mean relatedness comparison among Garua island group (n=
26), Cape Heusner island group (n= 340) and Kimbe Island (n= 60)…….

p.61

7. Figure 7. Mean relatedness comparisons for 3 different size categories
(1-3) in (a) Tuare Island and (b) Kimbe Island. Each size category differs
from the next one in 1 cm……………………………………….……..….. p.62

11
LIST OF TABLES
1.

Table 1. Summary statistics of previous studies estimating selfrecruitment in marine fish using parentage analysis. Pelagic larval
durations (PLD); study sites: BS= Bahamas, GBR= Great Barrier Reef,
HI= Hawai’I, ID= Indonesia, MBR= Mesoamerican Barrier Reef, MS=
Mediterranean Sea, PNG= Papua New Guinea, PYF= French Polynesia,
RS= Red Sea, SI= Solomon Islands; study scale: area of self-recruitment
estimates (km2); number of markers; sample size; estimated percent of
self-recruitment (%SR) inside the study area and parentage method used
in the study……………………………………………...…...

2.

p.53

Table 2. Predictions for self-recruitment and connectivity patterns of
Centropyge bicolor in Kime Bay, Papua New Guinea. Type of spawning,
pelagic larval duration (PLD), mating system, maximum size (cm), site
fidelity, depth range (m), self-recruitment and connectivity are also
shown for two reef fish species with contrasting life history traits……..…

3.

p.54

Table 3. Sampling regime for Centropyge bicolor with location, original
site names, depth range (m), total number of samples and number of
juveniles and adults collected in Kimbe Bay, Papua New
Guinea………………………………………………………………..….… p.55

4.

Table 4. Primer multiplex mixes for 23 microsatellite loci for the
angelfish Centropyge bicolor………….……………………………….….

5.

p.56

Table 5. Total of samples amplified (N), total number of alleles (Na),
observed (Ho) and expected (He) heterozygosities, Hardy-Weinberg
equilibrium (pHWE) significance value at p < 0.05 after FDR correction
and polymorphic information content (PIC) for 23 microsatellite loci
tested on Centropyge bicolor from 3 sites in Kimbe Bay, Papua New
Guinea. Significant p values after FDR correction (α = 0.05) are shown
in italic……………………………………………………………………..

6.

Table 6. Parent-offspring relationships. Sample location (CH= Cape
Heusner, KI= Kimbe Island); size (cm) and sex (M= male, F= female) are

p.57

12
given for each parent and offspring. (*) indicate assignments made by
COLONY. Italic values show parent-offspring pairs determined in
common by COLONY and FAMOZ……………………………………… p.59
7.

Table 7. List of putative full-sibs of C. bicolor sampled recruits as
determined by COLONY. Reef, depth (m) and size (cm) are given for
each individual for all sibling pairs………………………………………..

p.63

13
INTRODUCTION
1.1 Larval dispersal
1.1a Self-recruitment and connectivity
Most marine organisms have evolved a life cycle involving a benthic adult phase
and a pelagic larval stage that has the capacity to disperse over long distances.
Depending on the species, fish can produce hundreds to millions of eggs that often hatch
into pelagic larvae. These larvae stay in the water column for days to weeks (speciesspecific duration), until they find a suitable habitat to settle (Heffman et al. 2009). Due
to the inherent difficulty of tracking minute larvae in a vast ocean, the pelagic larval stage
is still poorly understood. Despite the paramount importance of dispersal patterns for
conservation planning, little is known about the spatial and temporal scales of population
connectivity, and the variability of dispersal between and within species, and across
seascapes (Riginos et al. 2011).
Larvae may either return to their natal home (a process known as self-recruitment)
or they can settle at different reefs (connectivity). According to Berument et al. (2012),
self-recruitment is the proportion of the total number of recruits sampled at one location
that are identified as offspring of adults from the same location. Special attention is also
given to the term local retention, which is defined as the proportion of larvae that return
to their natal origin relative to the total number of larvae produced from that same
location (Botsford et al. 2009, Berumen et al. 2012). Notable, it is more realistic to
measure self-recruitment, as empirically determining the total production of larvae from a
site is highly problematic.
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Connectivity refers to the exchange of individuals among populations, involving
therefore both the replenishment of populations and the transfer of genes (Cowen et al.
2007). Two types of population connectivity can be derived according to the scale of
study: evolutionary (or genetic) and demographic (or ecological) connectivity (Lowe and
Allendorf 2010). Genetic connectivity can be defined as the degree to which gene flow
affects evolutionary processes within and among subpopulations, while if seen from an
ecological perspective, connectivity also measures the exchange of individuals and its
effects on a population persistence. Demographic connectivity is then a function of the
relative contributions of immigration to the total recruitment in a population (Lowe and
Allendorf 2010).
Larval recruitment in coral reef fish populations hence depends on both selfrecruitment and connectivity. Retention of larvae at the natal site leads to closed
populations, while open populations are those ones in which there is an exchange of
larvae among populations (Cowen et al. 2000, Mora et al. 2002). These concepts have
become essential for understanding population dynamics and, consequently, for
designing conservation strategies such as marine reserves (Cowen et al. 2000, Munday et
al. 2009).
1.1b Species level traits
Dispersal determines the capacity of organisms to establish populations in new
environments, so that colonization of new habitats depends on the ability of individuals to
exploit new ecological conditions (Luiz et al. 2013). Pelagic larval duration (PLD) has
been shown to be an important biological trait among organisms, and can be related to the
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genetic differentiation between populations in a wide range of marine taxa including
algae, invertebrates and fishes (Doherty et al. 1995, Bradbury et al. 2008). There is
limited evidence that species with a longer PLD may have greater connectivity in a single
dispersal episode (Berumen et al. 2012), though other studies also shown that PLD is
generally not necessarily a reliable predictor of connectivity or geographic range size
(Bay et al. 2006, Weersing and Toonen 2009, Riginos et al. 2011, Mora et al. 2012).
Larval dispersal is not a passive process, on the contrary it is directly influenced
by larval behavior (Leis 2007). Coral reef fish larvae have different sensory mechanisms
that enable them to orient in the water column (Montgomery et al. 2006, Leis 2007, Leis
et al. 2007) and respond to chemical (Dixon et al. 2008, 2014; Paris et al. 2013) and
auditory (Vermeij et al. 2010) cues when looking for suitable reef habitats (Paris and
Cowen 2004). The fact that larvae respond to these cues has important implications for
understanding dispersal and recruitment success. Biological cues (e.g. smells and
sounds) can propagate far from the source, attracting early pelagic life stages of different
marine organisms to settle. This is especially important if the patchiness and often-rare
presence of settlement habitats in large open bodies of water is considered (Vermeij et al.
2010). Swimming performance (Fisher et al. 2000, Mora et al. 2002), larval survival
(Graham et al. 2008) and size (Shima and Swearer 2009) also determine dispersal
capabilities.
Spawning strategies can also be important in determining potential for dispersal.
There are two main spawning modes in fishes: spawning of benthic eggs and broadcast
spawning of pelagic eggs. According to Cowen and Sponaugle (1997), species with
pelagic eggs tend to have a greater capacity for dispersal. Fish larvae of pelagic spawner
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species can be found further offshore than larvae hatched from benthic eggs. A recent
study by Riginos et al. (2011) revealed that egg type (benthic or pelagic) is correlated
with population genetic structure. Such is the case for Amphiprion percula (clownfish), a
benthic spawner, and Chaetodon vagabundus (butterflyfish), a pelagic spawner, for
example. Significant differences in demographic connectivity were found between both
species (Berumen et al. 2012) in Papua New Guinea.
1.1c Marine Protected Areas
Coral reefs are among the most biologically diverse ecosystems on earth, yet they
are severely impacted by human-caused disturbances (Jackson et al. 2001, Hughes et al.
2003). The ecological, social, and economic value of coral reefs has made them an
international conservation priority (Selig and Bruno 2010). Thus in the past decades,
marine protected areas (MPAs) have been proposed as means for biodiversity
conservation and fisheries management (Jones et al. 2007). The implementation of
MPAs has aided in the restoration of invertebrate and fish populations by limiting fishing
and other extractive activities (Halpern 2003, Selig and Bruno 2010). However, most of
the MPA networks have been designed without taking into account a critical factor: the
larval dispersal patterns of populations within and outside the reserves (McCook et al.
2009, Berumen et al. 2012).
In this context, self-recruitment is essential to sustain single, isolated MPAs
where there are no other sources of larvae. Whereas, high connectivity enhances the
resilience of a network by connecting MPAs (Almany et al. 2007, Planes et al. 2009,
Berumen et al. 2012). Design and decision-making for MPAs should focus on
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understanding the dynamics of metapopulations rather than simply protecting a target
fraction of key habitats (Selig and Bruno 2010). Previous studies (Berumen et al. 2012,
Harrison et al. 2012b) have shown that the persistence of metapopulations may depend
on the location, size and spacing of MPAs. More connectivity studies are emerging
(Table 1), with different species and in different seascapes. Still, more empirical data on
larval dispersal is needed for a better design and implementation of MPA networks.
1.2 Genetic markers
Research in conservation biology has taken a big leap with the development of
high-resolution molecular techniques to answer ecological questions (Frankham 2010).
The need to measure genetic variation has led to the development of many different
genetic markers. Allozymes, amplified fragment length polymorphism (AFLP), single
nucleotide polymorphism (SNP), mitochondrial and nuclear DNA sequences, and
microsatellites are only a few examples (Schlötterer 2004, Selkoe and Toonen 2006).
The latter in particular have emerged as one of the most popular choices for
population genetics and parentage studies. Microsatellites are tandem repeats of short
DNA segments (∼1-6 bp), in which differences between alleles are primarily in the
number of repeats. They are found at high frequency in the nuclear genomes of most
taxa and have higher mutation rates than other neutral regions of the DNA. High levels
of allelic diversity and co-dominant inheritance also characterize these markers. Due to
these properties, microsatellites are valuable genetic markers that allow researchers
insight into fine-scale ecological questions (Schlötterer 2004, Webster and Reichart 2005,
Selkoe and Toonen 2006).
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Yet, microsatellites also present several drawbacks. One of the main challenges is
the development and isolation of species-specific markers. Unlike the microsatellite
repeat sequences, the flanking regions (DNA surrounding a microsatellite locus) are
generally very conserved. Because the sequences of flanking regions are identical across
individuals of the same species and sometimes of different species, a specific
microsatellite locus can often be identified by its flanking sequences. Short stretches of
DNA, or primers, can then be designed to bind to these flanking regions and target the
microsatellite locus for amplification with polymerase reaction chain (PCR). Other
difficulties, such as the presence of null alleles, homoplasy, and problems with
amplification can be overcome by carefully selecting the loci that will be used later in the
study (Webster and Reichart 2005, Selkoe and Toonen 2006).
1.3 Parentage analysis
The application of genetic markers, as mentioned above and reviewed by Cowen
et al. (2007), Hedgecock et al. (2007) and Jones et al. (2009) among others, has become
crucial to make inferences about larval dispersal and connectivity in coral reef fishes and
other marine organisms. Different approaches can be used to measure connectivity, but
the best method would depend on the spatial and temporal scales of the study (Jones et al.
2009). Also, genetic approaches can be divided into indirect and direct methods, which
are often encompassed in two categories: population genetics and kinship analysis,
respectively. The first approach describes connectivity by comparing allelic frequencies
of specific loci among populations (Lowe and Allendorf 2010). High levels of genetic
similarity between populations suggest high gene flow over time (mainly through larval
dispersal), whereas significant differentiation indicates the presence of barriers to larval
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exchange (Botsford et al. 2009). Traditionally, F statistics (Wright 1943) have been used
to infer connectivity and gene flow between populations (Lowe and Allendorf 2010).
Parentage analysis, on the other hand, uses genetic and statistics tools to assign offspring
to their parents directly (Botsford et al. 2009, Saenz-Agudelo et al. 2009).
Different parentage analysis techniques have already been recognized (Jones and
Ardren 2003, Jones et al. 2010). Strict exclusion and categorical assignment are the most
commonly used methods, in which the genotype of each offspring is compared to the
genotype of all candidate parents (Harrison et al. 2012a). For strict exclusion methods,
any parent failing to share at least one allele with the offspring is eliminated as a potential
true parent. The simplicity behind this method has its disadvantages however. The
presence of null alleles, genotyping errors and missing data, which commonly occurs in
microsatellite data sets, could lead to the false exclusion of true parents (Jones et al.
2010). The categorical allocation method on the other hand is used when complete
exclusion is not possible, as it is the case most of the time. When more than one
candidate parents genotypes matches with a given offspring, a likelihood ratio is
calculated based on the allelic frequencies in the population, and then the offspring is
assigned to the candidate parent with the highest likelihood (or probability) of being the
true parent (Harrison et al. 2012a). The success of this method, however, declines with
the proportion of sampled candidate parents. This represents an important constraint, as
in the context of marine larval connectivity, population sizes are often large and the total
pool of potential parents cannot be sampled nor known a priori (Saenz-Agudelo et al.
2009). However, different methods can deal now with incomplete sampling (Gerber et
al. 2003, Kalinowski et al. 2007, Jones and Wang 2009). Because of its potential to
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produce results with biological significance, the categorical technique has been the more
popular approach in parentage analysis (Jones and Ardren 2003).
These methods share the problem of incorrect assignments. The number and
quality of the used markers can affect the accuracy of the assignments, and so do the
presence of mutations and other phenomena already mentioned above (Harrison et al.
2012a, Harrison et al. 2013). Theoretical assumptions like the Hardy-Weinberg
Equilibrium (random mating or panmixia, no migration, mutation nor selection, and
population sizes infinitely large) are often unrealistic to meet in natural populations
(Jones and Ardren 2003, Saenz-Agudelo et al. 2009). The effects of these violations on
measuring dispersal in marine populations have been evaluated by Saenz-Agudelo et al.
(2009). Harrison et al. (2012a, 2013) found that the number and diversity of loci were
the most important factors in obtaining accurate assignments and mitigate the effects of
incomplete sampling of parental populations.
Parentage analysis applications go beyond self-recruitment and connectivity
estimates, but also have been particularly useful to understand mating behaviors,
reproductive success and kin association in different taxa (Harrison et al. 2012a). Studies
on birds (Weinman et al. 2014) mammals (Waser et al. 2006, Nagy et al. 2007), insects
(Tentelier et al. 2008) and plants (Adams et al. 1992, Di Vecchi et al. 2007, Ashley
2010) are only few examples. Coral reef fishes have been widely studied (Table 1).
However, most of the studies on larval dispersal have been restricted to species that form
reproductive aggregations or are confined to small habitats (e.g. anemonefishes of the
genus Amphiprion). Furthermore, most studies have been conducted in tropical waters
(but see Schunter et al. 2014). These studies (Table 1) have provided high-resolution
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information on the dispersal processes of coral reef fishes and its importance for longterm population persistence and resiliency to human exploitation.
1.4 The Kimbe Bay case study
Kimbe Bay is located on the north coast of the island of New Britain in Papua
New Guinea (Fig 1). The Bay comprises a wide variety of marine habitats and presents a
globally significant area for pelagic fishes and toothed whales (Green et al. 2009,
McCook et al. 2009), making it an important center for marine biodiversity and a global
conservation priority. However, coastal ecosystems in Kimbe Bay are under increasing
pressures from human activities. Village socio-political conflicts, high population growth
rates, clearance of forest and mangroves, run-off of sediment and pollutants from
industrial agriculture, poaching of marine resources and the use of destructive fishing
methods are some of the challenges that habitants of Kimbe Bay are facing (Green et al.
2009). To alleviate the environmental impact of these activities, the Nature Conservancy
has been working in Kimbe Bay since 1993 with the purpose of designing and
implementing a network of marine protected areas (MPAs). Today, this network consists
of 14 reserves of variable sizes that are managed by local communities (Green et al.
2009).
Empirical data on larval dispersal and population connectivity is important to
determine effective conservation measures and improve the design of MPAs (Berumen et
al. 2012). Healthy, diverse coral reefs, and the occurrence of small and isolated islands
with high abundances of fishes, make Kimbe Bay an ideal to location to study ecological
patterns of self-recruitment and connectivity. The first empirical estimates of larval
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movements were published a decade ago. Jones et al. (2005) combined parentage
analysis and chemical tagging to estimate levels of self-recruitment in a population of
anemonefish. Although similar results were found with both methods, it was clear that
genetic parentage analysis could provide higher resolution connectivity information and
direct estimates of dispersal distances at the individual level.
Moreover, larval dispersal patterns were examined for two species of coral reef
fishes with different reproductive strategies (Almany et al. 2007). Larvae were tagged
using a transgenerational isotope labeling (TRAIL) technique based on maternal
transmission of stable barium (Ba) isotopes to their offspring before hatching and
dispersal. Results revealed that, despite vey different PLDs, ~ 60% of the sampled larvae
of both species originated at the focal reef. Parentage analysis was then used to measure
larval connectivity at a bigger scale (Planes et al. 2009). Juveniles of the orange
clownfish that were spawned by Kimbe Island residents were found dispersing as far as
35 km to other reefs. The accuracy of this analysis was evaluated by comparing the
results with those from a previous study based on the TRAIL method (Thorrold et al.
2006, Almany et al. 2007), and 100% of agreement between both techniques was found.
More interestingly is however, that this study was able to document the level of local
replenishment at individual lagoon scale in Kimbe Island.
A more recent study (Berumen et al. 2012) showed for the first time how larval
dispersal and self-recruitment varies among species and through time. It also
demonstrated that parentage analysis is an important tool for determining connectivity in
pelagic-spawning reef fish, which is critical to understand fish population dynamics and
its management implications. As almost 75% of reef fish species (including all
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commercially important species) spawn into the water column (Domeier and Colin 1997,
Ellis et al. 2012), this study provided a unique insight on the effectiveness of MPAs in
replenishing fish stocks. It is still unclear whether dispersal patterns between these two
dominant fish reproductive modes are consistent through time and space, highlighting the
need for an increased number on this type of studies.
1.5 Aim of Study
The aim of this study was to assess demographic connectivity through larval
dispersal for a coral reef fish species (Centropyge bicolor) in Kimbe Bay, Papua New
Guinea. It describes self-recruitment and connectivity patterns using genetic parentage
analysis approaches. This relatively recent field of study uses hyper-variable nuclear
DNA markers to assign the offspring potential to parents and then measure the larval
dispersal distances for individual larvae. Parentage analysis based on genetic markers
and chemical tagging techniques have been validated for other species in different
regions of the world. All these studies, however, present data for a single species at one
time. An exceptional case is Kimbe Bay, where previous studies compare temporal
patterns of self-recruitment and connectivity for two coral reef fishes with contrasting life
history traits (Almany et al. 2007, Berumen et al. 2012). This study provides insightful
data about the magnitude of larval retention and exchange for a natural population in an
already extensively studied area. New polymorphic microsatellite markers were
developed for the first time for any species of this genus. Population structure and
genetic differentiation were measured using population genetics approaches. Moreover,
fine-scale genetics and recruit assignment were evaluated using parentage analysis
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methods. The results presented in this study will be valuable to understand the
effectiveness of Marine Protected Areas in terms of larval dispersal and self-recruitment.
1.6 Predictions for self-recruitment and connectivity patterns of Centropyge bicolor
Previous studies in Kimbe Bay (Berumen et al. 2012) have shown that higher
self-recruitment rates and lower connectivity are associated with benthic spawning and
short PLD in Amphiprion percula compared to the pelagic spawner Chaetodon
vagabundus. Overall, pelagic spawning species with longer PLDs tend to have greater
connectivity compared to benthic spawning species with shorter PLDs. Therefore, as C.
bicolor is also a pelagic spawner, similar self-recruitment and connectivity patterns to the
vagabond butterflyfish are expected for this species (Table 2).
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MATERIAL AND METHODS
2.1 Study species and location
Centropyge bicolor is a pelagic spawning angelfish (Pomacanthidae) with a PLD
of approximately 29-34 days (Thresher and Brothers 1985). This species exhibits a
strong social hierarchy driven by a protogynous reproductive system, consisting of one
dominant large male and several smaller females (Aldenhoven 1986). Non-reproductive
females reach size at first sexual maturity at 6.6-7.0 cm FL (fork length) and then
transition from mature females into mature males at 8.6-9.0 cm FL (Sapolu 2005). Its
distribution ranges from East Africa to southern Japan, south New Caledonia and
throughout Micronesia (Allen et al. 1998). As it is also a highly targeted species for the
aquarium fish trade (Pyle 2001), C. bicolor presents an outstanding opportunity for
research on patterns of connectivity at demographic and evolutionary scales in the IndoPacific Ocean with broader ecological applications.
This study was conducted in Kimbe Bay, Papua New Guinea, a large, welldefined bay (140 x 70 km in area) located on the north coast of New Britain Island in the
Bismarck Sea (Fig 1). Kimbe Bay is considered an important biodiversity hotspot as it
comprises a wide variety of shallow (coral reefs, mangroves, seagrasses) and deepwater
marine habitats (oceanic waters and seamounts) in close proximity (Green et al. 2009).
Several sites with substantial habitat for C. bicolor were targeted within the western part
of Kimbe Bay. These sites are part of a MPA network that encompasses the entire bay.
Sampling effort was focused on small islands due to the high abundance of the study
species and suitable habitat. The discrete nature of these islands allowed for easy
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definition and measurement of populations (Berumen et al. 2012). Sampling sites were
within three general areas: (1) Garua island group, (2) Cape Heusner island group, and
(3) Kimbe Island. The first group consists of four small islands within fringing reefs,
Cape Heusner consists of two primary islands (Tuare and Kapepa), and Kimbe Island is a
relatively small island surrounded by several distinct reef habitats (total reef area of 0.47
km2). The Garua group and Cape Heusner group are 33 km and 25 km apart from Kimbe
Island respectively.
2.2 Sample collection
Samples of C. bicolor were collected in April 2013 from 20 reef sites in Kimbe
Bay, Papua New Guinea (Fig. 1). Specimens were captured by divers using hand nets
and clove oil (an anesthetic), fin-clipped and released again to their original habitat.
Small pieces of tissue from the caudal fin were taken in situ and immediately preserved
in 96% ethanol upon return to the boat. Fish that were too small to be fin-clipped (less
than ~3 cm) were collected whole. The conspicuous fin clip ensured that the same fish
were not resampled during the sampling period (10 days). Individuals were measured
(total length – TL, cm) and subsequently classified as juveniles (TL≤ 5 cm) or adults (TL>
5 cm) on the basis of the size at first sexual maturity and differences in size and color
markings (Aldenhoven 1986, Sapolu 2005). Sex was determined according to Sapolu
(2005): mature females (5.0 – 7.0 cm TL) and mature males (7.1 cm TL – maximum size).
The depth at which each sample was collected was also recorded.
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2.3 Isolation and characterization of microsatellite loci
Genomic DNA from all samples was extracted from fin clip tissue using
Macherey-Nagel NucleoSpin 96 Tissue Kits according to the manufacture’s protocol.
The quality and quantity of extracted DNA was measured using a NanoDrop 8000
spectrophotometer (Thermo Scientific). Next-generation sequencing was performed for
one specimen using a Roche 454 GS FLX (titanium) sequencer in the Bioscience Core
Lab at the King Abdullah University of Science and Technology (Thuwal, Saudi Arabia).
The genomic library for this analysis was constructed following the manufacturer’s
protocol.
Raw unassembled reads were mined for putative microsatellite loci using the
MSATCOMMANDER v 1.0.8 software (Faircloth 2008). MSATCOMMANDER
default settings were used to screen perfect di and tetranucleotide repeats that were at
least 8 bp long. A total of 10721 putative microsatellite loci were obtained.
Subsequently, the Primer 3 program (Rozen and Skaletsky 2000) was used to design
primers for all reads that contained suitable microsatellite repeat motifs. From these, 96
primer pairs were synthesized and tested by polymerase chain reaction (PCR) trials.
These 96 loci were initially tested for amplification and polymorphism on 8 individuals
collected from Kimbe Island.
PCRs were performed following standard protocols for the multiplex PCR kit
(Qiagen). Each PCR reaction had a final volume of 9.05 μL, consisting of 4.5 μL of
Qiagen Multiplex PCR Master Mix, 0.45 μL of primer mix (each primer at 1 μM), 3.6 μL
of water and 0.5 μL of genomic DNA. Thermal profiles consisted of a denaturation step

28
at 95 °C for 15 min, followed by 25 cycles of 30 s at 94 °C, annealing at a locus-specific
temperature (59 °C for all primer mixes) for 90 s, 72 °C for 60 s and a extension of 30
min at 60 °C followed by a final step of 10 min at 4 °C. PCRs were performed using an
Eppendorf Mastercycler pro PCR thermal cycler. PCR products were then run on a
QIAxcel genetic analyzer (Qiagen) using a high-resolution cartridge to verify for the
presence of a clean PCR product (one or two clean bands) and to identify polymorphic
loci. Of the 96 loci tested, only 28 successfully amplified across all eight samples,
showing clear, unambiguous and polymorphic PCR products. Primers for these loci were
labeled with ABI fluorescent dye tags (6-FAM, PET, NED, VIC) and combined into four
multiplex mixes. All individuals were then amplified using these four mixes (PCR
conditions are indicated in Table 3). These PCR products were diluted in 130 μL Milli-Q
water and then run on an ABI 3730 XL genetic analyzer (Applied Biosystems) for
fragment analysis. Alleles were scored manually as PCR product size in base pairs using
Geneious v 7.1.5 software (Drummond et al. 2011). For samples in which loci that did
not amplify on the first trial, PCRs were redone as previously described.
Allelic frequencies, number of alleles (NA), observed (HO) and expected (HE)
heterozygosities were estimated using the software Genalex v 6.5 (Peakall and Smouse
2012). Departure from Hardy-Weinberg equilibrium (HWE) and presence of linkage
disequilibrium (LD) were evaluated in GENEPOP 4.0.10 (Raymond and Rousset 1995,
Rousset 2008) using the default Markov chain method parameters (10,000
dememorizations, 1,000 batches, and 10,000 iterations per batch). Significance levels
were adjusted for multiple testing via False Discovery Rate (FDR, Benjamini and
Hochberg 1995) and the Bonferroni correction method. Scoring error due to stuttering,
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allele dropout, and presence of null alleles were also tested using MicroChecker v.2.2.3
(Van Oosterhout et al. 2004).
Finally, to assess the level of information the markers confer, CERVUS 3.0
(Kalinowski et al. 2007) was used to calculate the polymorphic information content (PIC)
for each locus. The PIC value for codominant markers such as microsatellites ranges
from 0 to 1. Markers with a greater number of alleles tend to have a higher PIC value
and thus are more informative (Hildebrand et al. 1992).
2.4 Population genetics analysis
A Bayesian algorithm was employed using the software STRUCTURE v2.3.4
(Pritchard et al. 2000) to assess population genetic differentiation. STRUCTURE treats
the allele frequencies, the number of genetically distinct groups (K), and individual
ancestry in each group as random variables to be simultaneously determined, so that all
individuals in the total sample can be assign to clusters that are estimated using a loglikelihood approach of a pre-defined K value to minimize Hardy-Weinberg and linkage
disequilibrium. To estimate the most likely number of populations (K= 1-10) simulations
were carried out 10 times (repeats) using 1,000,000 Markov Chain Monte Carlo (MCMC)
steps and a burn-in length of 500,000 iterations. An admixture model was implemented
and allele frequencies were assumed to be correlated among populations. The optimal K
value was then chosen according to the highest average maximum log-likelihood score.
The number of K’s, log likelihood values, and variance of STRUCTURE output were
graphically visualized using STRUCTURE Harvester (Earl 2012). Moreover, F statistics
via analysis of molecular variance (AMOVA) were calculated in Genalex v 6.5 to
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measure the total genetic variation that is explained by the geographic structure within
Kimbe Bay, and between Garua Island Group, Cape Heusner and Kimbe Island (Fig. 1).
Global FST was tested for significance with 9,999 permutations.
An estimate of the effective population size (Ne) was also calculated with the
software NeESTIMATOR v.2 (Do et al. 2014) implementing the single-sample methods
(linkage disequilibrium, heterozygote excess and molecular coancestry). Effective
population size is an important genetic parameter because of its relationship to loss of
genetic variation, increases in inbreeding, accumulation of mutations, and effectiveness
of selection (Waples and England 2011). Therefore, knowledge of the magnitude of
effective population size (Ne) and adult census population size (N), as expressed by the
ratio Ne/N, is an indicator of the extent of genetic variation expected in a population
(Palstra and Fraser 2012). Theoretical estimates of Ne/N range from 0 to 1, so that higher
Ne/N values suggest a greater genetic variance (Nunney 1995). Simulations were
computed using subsamples of increasing size (50 individuals) so that the Ne estimation
reached an asymptotic value. According to England et al. (2006) and Waples (2006) if
the Ne reaches an asymptotic value then the estimated population size is reliable.
2.5 Parentage analysis
Two software packages were used for this analysis, FAMOZ (Gerber et al. 2003)
and COLONY (Jones and Wang 2010). While both programs apply a categorical
allocation method based on a maximum-likelihood approach, offspring-parent
assignments are made using different algorithms (Harrison et al. 2013). FAMOZ is
based on the calculation of LOD (Log of the odds ratio) scores for assigning individuals
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to parents based on the observed allelic frequencies at each locus (Saenz-Agudelo et al.
2009, Harrison et al. 2013). The LOD score is the likelihood of an individual to be the
parent of a given offspring divided by the likelihood for both individuals to be unrelated.
The higher LOD score for a given offspring-parent pair, the higher the likelihood that the
parentage relationship is true. The software uses simulations to calculate the threshold
values for the LOD score. The minimum LOD score was calculated then by identifying
the intercept of the frequencies of both distributions obtained from these simulations.
Genotyping errors are also taken into account by introducing an error rate (0.01%) when
calculating the LOD scores. According to Saenz-Agudelo (2009), the introduction of this
error, even if it underestimates the true error rate, can reduce type I and type II errors
related to the parentage tests. Female and male genotypes were combined for this
analysis.
On the other hand, COLONY uses a full-likelihood approach in which sibships
and parentage are inferred together with likelihood considered over the entire population
sample rather than for pairs of individuals (Jones and Wang 2010). The software splits
the data set into three subsamples: the offspring sample, a candidate father sample and a
candidate mother sample, and then assigns individuals in the three subsamples to family
clusters. Individuals within a cluster are assumed to be either full-sibs if they share both
parents, or half-sibs if they share only one parent. Those individuals between clusters
(i.e., that do not share parents) are considered unrelated. As a result, many clusters can
be generated. The program’s algorithm first evaluates the pedigree relationships in an
initial cluster, compares it with new pedigrees, and thereafter searches for the best cluster
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according to likelihood scores (Wang and Santure 2009, Jones and Wang 2010, Wang
2013).
Adults were separated by sex and a polygamous mating system for diploid
organisms was defined. Population was assumed to be in HWE, so no relationship
between individuals or inbreeding was assumed. Also, a complex sibship, combined FLPLS (full-likelihood – pair-likelihood score) method and update allelic frequencies option
were computed for this analysis. Medium length of run and high likelihood precision
were used to maximize the accuracy of assignments. Unlike FAMOZ, COLONY
accounts for incomplete sampling by defining a priori the probability that the true parent
is present in the sample. If the total population size is known, then the probability can be
estimated from the proportion of putative parents sampled from the entire adult
population (Jones and Wang 2010, Harrison et al. 2013). In this case, probability was
considered as 0.60, as the proportion of candidate parents sampled was ~60 - 80%
(Nanninga, Saenz-Agudelo, and Berumen, personal communication). Finally,
genotyping error at each locus was also taken into account (maximum error rate of 3.15%
for locus Cbic07 and Cbic04).
It has been shown that both programs can identify parent-offspring pairs with over
90% accuracy regardless of the proportion of the population sampled or the presence of
genotyping error. However, the full-likelihood algorithm implemented in COLONY is
considered to be the strongest method for paternity analysis (Harrison et al. 2013).
Furthermore, the pairwise-likelihood method has also been proven to be more susceptible
to type I errors (false assignments). These errors can lead to misinterpretation of the
results, not reflecting the true ecological processes that are occurring in the field
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(Harrison et al. 2013). Based on the aforesaid, running parentage analysis in both
platforms was considered to be the best approach to maximize reliability of the results.
2.6 Sibship analyses
Sibship relationships were examined using two different approaches: sibship
reconstruction and relatedness analysis. According to Hedgecock (2010), determining
sibling groups can be very useful to identify dispersal and connectivity patterns. Sibship
analysis can shed light on whether siblings disperse together, and infer the range of
dispersal distances of a population (Schunter et al. 2014). Full-siblings groups were first
detected by COLONY (Jones and Wang 2010). This software uses a group-wise method
to find the most likely configuration of full-sibs (individuals that share both parents) and
half-sibs (individuals that only share one parent) in the population sampled. Advantages
of COLONY are the use of locus-specific error rates and the estimation of parentoffspring specific probabilities (Wang 2004, Wang and Santure 2009). Full-sib families
and sibship assignments were thus inferred with high confidence. For more details of the
parameters used in this analysis see section 2.5 (Parentage analysis).
Sibship information can also be useful to determine dispersal potential (Schunter
et al. 2014). Fish larvae possess different mechanisms that allow them to stay together
during their dispersal phase, resulting in a homogenous larval recruitment (Bernardi et al.
2012). Assuming that all individuals have the same dispersal probability, it is then
expected to find full-sib pairs within the same sites. Geographical distances between
individuals of each sibling pair were estimated using the sampling coordinates, so that,
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distance between individuals that are settling together is shorter than individuals settling
far away from each other.
The second approach calculated the pairwise relatedness coefficients r (Queller
and Goodnight 1989) via KINGROUP v.2.0 (Konovalov et al. 2004). This coefficient
measures the genetic similarity due to recent shared ancestry given by known pedigree
relationships. This measure is in turn closely related to the coefficient of coancestry (θ =
r /2), which is defined as the probability that two alleles from two individuals (dyad) are
identical by descent (Konovalov and Heg 2008). The coefficient of relatedness (r = 2θ)
can then be interpreted as the expected fraction of alleles that are shared because of a
common ancestor (Konovalov and Heg 2008), and can range from −1 to +1, with positive
(negative) indicating that two individuals have a high (low) probability of being related.
On average, r= 0.50 is expected for full-siblings, r= 0.25 for half-siblings, and r= 0 is
expected for individuals that are unrelated (Queller and Goodnight 1989, Horne et al.
2013).
Knowing the above, three hypotheses were tested for relatedness: (1) the mean
relatedness coefficient of individuals within sites is greater than 0 (meaning that on
average, there are more closely related individuals within reefs than expected by chance),
(2) the pairwise relatedness of individuals within sites is greater than among sites, and (3)
pairwise relatedness varies as a function of size (recruits of similar size are more related
than individuals of different sizes). Presence of full-siblings within sites and size
categories (higher mean relatedness) will provide strong evidence that individuals could
be recruiting together (Bernardi et al. 2012).
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A one-sample t-test was used to investigate whether the mean relatedness of
individuals within groups is greater than zero. Comparisons within and among sites were
made in Genalex v.6.5 using 9,999 permutations and maximum likelihood. Upper (U)
and lower (L) confidence limits determined the 95% confidence intervals for the null
hypothesis of ‘no differences’ across categories. The same analysis was done but with
size categories to test the third hypothesis. Three size categories were established every
centimeter. Lastly, a proportion test was done to assess differences between individuals
of similar size and different size category.
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RESULTS
3.1 Summary statistics
A total of 710 fish were finclipped between 2 and 35 m depth (Table 3).
Juveniles (n= 447) ranged from 2.4 to 5.0 cm (mean TL= 3.51 cm ± 0.73SE) whereas
adult (n= 263) size ranged from 5.1 to 10.4 cm (mean TL= 6.58 cm ± 1.10SE). Of the
263 adults, 178 were mature females (mean TL= 5.95 cm ± 0.57SE) and 85 were males
(mean TL= 7.91 cm ± 0.72SE). Most of the tissue samples came from Tuare Island
(65%) and Kimbe Island (18%), followed by 62 samples from Garua island group and 57
samples from South Bay Reef (Table 2). All samples were genotyped at 28 microsatellite
loci, however analyses were completed with only 681 individuals (Garua, n= 53; Cape
Heusner, n= 506 and Kimbe Island, n= 122).
3.2 Characterization of microsatellite markers
Of the 28 loci tested, only 23 amplified in all samples and yielded clear fragment
peaks that could be reliably scored (Table 4). Five loci were excluded because of
difficulties during genotyping. The allelic diversity ranged from 4 to 39 alleles per locus
for any given site (mean allelic diversity 15.754 ± 0.928SE). Observed heterozygosity
(Ho) ranged from 0.412 to 0.962 (mean Ho 0.690 ± 0.017SE), while expected (He)
heterozygosity frequencies ranged from 0.437 to 0.913 (mean He 0.751 ± 0.015SE).
After corrections for multiple testing via False Discovery Rate estimation, a total of
eighteen loci deviated from Hardy-Weinberg equilibrium (HWE) for at least one site
(Table 5). However, only four loci showed deviations from HWE across sites.
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Based on the MicroChecker analysis (Bonferroni method), homozygote excess
was the most frequent cause of deviation. No large allele dropout was detected. Results
suggested the presence of null alleles for six loci, though consistent heterozygote deficits
were detected across populations only for five (Cbic18, Cbic45, Cbic49, Cbic50 and
Cbic72) and consequently were excluded from all subsequent analysis. All remaining
loci were considered statistically independent since no linkage disequilibrium (LD) was
observed between any locus pairs. Lastly, the markers showed a high degree of
polymorphism, ranging from 0.456 to 0.891 (mean PIC for the combined microsatellite
loci 0.727).
3.3 Population genetics
STRUCTURE analysis did not reveal any genetic structure across the sampling
sites. Maximum log-likelihood scores and Delta K values indicated K= 1 to be the most
likely number of populations (Fig 2). Results of AMOVA indicated that genetic variation
among sites was not significant (global FST= 0.000, p= 0.714). Furthermore, most of the
total molecular variance was observed within individuals (96%) and only 4% among
individuals within sites. Overall, these results suggest panmixia at the scale of this study.
Estimates of the effective population size of C. bicolor in the sampling sites were
not reliable according to Waples’ method (England et al. 2006, Waples 2006). The Ne
values did not reach an asymptote when using subsamples of increasing size (Fig. 3).
Though the Ne/N ratio could not be calculated, Ne estimates suggest a much bigger
population size, which could potentially indicate a high genetic variance.
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3.4 Parentage analysis
Overall, the level of self-recruitment for C. bicolor in Kimbe Bay, Papua New
Guinea, was low (less than 1% of recruits analyzed were assigned). Slightly different
results were obtained from the two approaches used in this analysis. Four assignments
were identified with FAMOZ and three in COLONY. However, only two assignments
were identically identified by both methods (Table 6). These individuals were assigned
to a single parent from Tuare Island (TI) and South Bay Reef (Cape Heusner; CH)
respectively. One individual recruited back to TI, the other one traveled approximately
10 km northwest from CH to settle also at TI. Both recruits were single parent
assignments.
3.5 Sibship analyses
Sibship reconstruction analysis in COLONY showed the occurrence of siblings
pairs among juveniles (Table 7). One hundred and seven individuals were assigned to
full-sib families, corresponding to 55 pairs and one triplet. From these, 38% (21 pairs)
were from Tuare Island whereas only 3.6% (2 pairs) from Kimbe Island, and 25% (14
pairs) corresponded to one sibling from each site. The remaining pairs were from
different reefs. Half of the sibling pairs (49%) were found to disperse less than 1 km
from each other, while 38% of the pairs were separated by at least 20 km. Individuals of
one pair were separated by 30 km (Fig. 4).
Individuals within sites were predicted to be more related than individuals among
sites, based on previous findings of high levels of self-recruitment in this geographic
area. However, mean relatedness both within and among sites was low. The mean
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coefficient of relatedness among individuals within sites was not significantly different
from zero (one-sample t test: d.f.= 3, t= -2.164, p= 0.06), indicating that on average,
recruiting individuals from the same place are not closely related. The probability that
two individuals within sites have an allele in common was not different from the
probability that two individuals from the entire study population share an allele. The
mean relatedness within sites ranged from -0.0667 to -0.0030 and among sites from 0.0166 to -0.0026. There was no clear pattern of mean relatedness at the sample
locations studied. Comparisons within and among sites did not reveal any significant
differences (Fig. 5 and Fig. 6).
High relatedness among individuals with similar size was also expected, under the
assumption that groups of siblings could be recruiting together. However, no differences
in the mean relatedness among size categories were found (Fig. 7). This possibly
suggests that recruits are not traveling together, but recruiting in different places. On the
other hand, from the assignments made by COLONY, 12% (7 out of 55 pairs) of the
siblings were of similar size. Eight individuals of the same pairs were between 2.5 and
3.0 cm. One and two pairs also belong to the same size category (3.1 – 4.0 cm and 4.1 –
5.0 cm) respectively (Table 7). Still, proportions of siblings of similar and different size
were not significantly different (p value= 0.84).
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DISCUSSION
This study provided insightful data about the relative importance of life history
traits and geographic settings as determinants of self-recruitment in coral reef fish
populations. Low self-recruitment levels (less than 1%) were found for C. bicolor in
Kimbe Bay. These findings are contrary to those expected from Berumen et al. (2012)
and suggest a greater complexity on the mechanisms of larval dispersal. Self-recruitment
and connectivity levels were shown to vary between two species with different life
history traits (Chaetodon vagabundus, pelagic spawner, PLD= 38 days; Amphiprion
percula, benthic brooder, PLD= 12 days). While both species exhibited relatively high
levels of self-recruitment, C. vagabundus produced lower levels of relative local
production than A. percula. This difference was mainly attributed to the fact that
anemonefish spawn benthic eggs that hatch as larvae in less than two weeks, while larvae
of the vagabond butterflyfish larvae spend up to seven weeks in pelagic habitats before
settling onto reefs. Based on this, similar patterns were then expected for C. bicolor, as it
exhibit similar life history characteristics as C. vagabundus (Table 2). The results of this
study revealed instead, high levels of larval exchange between other reefs, suggesting a
large dispersal scale.
On the other hand, analysis of 2011 (Almany et al. unpblished data) showed selfrecruitment levels of 0% for C. vagabundus in Kimbe Island, showing somehow
congruence with the results obtained in this study. As species with longer PLD spend
significantly more time in the water column, self-recruitment trends might be much more
variable than in species with shorter PLD. Therefore, larval dispersal and population
connectivity cannot be generalized across species. Although similar self-recruitment
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levels as Chaetodon vagabundus were expected for C. bicolor, results demonstrated that,
even in the same geographic area, not every species falls into the two dispersal patterns
previously identified (Berumen et al. 2012). Understanding the causes of differences in
these patterns is challenging, however, because most of the studies have been conducted
using anemonefish as model organism. Self-recruitment levels ranging from 0 to up to
65% have been reported for different anemonefish species from the genus Amphiprion
(Table 1). This is only one indication of how variable dispersal patterns can be even for
species from the same genus and with similar life history traits (e.g. habitat preference,
reproduction mode, PLD).
The C. bicolor study population was found to be genetically homogenous as no
structure was observed. High connectivity was also reflected in the sibling pairs
identified. Recruits were observed to be dispersing over 30 km from each other inside
the bay. Although the origin of sibling pairs cannot be known, sibship approaches
facilitate estimates on dispersal distance (Schunter et al. 2014). Moreover, analysis of
genetic relatedness of cohorts of settling recruits can provide important spatial, temporal
and mechanistic insight into patterns of larval dispersal (Bernardi et al. 2012). Fish
larvae have sensory and behavioral mechanisms that enable them to remain very close to
each other throughout their planktonic dispersal phase (Dixon et al. 2008, Bernardi et al.
2012). This is consistent with findings from other studies that showed siblings recruiting
together (Bernardi et al. 2012, Madduppa and Kochzius 2014). In this case, however,
relatedness analysis revealed that individuals within and among sites were not closely
related, indicating a high influx of recruits from other reefs. No genetic relationship was
found in individuals of similar body size either, indicating that kin groups are not
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recruiting together but settling in different places. Buston et al. (2009) identified size as
a cue to recognize kin. Individuals can assess their own size and the size of others
(phenotype matching) to recognize other individuals they were reared, dispersed and
recruited with as kin. Nonetheless, this does not seem to be the case here, as no
differences between the proportion of siblings pairs of similar and different size were
observed.
Furthermore, the effective population size (Ne) could not be estimated, suggesting
that the actual population size could be much bigger. A big population size translates
into an enormous production of larvae that is dispersing across the entire bay. Low
number of parent-offspring assignments could be because the actual geographic extent of
the population is very large (because of dispersal). In turn, these findings suggest that
within this sampling scheme, self-recruitment does not seem to be important for Kimbe
Bay’s population system. The extent of how far larvae travel still remains to be
addressed for this species, and to do so more data is needed.
Other factors could also be influencing larval dispersal in Kimbe Bay.
Oceanography plays an important role in larval dispersal, yet is still not very well
understood. No fine-scale hydrodynamic model of Kimbe Bay currently exists, but it is
known that the presence of eddies originated from the South Equatorial Current and New
Guinea Coastal Current characterize the hydrodynamic regime of the bay (Steinberg et al.
2006). Nanninga et al. (in press) used a biophysical dispersal model to better
comprehend the larval trajectories of an anemonefish in the central Red Sea. The authors
used the Connectivity Modeling System (CMS; Paris et al. 2013), a multi-scale
probabilistic model that integrates physical forcing within a stochastic Lagrangian
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framework to incorporate biological attributes. Individual traits (e.g. PLD, vertical
migration patterns), and oceanic phenomena (e.g. advection, dispersion, retention) are
important for a mechanistic understanding of dispersion and migration processes in the
ocean. Future work will have to incorporate this type of models to better assess larval
dispersal patterns of C. bicolor and other species also studied in Kimbe Bay.
Additionally, having data of other species in the same year (2013) is necessary to
compare the results obtained in this study. An important step in this field of study is then
to collect empirical data from different species and seascapes, and ultimately get a better
understanding of the patterns and predictors of larval dispersal. This will aid to improve
the design and implementation of MPAs to maintain connectivity and metapopulation
persistence.
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CONCLUSION
In this study, fine-scale patterns of larval dispersal for C. bicolor were inferred by
using two genetic techniques for determining kin relationships: parentage and sibship
reconstruction analyses. Parentage analysis has been widely used to understand larval
dispersal patterns (Table 1) by providing direct estimates of both dispersal distance and
directionality. However, for the successful application of this method, sampling a large
proportion of the adult population is required to achieve sufficient accuracy of parentoffspring assignments. For many species, however, especially those that are of
conservation concern, this is not realistic either because of their life history or geographic
range. In such circumstances, sibship reconstruction can be a useful and more easily
applied tool to elucidate dispersal patterns and structure in marine organisms, since only
one generation needs to be sampled. Identification of siblings recruiting in different sites
can provide information on the dispersal potential of a species, as full siblings begin
dispersal from the same natal reef. Therefore, the information provided by both methods
is complementary and provides a better understanding of dispersal dynamics and
population connectivity (Schunter et al. 2014).
Until now, only mitochondrial (mtDNA) control region (D-loop) has been used to
determine genetic diversity of other angelfishes of the genus Centropyge in the IndoPacific (Hobbs et al. 2013, Gaither et al. 2014). But now, with the newly developed
microsatellite markers for this species fine scale genetics and recruit assignments can be
investigated for C. bicolor. This will be essential to better understand the effectiveness of
the Kimbe Bay Marine Network in terms of larval dispersal and self-recruitment.
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Several studies measuring larval dispersal in different species and locations have
repeatedly found high self-recruitment levels, of up to 65% (Berumen et al. 2012). This
has led to the assumption that marine populations depend more on local replenishment
than historically believed. However, this study shows that populations of C. bicolor
persists almost completely through replenishment from external sources, as parentage
analysis revealed that self-recruitment for this species in Kimbe Bay is lower than 1%.
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APPENDICES
Table 1. Summary statistics of previous studies estimating self-recruitment in marine fish using parentage analysis. Pelagic larval durations (PLD); study sites: BS=
Bahamas, GBR= Great Barrier Reef, HI= Hawai’I, ID= Indonesia, MBR= Mesoamerican Barrier Reef, MS= Mediterranean Sea, PNG= Papua New Guinea, PYF=
2
French Polynesia, RS= Red Sea, SI= Solomon Islands; study scale: area of self-recruitment estimates (km ); number of markers; sample size; estimated percent of
self-recruitment (%SR) inside the study area and parentage method used in the study. * SNPs, ** parent-offspring pairs identified

Species

Family

PLD
(days)

Location
PNG
PNG
PNG
BS
HI
PNG
PYF
PNG
PNG

Amphiprion polymnus
Amphiprion percula
Amphiprion polymnus
Stegastes partitus
Zebrasoma flavescens
Amphiprion polymnus
Amphiprion chrysopterus
Amphiprion percula
Amphiprion percula
Chaetodon vagabundus
Lutjanus carponotatus
Plectropomus maculatus
Amphiprion polymnus
Plectropomus areolatus
Elacatinus lori
Amphiprion ocellaris
Amphiprion perideraion
Stegastes partitus
Tripterygion delaisi

Amphiprionidae
Amphiprionidae
Amphiprionidae
Pomacentridae
Acanthuridae
Amphiprionidae
Amphiprionidae
Amphiprionidae
Amphiprionidae
Chaetodontidae
Lutjanidae
Serranidae
Amphiprionidae
Serranidae
Gobiidae
Amphiprionidae
Amphiprionidae
Pomacentridae
Trypterygiidae

≈11
10-13
≈11
24-40
9-12
≈11
≈11
10-13
10-13
29-48
≈25
≈26
≈11
19-31
≈21
8-12
≈18
24-40
≈18

Bolbometapon muricatum

Scaridae

24-31

SI

Amphiprion bicinctus

Amphiprionidae

≈11

RS

Scale
(km2)
1.0
0.8

17
1.0
0.8

GBR

2.0

PNG
PNG
MBR
ID

5.0
0.25

BS
MS

2

0.7

#
loci

Sample
size

11
16
11
7
15
18
11
16
16
15
13
11
18
23
14
7
5
10
178*

158
975
458
751
1073
942
378
975
978
533
1628
959
2806
1198
619
364
105
3278
1573

28

3924

30

659

%SR

Parentage
method

Reference

16-32
FAMOZ
Jones et al. 2005
42
FAMOZ
Planes et al. 2009
0
FAMOZ
Saenz-Agudelo et al. 2009
42
BAYESIAN Christie et al. 2010a
4**
BAYESIAN Christie et al. 2010b
18
FAMOZ
Saenz-Agudelo et al. 2011
27**
FAMOZ
Beldade et al. 2012
106**
FAMOZ
Buston et al. 2012
64
FAMOZ
Berumen et al. 2012
40
19
FAMOZ
Harrison et al. 2012b
7
18-22.5
FAMOZ
Saenz-Agudelo et al. 2012
17-25
FAMOZ
Almany et al. 2013
4.6
CERVUS D’Aloia et al. 2013
47-65
FAMOZ
Madduppa et al. 2014
47
8**
BAYESIAN Pusack et al. 2014
6.5
CERVUS/ Schunter et al. 2014
COLONY
47.3
FAMOZ/
Lozano-Cortes et al. in
COLONY prep
0-1
FAMOZ
Nanninga et al. in prep
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Table 2. Predictions for self-recruitment and connectivity patterns of Centropyge bicolor in Kime Bay, Papua New
Guinea. Type of spawning, pelagic larval duration (PLD), mating system, maximum size (cm), site fidelity, depth range
(m), self-recruitment and connectivity are also shown for two reef fish species with contrasting life history traits.

Trait
Spawning
PLD (days)
Mating system
Maximum size (TL cm)
Site fidelity
Depth range (m)
Self-recruitment
Connectivity

Amphiprion percula
(orange clownfish)
benthic
10-13
Female-dominated harem
11
High site fidelity
1-15
High
Low

Chaetodon vagabundus
(vagabond butterflyfish)
pelagic
29-48
Monogamous pairs
23
Large home range
5-30
High
High

Centropyge bicolor
(bicolor angelfish)
pelagic
29-34
Male-dominated harem
15
Large home range
1-45
High
High

Figure 1. Sampling sites in Kimbe Bay, Papua New Guinea. Refer to Table 3 for more details about the sites.
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Table 3. Sampling regime for Centropyge bicolor with location, original site names, depth range (m), total number of
samples and number of juveniles and adults collected in Kimbe Bay, Papua New Guinea.

Location

Site name

Garua Inglis Shoals
Joelle’s Reef
Kirsty Janes
South Emma Reef
Grand Total Garua
Cape Heusner Kapepa
South Bay Reef
Tuare Island:
Tuare
Tuare E
Tuare ENE
Tuare NE
Tuare NW
Tuare SE
Tuare South slope
Tuare SSE
Tuare West (lagoon)
Grand Total Cape Heusner
Kimbe Island Kimbe bommie
Kimbe Island lagoon A
Kimbe Island lagoon C
Kimbe Island lagoon D
Kimbe Island lagoon E
Grand Total Kimbe Island

Depth
(m)
17
19-27
5-20
8-19
2-12
6-18
7-20
5-9
15
4-10
4-26
8-9
27
7-8
9-18
35
18
8-21
13-23
10-11

Sample
size
11
15
4
32
62
3
57

Juveniles

Adults

Females

Males

3
6
2
18
29
2
32

8
9
2
14
33
1
25

5
7
2
11
25
1
17

3
2
0
3
8
0
8

138
27
8
38
26
21
10
10
183
521
12
2
59
52
2
127

91
22
4
23
25
12
6
5
131
353
1
1
35
27
1
65

47
5
4
15
1
9
4
5
52
168
11
1
24
25
1
62

29
0
2
13
1
7
4
2
34
110
6
0
19
17
1
43

18
5
2
2
0
2
0
3
18
58
5
1
5
8
0
19
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Table 4. Primer multiplex mixes for 23 microsatellite loci for the angelfish Centropyge bicolor.

Multiplex
Mix
Mix01

Mix02

Mix03

Mix04

Label

Primer sequence F and R (5’ – 3’)

Cbic31

Repeat
motif
(AC)13

6-FAM

Cbic43

(AC)12

PET

Cbic23

(AC)13

NED

Cbic49

(AGAT)16

PET

Cbic77

(ACTC)10

6-FAM

Cbic07

(AC)12

PET

Cbic18

(AC)12

VIC

Cbic04

(AC)12

6-FAM

Cbic12

(AC)12

PET

Cbic20

(AC)20

NED

Cbic02

(AC)14

VIC

Cbic68

(ATCC)8

NED

Cbic38

(AC)19

6-FAM

Cbic41

(AC)12

VIC

Cbic39

(AC)12

6-FAM

Cbic60

(ACAG)12

NED

Cbic19

(AG)12

VIC

Cbic44

(AC)12

6-FAM

Cbic45

(AG)12

VIC

Cbic01

(AC)12

VIC

Cbic17

(AC)15

NED

Cbic72

(AATG)9

VIC

Cbic50

(AGAT)16

6-FAM

F: CTCATTTCCGATCTGCCTTCTC
R: TGTGGAGTTTCTAGGCCTACAG
F: CGAACACTTTAGGCTGGAGAAC
R: TGACCTGTAACTACCTCTGCTG
F: TCAAGACGCAAAGTTCAGTCAG
R: TTCCAAACTCTGCATGATGTCC
F: ACTTTCTCCCTTCTTCTGGTCC
R: TGTCCTTACCCTTCACTCTTCG
F: TGTTGACTGAATGACTGATCGC
R: GCGTCTCCAGCGTAAAGATATG
F: CGTAGTATAGAGGGATGCTGGG
R: CGTCTGCCAGGTTACACTAAAC
F: CCAGGCTGAGTTGGAAATCTTC
R: TGTGTAAACTCAATCCTGCGTG
F: TGAGTCTGAATCATCCAGGGAC
R: GAAGAGGGAAAGAGGCAATGTG
F: CTCATATGTGCTGCTATGCTGG
R: GGCAGTGAAGTGATGAAGACTG
F: CGTAGTATGAAAGACGTGAGGAAG
R: GTTGAATCCCAGAGCAGCTTAC
F: CGTAGTATGAGTCAGCAACAGG
R: TTTGTGTTGGTCTTTAAGGGCC
F: CTTTCTTTCCTTCCCATCACCG
R: ACTGGAGGGTTAAGTAAGGGTG
F: GGCTGAGACAATTCAAAGAGGG
R: AGTTGCTTACAGGGCCTCTC
F: AACCGCTCACATCATCAAGTTC
R: AGTTGTCAGGTCAGATCAGAGG
F: ACCAACTGAATGAAATCTGGGC
R: ATCTGAACTTTGTCGTCCATGC
F: CAGTTTACCACCTGTAGCACAC
R: TAAATGCCTACGTGTGCAAGAG
F: TAATGTGTAAACCAGGCAGTGC
R: AGAGGAGAGAAGCTGATCAACC
F: CGAACACTTTAGGCTGGAGAAC
R: CTTTGACATGCCAGCACATTTG
F: AGCCCTAACCTCCCATAAAGTC
R: GGAGTTGAAATGGTCGCTGTAG
F: AGAGGAAGGTCATACTGTGCTC
R: TGTGAGAGGGATGCTACTTCTG
F: TTTAGCCTCCTCAGACAGACG
R: CTCAAACCCACCTTCATCGATG
F: GTCCGCTCATATGTTCACGATC
R: TGTAGAGCAGCACATTGATTCG
F: TCAGTCGTTCCACAGAGTATCG
R: CAGCCTGTATGTGTTTGTCCTC

Locus

Size range
(bp)
104-118
110-188
127-193
206-250
271-315
374-438
372-426
130-212
138-192
141-205
178-196
221-253
226-290
272-298
180-216
168-218
230-250
268-294
356-382
140-202
186-208
245-295
208-240
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Table 5. Total of samples amplified (N), total number of alleles (Na), observed (Ho) and expected (He) heterozygosities, Hardy-Weinberg equilibrium (pHWE)
significance value at p < 0.05 after FDR correction and polymorphic information content (PIC) for 23 microsatellite loci tested on Centropyge bicolor from 3 sites
in Kimbe Bay, Papua New Guinea. Significant p values after FDR correction (α = 0.05) are shown in italic. aLocus may have null alleles.

Locus
Cbic01
Cbic02
Cbic04
Cbic07
Cbic12
Cbic17
Cbic18a
Cbic19
Cbic20
Cbic23
Cbic31
Cbic38
Cbic39
Cbic41
Cbic43
Cbic44
Cbic45a
Cbic49a
Cbic50a
Cbic60
Cbic68
Cbic72a
Cbic77

Garua (n= 53)
N
Na
Ho
53
25 0.962
52
6
0.635
53
25 0.849
52
14 0.750
53
16 0.887
53
10 0.623
53
11 0.736
53
7
0.509
53
10 0.585
37
15 0.757
53
4
0.642
53
18 0.868
52
11 0.885
53
9
0.792
53
22 0.830
52
9
0.827
51
13 0.412
53
8
0.604
46
7
0.543
53
12 0.642
52
12 0.712
51
16 0.686
52
13 0.827

He pHWE
0.913 0.039
0.537 0.048
0.870 0.028
0.814 0.020
0.842 0.046
0.635 0.030
0.753 0.017
0.485 0.035
0.611 0.022
0.748 0.026
0.555 0.050
0.888 0.024
0.852 0.037
0.768 0.041
0.860 0.015
0.773 0.043
0.843 0.002
0.695 0.007
0.672 0.011
0.740 0.013
0.790 0.009
0.878 0.004
0.837 0.033

Cape Heusner (n= 506)
N
Na
Ho
He
504
31
0.859 0.888
505
8
0.457 0.525
506
39
0.798 0.867
503
29
0.690 0.805
505
22
0.762 0.838
504
10
0.627 0.635
505
18
0.648 0.750
505
11
0.475 0.499
500
20
0.606 0.618
386
26
0.630 0.735
505
8
0.558 0.530
506
27
0.879 0.899
501
17
0.824 0.855
505
14
0.784 0.789
506
32
0.844 0.865
503
14
0.787 0.792
476
14
0.452 0.853
500
10
0.482 0.628
404
14
0.512 0.708
501
16
0.687 0.710
506
15
0.715 0.769
478
25
0.663 0.869
503
23
0.839 0.865

pHWE
0.030
0.002
0.026
0.004
0.007
0.046
0.009
0.011
0.039
0.013
0.050
0.035
0.043
0.048
0.033
0.024
0.015
0.017
0.020
0.028
0.041
0.022
0.037

Kimbe Island (n= 122)
N
Na
Ho
He pHWE
121
28
0.810 0.888 0.017
122
5
0.451 0.521 0.022
120
32
0.817 0.862 0.020
122
22
0.697 0.797 0.002
121
17
0.810 0.829 0.030
122
10
0.648 0.641 0.035
122
14
0.631 0.735 0.028
122
6
0.434 0.437 0.048
118
15
0.644 0.623 0.050
109
21
0.679 0.722 0.004
122
5
0.557 0.548 0.046
122
21
0.836 0.899 0.015
122
13
0.754 0.850 0.026
122
12
0.779 0.814 0.041
122
28
0.836 0.858 0.033
122
10
0.738 0.755 0.043
118
14
0.483 0.870 0.007
122
7
0.434 0.633 0.009
89
11
0.461 0.670 0.013
122
11
0.689 0.709 0.039
122
10
0.754 0.775 0.024
117
20
0.701 0.881 0.011
122
19
0.844 0.875 0.037

PIC
0.884
0.487
0.860
0.784
0.824
0.602
0.721
0.456
0.583
0.719
0.465
0.891
0.840
0.770
0.853
0.760
0.842
0.598
0.655
0.679
0.738
0.862
0.854
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(a)

(b)

Figure 2. Optimal number of data clusters (K= 1) as determined in STRUCTURE Harvester: (a) the mean of
logarithm of the probability of data for different K (1 to 10) and (b) second order derivative (Delta K,
Evanno’s method).
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Figure 3. Effective population size (Ne; NeESTIMATOR) with subsamples of increasing size for the
bicolor population of Kimbe Bay, Papua New Guinea (Linkage Disequilibrium method, p= 0.01).

C.

Table 6. Parent-offspring relationships. Sample location (CH= Cape Heusner, KI= Kimbe Island); size (cm) and sex (M= male,
F= female) are given for each parent and offspring. (*) indicate assignments made by COLONY. Italic values show parentoffspring pairs determined in common by COLONY and FAMOZ.

Offspring
ID
TWJ2283*
TJ2191*
TJ2163*
TJ209
SBRJ124

Destination
reef
Tuare West
Tuare
Tuare
Tuare
South Bay Reef

Size
(cm)
(CH)
(CH)
(CH)
(CH)
(CH)

2.8
2.7
3.3
3.6
4.9

Parent
ID
SBRA126*
TWA396*
KICA030*
TNEA266
TWA357

Origin
reef
South Bay Reef
Tuare West (lagoon)
Kimbe Island (lagoon C)
Tuare NE
Tuare West (lagoon)

(CH)
(CH)
(CH)
(CH)
(CH)

Size
(cm)

Sex

6.2
8.6
6.1
6.5
5.2

F
M
F
F
F

60

30

25

Frequency

20

15

10

5

0
1

5

10

15
20
Distance (km)

25

30

Figure 4. Geographical distance of dispersal between full sibling pairs.
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Figure 5. Mean relatedness comparison within South Emma Reef (n=16), South Bay Reef (n= 30), Tuare
Island (n=307) and Kimbe Island (n=60).
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Figure 6. Mean relatedness comparison among Garua island group (n=26), Cape Heusner island group (n=
340) and Kimbe Island (n=60).
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Figure 7. Mean relatedness comparisons for 3 different size categories (1-3) in (a) Tuare Island and (b)
Kimbe Island. Each size category differs from the next one in 1 cm.
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Table 7. List of putative full-sibs of C. bicolor sampled recruits as determined by COLONY. Reef, depth (m)
and size (cm) are given for each individual for all sibling pairs.

Sibling 1
Reef
Depth (m)
*
Tuare W (lagoon)
9
KI (between C/D)
21
KI (between C/D)
13
KI (between C/D)
13
KI (between C/D)
11
KI (between C/D)
11
KI (between C/D)
9
KI (between C/D)
9
KI (between C/D)
13
South Bay Reef
11
South Bay Reef
18
South Bay Reef
14
Joelle’s Reef
27
Tuare
19
Tuare
13
Tuare
13
Tuare
7
Tuare NW
4
Tuare ENE
15
Tuare ENE
15
Tuare ENE
15
Tuare E
6
Tuare SSE
7
Tuare W (lagoon)
15
Tuare W (lagoon)
9
Tuare W (lagoon)
9
Tuare W (lagoon)
13
Tuare W (lagoon)
13
Tuare W (lagoon)
9
Tuare W (lagoon)
9
Tuare W (lagoon)
9
Tuare W (lagoon)
9
*

Size (cm)
3.9
4.7
4.5
4.6
4.4
4.8
4.3
4.1
5.0
3.9
4.0
4.4
4.3
3.6
4.2
4.4
4.4
3.2
3.2
3.2
4.1
4.2
4.8
3.9
4.4
4.5
3.5
3.4
4.7
3.4
4.8
3.2

Sibling 2
Reef
Depth (m)
+
Tuare W (lagoon)
13
Tuare E
7
Tuare W (lagoon)
13
Tuare E
8
Tuare NE
7
Tuare
20
Inglis Shoals
17
KI (between C/D)
13
KI (lagoon D)
23
Tuare W (lagoon)
12
Tuare
8
Tuare W (lagoon)
13
Tuare E
5
KI (lagoon D)
18
Tuare NE
7
KI (lagoon D)
22
KI (lagoon D)
16
Tuare NE
4
Tuare
8
Tuare W (lagoon)
13
Tuare SE
8
Kapepa
12
Tuare E
9
Tuare W (lagoon)
13
Tuare W (lagoon)
9
South Emma Reef
9
Tuare
8
KI (lagoon D)
17
Tuare W (lagoon)
9
Tuare NE
5
Inglis Shoals
17
South Emma Reef
12

also related with Sibling 3, Reef= Tuare W (lagoon), Depth= 9 m, Size= 4.2 cm

Size (cm)
2.9
2.8
2.9
5.0
3.2
3.7
4.0
2.8
2.8
3.3
3.1
3.0
2.7
3.1
4.7
2.6
2.4
5.0
3.0
2.7
2.5
5.0
2.6
3.0
4.7
4.0
3.1
2.8
4.3
3.0
4.9
3.0
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Table 7. Continued.

Sibling 1
Reef
Depth (m)
Tuare W (lagoon)
9
Tuare W (lagoon)
15
South Emma Reef
19
KI (between C/D)
16
KI (lagoon D)
18
KI (lagoon D)
20
KI (lagoon D)
20
KI (lagoon D)
21
South Bay Reef
11
South Bay Reef
6
South Bay Reef
9
Tuare
8
Tuare
8
Tuare
8
Tuare
8
Tuare NW
10
Tuare NE
6
Tuare E
5
Tuare W (lagoon)
13
Tuare W (lagoon)
13
Tuare W (lagoon)
9

Size (cm)
4.0
2.8
4.8
3.4
3.1
2.5
2.7
2.6
2.6
3.4
2.6
3.0
3.3
2.7
3.1
3.0
3.0
3.1
2.8
2.9
2.9

Sibling 2
Reef
Depth (m)
KI (lagoon D)
18
Tuare NE
7
Tuare NW
10
Tuare
8
Tuare W (lagoon)
9
South Bay Reef
6
Tuare
8
Tuare W (lagoon)
9
South Bay Reef
7
Tuare
8
Tuare
8
Tuare E
5
Kirsty Janes
5
Tuare NW
15
Tuare W (lagoon)
13
Tuare W (lagoon)
9
Tuare W (lagoon)
9
Tuare SE
8
South Emma Reef
10
Tuare W (lagoon)
12
Tuare W (lagoon)
12

Size (cm)
2.5
2.9
3.1
2.7
2.9
2.8
3.1
2.8
2.9
3.5
3.1
2.6
3.1
3.5
2.7
2.6
2.9
2.8
3.0
3.5
3.5

