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Abstract
Polymorphic microsatellite DNA parentage analysis was used to  investigate the spatio-temporal variability o f self­
recruitment in populations o f tw o anemonefishes: Amphiprion ocellaris and A. perideraion. Tissue samples o f A. ocellaris 
{n = 364) and A. perideraion (n= 105) were collected from  fringing reefs around tw o small islands (Barrang Lompo and 
Samalona) in Spermonde Archipelago, Indonesia. Specimens were genotyped based on seven microsatellite loci for A. 
ocellaris and five microsatellite loci for A. perideraion, and parentage assignment as well as site fide lity were calculated. Both 
species showed high levels o f self-recruitment: 65.2% o f juvenile A. ocellaris in Samalona were the progeny o f parents from 
the same island, while on Barrang Lompo 47.4% o f A. ocellaris and 46.9% o f A. perideraion juveniles had parents from  that 
island. Self-recruitment o f A. ocellaris in Barrang Lompo varied from  44% to  52% between the tw o sampling periods. The site 
fide lity o f A. ocellaris juveniles that returned to the ir reef site in Barang Lompo was up to  44%, while for A. perideraion up to 
19%. In Samalona, the percentage o f juveniles that returned to the ir natal reef site ranged from  8% to  11%. Exchange o f 
progeny between the tw o study islands, located 7.5 km apart, was also detected via parentage assignments. The larger 
Samalona adult population o f A. ocellaris was identified as the parents o f 21% o f Barrang Lompo juveniles, while the smaller 
adult population on Barrang Lompo were the parents o f only 4% o f Samalona juveniles. High self-recruitment and 
recruitment to  nearby island reefs have im portant implications for management and conservation o f anemonefishes. Small 
MPAs, preferably on every island/reef, should ensure that a part o f the population is protected to enable replenishment by 
the highly localised recruitment behaviour observed in these species.
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Introduction

Self-recruitm ent is defined as the p roportion  o f larvae re tu rn ing  
to an d  settling in their natal population, w hereas population 
connectivity is the linking o f distinct populations by individual 
dispersal o r m igration [1]. T hese two aspects are fundam ental for 
the m anagem ent and  conservation o f living m arine resources [2], 
m anagem ent o f highly harvested species [3], understand ing  the 
population  dynam ics o f m arine organism s [4], an d  im proving the 
design of m arine reserves [5]. Sufficient self-recruitm ent and  
connectivity am ong populations in  m arine reserves are believed to 
p revent local extinction th a t m ight otherwise occur as a  result o f 
anthropogenic disturbances such as fishing pressure [6]. However, 
directly m easuring the degree of self-recruitm ent and  connectivity 
in populations o f  m arine  organism s is challenging due to the large 
num ber an d  small size o f the propagules, the tim e spent in the 
dispersive pelagic larval stages an d  the high m ortality. A lthough 
the pelagic larval duration  (PLD), w hich varies from  days to weeks 
in fish [7], affects dispersal capability [8], dispersal distances are 
also potentially influenced by oceanographic processes [9], 
geographic location and  flow variability o f ocean currents [10],

as well as larval behaviour, such as vertical positioning, swim m ing 
and  olfactory reef-sensing [11-14],

Genetic m arkers that can be  used for determ ining parentage 
and  relatedness offer an  indirect m ethod  for m easuring self- 
recruitm ent an d  connectivity, thus providing im portan t inform a­
tion on  population  dynamics. T hese m arkers are also widely used 
for addressing wildlife m anagem ent issues in a  variety o f organisms 
[15-19]. A com m only used genetic m arker are microsatellites, 
simple repetitive sequences located th roughout the eukaryote 
nuclear genom e [20], Because o f their high variability they are 
useful for fine-scale ecological studies, such as paren tage analysis 
[21]. Parentage analysis uses data  from  polym orphic m icrosatel­
lites for relationship reconstruction based on  the m axim um  
likelihood m ethod, w here juveniles are assigned to the m ost likely 
p a ren t from  a da ta  set o f potential parents [22]. This m ethod has 
been  proven a  powerful tool for investigating self-recruitm ent in 
m arine fishes [23-26], identifying connectivity am ong fish 
populations [27-28], an d  determ ining w hether larvae of m arine 
organism s rem ain  close to their origin over small scales (e.g., 
am ong groups within a population) [29].
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In  this study m icrosatellites are used to study self-recruitm ent in 
two species o f  anem onefish. Spatial patterns o f recru itm ent in 
anem onefishes are interesting in p a r t due to their unusual 
symbiosis w ith anem ones, social structure an d  breeding biology, 
b u t also critically im portan t due to the high level o f  exploitation o f 
these species an d  their host anem ones by the global o rnam ental 
fish trade [30]. Anem onefishes have two very different phases in 
their lifecycle: sedentary adults live in  close association w ith host 
anem ones, while larvae are  planktonic. M etam orphosing juveniles 
recruit to a  species-specific host anem one, usually jo in ing  a m ixed- 
age group o f conspecifics. W ith in  th a t group, the largest individual 
is the reproductive female, the second largest the reproductive 
m ale, while the rem aining individuals are non-reproductive 
subadults an d  juveniles [31] [32].

This study focuses on  two species o f anem onefish: Amphiprion 
ocellaris and  A. perideraion. W ith an  estim ated 145,000 individuals 
collected from  the wild during  1997-2002, A. ocellaris is the m ost 
frequendy traded  m arine o rnam ental fish in the global m arket 
[30]. T h e  research was conducted  in Sperm onde Archipelago 
(Indonesia), w here anem onefishes, especially A. ocellaris, are 
intensely collected an d  overexploitation is indicated [33]. A recent 
study showed lim ited connectivity o f A. ocellaris populations across 
Indonesia and  am ong shelf areas in Sperm onde Archipelago, 
predicting  high self-recruitm ent in the m id-shelf a rea  o f the 
archipelago [34], In  this study polym orphic m icro satellite DN A  
parentage analysis was used to investigate the degree o f self­
recruitm ent, site fidelity, and  genetic relatedness o f A. ocellaris and  
A. perideraion populations o f two small islands in Sperm onde 
Archipelago. U nderstand ing  the degree o f self-recruitm ent in these 
populations and  their connectivity to neighbouring populations 
could direcdy support the design and  im plem entation  o f effective 
M arine  Protected  A rea (MPA) networks, as well as the sustainable 
m anagem ent an d  conservation o f these species.

Materials and M ethods

S tu dy  Spec ies
Amphiprion ocellaris (false clown anem onefish) lives in symbiosis 

with three  anem one species (Heteractis magnifica, Stycodactyla gigantea, 
and  S. mertensii) and  has a  planktonic larval duration  (PLD) o f 8-12  
days [32]. It inhabits ou ter reef slopes or sheltered lagoons to a 
m axim al dep th  o f 15 m. Amphiprion perideraion (pink anemonefish) 
can be  associated w ith four different anem ones (H . magnifica, H. 
crispa, Mactodactyla doreenis, and  S. gigantea', [32]) and  has a  som ewhat 
longer PLD o f 18 days [7]. I t  typically inhabits lagoon and  
seaw ard reefs.

S tu dy  Areas
Sperm onde Archipelago (South Sulawesi, Indonesia) (Fig. 1) 

comprises abou t 150 islands [35] and  is situated a t the 
southwestern tip o f  Sulawesi in the centre o f m arine biodiversity, 
the so-called “ C oral T riang le” . This archipelago is affected by  the 
very strong Indonesian T hroughflow  (IT Ij current, which 
connects the Pacific O cean  w ith the Ind ian  O cean  [36]. This 
setting potentially enhances the dispersal o f m arine organism s in 
Sperm onde Archipelago, though  interactions betw een oceano­
graphic processes and  larval behaviour m ay enable larvae to stay 
close to their natal population  [37]. A bout 50,000 people live in 
Sperm onde A rchipelago an d  coral reef resources form  an 
im portan t p a rt o f their livelihoods. T herefore, these reefs are 
under th rea t from  a variety o f anthropogenic activities, including 
destructive fishing practices and  land-based pollution [38]. T he 
present study was conducted  a t two small islands, B arrang  Lom po 
and  Sam alona (Fig. 1), located  in the m id-shelf region of

Sperm onde Archipelago. B arrang  Lom po (5°02'52.07"S, 
119°19'45.25"E), located 13 km  west o f M akassar, is 19 h a  in 
size an d  inhabited  by abou t 5,000 people. Its fringing coral reefs 
have been im pacted by  dynam ite-fishing and  local sewage 
pollution [39]. Sam alona (5°07'30.48"S, 119°20'36.48"E), located 
5 km  west o f M akassar, is 2 h a  in size, and  inhabited  by abou t 80 
people. Sam alona has been  developed by local people for small- 
scale tourism  and  is therefore relatively pro tected  from  destructive 
fishing activities. How ever, S am alo n a 's reefs have been im pacted 
by anchor dam age an d  pollution from  M akassar [39]. O n  bo th  
study islands, the fringing reefs extend from  the shore to depths o f 
2 -1 0  m, w here the substrate changes to soft sediment. T h e  outer 
circum ferences o f the fringing reefs are 2.5 km  and  1.48 km  at 
B arrang  Lom po and  Sam alona, respectively.

Field S am p lin g  M e th o d s
In  o rder to com pletely sam ple the populations o f A. ocellaris and  

A. perideraion on B arrang  Lom po and  Sam alona, scuba divers 
systematically searched the entire a rea  o f the fringing reefs for host 
anem ones. T o  facilitate this process and  provide m ore inform ation 
on  location o f the anem onefishes, the reef in B arrang  Lom po was 
subdivided into five sites and  the reef in  Sam alona into four. At 
each site, all host anem ones were located and  associated 
anem onefishes identified and  counted. T o  obtain  tissue for genetic 
analysis o f the anem onefishes, two small aquarium  nets were used 
to carefully capture each individual fish and  a  small fin clip o f  the 
caudal fin was collected. T h e  length o f the fish was m easured and  
then  it was im m ediately released back to the host anem one. Fin- 
clipped individuals could be  readily identified, so resam pling was 
no t a  problem  an d  it was possible to visually ensure th a t all 
individuals associated w ith a  particular anem one w ere sampled. 
E ach tissue sample was p u t into a  separate tube and  all associated 
da ta  (fish species, size, date, location, and  anem one species) was 
recorded im m ediately. Tissue samples were preserved in 96% 
ethanol after the dive an d  stored a t 4°C in the laboratory  until 
D N A  extraction.

T h e  sex an d  reproductive status o f individuals w ithin each 
group on a  host anem one were determ ined by body size. T he 
largest fish was assum ed to be the reproductive female, the second 
largest the reproductive m ale, and  all others were assum ed to be 
non-breeding individuals [31] [40]. N on-breeding individuals will 
be referred to as “juveniles” henceforth.

A total o f 364 tissue samples o fT . ocellaris an d  105 tissue samples 
o f A. perideraion w ere collected a t the two islands (Table 1). In 
B arrang  L om po, 88 A. ocellaris individuals were sam pled from  17 
anem ones in O ctober 2008 and  M ay 2009. In  Sam alona, a  total o f 
276 individuals were sam pled from  83 anem ones in M ay 2009. 
For A. perideraion, 105 individuals were sam pled from  35 anem ones 
in B arrang  Lom po in M ay 2009.

Ethics S ta t e m e n t
Fin-clipping is a  non-destructive, m inim ally invasive and  the 

m ost com m only used m ethod  to obtain tissue from  living fishes in 
the wild (e.g. [24] [26] [28]) and  in aquaculture (e.g. [41]). W e 
took great care to m inim ise harm , an d  ensure survival by safely 
releasing the fishes back into their host anem ones. Tissue sam pling 
o f these anem onefishes was perm itted  w ithin the fram ew ork o f the 
G erm an-Indonesian  SPIC E project (Science for the Protection o f 
Indonesian  Coastal Ecosystems), in cooperation  with the H asa­
nuddin  University, M akassar, Indonesia.
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Figure 1. M ap o f  s tu d y  sites  (A): B arrang L om po an d  S am alona  in S p e rm o n d e  A rch ipelago , Indonesia. B arrang Lom po, d iv ided  in to  5 sam p le  sites. 
Sam alona , d iv ided  in to  4 sam p le  sites. N: N orth , E: East, W: W est, SW: S o u th w es t, an d  S: S o u th . Black a re as  on  m ap s  d e p ic t land an d  g rey  a re as  shallow  
coral reefs. (B) A g ro u p  o f A. ocellaris  (p h o to g rap h : H. M ad d u p p a); a n d  (C) a pair o f  A. peride ra ion  (p h o to g rap h : M. Kochzius) in th e ir  re sp ec tiv e  h o st 
a n em o n es .
doi:10 .13 7 1 /jo u rn a l.pone.0090648 .g001
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Table 1. Sample collection in Spermonde Archipelago, Indonesia.

Site Geographic coordinates

Length of 
reef No. o f  Anem one* A. ocellaris A. perideraion

surveyed
(m) Adults

Juveniles
(2008)

Juveniles
(2009)** A dults

Juveniles
(2009)

Barrang Lompo

West S 05° 02.541' E 119° 19.355' 763 3 3 7 8 6 16

Southwest S 05° 03.324' E 119° 19.276' 293 2(1) 2 2 6 25 36

North S 05° 02.507' E 119° 19.571' 677 8(2) 14 10 5 1 0

South S 05° 03.317' E 119° 19.490' 395 5 7 5 10 9 6

East S 05° 03.280' E 119° 19.836' 383 2 4 2 3 0 6

Total 30 26 32 41 64

Samalona

West S 05° 07.010' E 119° 20.006' 220 17 34 18

North S 05° 07.009' E 119° 20.007' 560 22 44 28

East S 05° 07.005' E 119° 20.009' 470 30 58 53

South S 05° 07.011' E 119° 20.009' 230 14 28 13

Total 164 112

*Parentheses: the  number of anem ones with a single resident anemonefish and thus excluded from the relatedness analysis. 
**juveniles collected in the 2009 at Barrang Lompo for A. ocellaris were limited to  size a maximum of 2 cm total length. 
doi:10.1371 /journal.pone.0090648.t001

DNA Extraction, Microsatell ite  Amplification a n d  Allele 
Sizing

G enom ic D N A  from  Amphiprion ocellaris and  A. perideraion was 
extracted with the N ucleoSpin tissue extraction kit (M acherey- 
Nagel), following the m anufacturer’s guidelines. All D N A  extracts 
were analysed by gel electrophoresis to m onito r D N A  quality prior 
to polym erase chain  reaction (PCR) am plification of m icro satellite 
loci. D N A  extracts were stored at —20"C.

PC R s w ere carried  ou t in a  total volum e o f 25 pi, containing 
2.5 pi lOx P C R  buffer, 3 pi 25 m M  M gC E, 1 pi 2 m M  each 
dN T P , 1 pi each 10 m M  prim er forw ard an d  reverse, 0.1 pi (5 
u n i t /pi) T a q  polym erase (F100L T aq  DNA), 1 pi (1-10 ng) 
genom ic DN A. PC R s were perform ed in a  TProfessional 
Therm ocycler (Biometra) o r a  M astercycler ep (Eppendorf) with 
the following therm o-profile: 94"C for 2 m inutes, followed by 35 
cycles o f 94"C for 30 seconds as the denaturing  step, 50-65"C  for

Table 2. Polymorphic microsatellite loci used as genetic markers for Amphiprion ocellaris and A. perideraion.

Locus Repeat m otif
Ann.
Ao

Ann.
Ap Primer sequences (5 -3 ) Dye Primer Source Reference

Cf 9 Tetranucleotide 60 - F: CTC TAT GAA GAT TTT T HEX Amphiprion percula Buston e t al. 2007

R: GTA CAT GTG TTT CCTC

Cf 42 Ditetranucleotide 55 53 F: AAG CTC CGG TAA CTC AAA ACT AAT HEX A. percula Buston e t al. 2007

R: GTC ATC TGA TCC ATG TTG ATG TG

Cf 29 Dinucleotide 58 - F: TTC TTT ATC CCC TTG TTT ATT TCT AA FAM A. percula Buston e t al. 2007

R: AAG CCT CCT TTC CAA AAC CAC TCA

45 Dinucleotide 62 - F: TCA ACT GAA TGG AGT CCA TCT GG FAM A. polymnus Quenouille e t al. 2004

120 Dinucleotide

AC1578 Dinucleotide 53

R: CCG CCG CTA GCC GTG ACA TGC AA 

F: TCG ATG ACA TAA CAC GAC GCA GT 

R: GAC GGC CTC GAT CTG CAA GCT GA 

F: CAG CTC TGT GTG TGT TTA ATG C 

R: CAC CCA GCC ACC ATA TTA AC

HEX

FAM

A. polymnus

A. clarkii

R: TCT GCC ATT TCC TTT GTT C

Quenouille et al. 2004

Liu e t al. 2007

AC137 Dinucleotide 58 55 F: GGT TGT TTA GGC CAT GTG GT FAM A. clarkii Liu e t al. 2007

R: TTG AGA CAC ACT GGC TCC T

AC915 Dinucleotide - 58 F: TTG CTT TGG TGG AAC ATT TGC HEX A. clarkii Liu e t al. 2007

[Abbreviations: Ann. = Annealing temperature; Ao = A. ocellaris; A.p = A. perideraion; Dye = fluorescence dye]. 
doi:10.1371 /journal.pone.0090648.t002
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Table 3. Summary statistics for Amphiprion ocellaris (two populations) over seven polymorphic microsatellite loci, and A. 
perideraion over five polym orphic microsatellite loci.

Locus Allele (bp) k PIC F,s Ho He Prob. Hi

Amphiprion ocellaris: Barrang Lompo population (n == 88)

Cf9 262-298 10 0.765 -0 .012 0.807 0.797 0.869 0.519

Cf29 190-234 18 0.905 -0 .065 0.977 0.917 0.879 0.95

Cf42 262-320 25 0.920 -0 .027 0.955 0.930 0.329 0.432

45 216-246 12 0.648 0.225 0.523 0.674 <0.01 0.013

120 454-462 5 0.465 0.073 0.500 0.539 0.265 0.076

AC137 256-322 20 0.912 0.003 0.920 0.923 0.679 0.192

AC1578 250-264 8 0.755 0.082 0.727 0.792 0.117 <0.001

mean 0.039

Amphiprion ocellaris: Samalona population (n = 276)

Cf9 262-302 11 0.772 -0 .019 0.815 0.800 0.861 0.469

Cf29 200-248 21 0.890 -0 .075 0.967 0.900 0.004 1

Cf42 258-324 30 0.925 -0 .004 0.935 0.931 0.705 0.597

45 216-246 14 0.551 0.013 0.572 0.580 0.081 0.323

120 450^470 9 0.523 -0 .004 0.594 0.592 0.91 0.599

AC137 250-328 30 0.920 0.015 0.913 0.926 0.334 0.031

AC1578 250-266 9 0.781 0.033 0.783 0.810 <0.001 0.087

mean -0 .006

Amphiprion perideraion: Barrang Lompo population (n = 105)

Cf42 258-408 57 0.969 0.023 0.952 0.975 <0.001 <0.001

120 456-480 11 0.787 0.052 0.771 0.813 0.759 0.316

AC137 276-336 24 0.925 0.154 0.790 0.934 0.014 <0.001

AC915 218-230 5 0.601 0.052 0.619 0.653 0.808 0.265

AC1578 250-258 5 0.634 0.617 0.267 0.695 <0.001 <0.001

mean 0.179

For each locus, the data given are allele size range (bp = base pairs), number of alleles (k), polymorphic information content (PIC), the coefficient of inbreeding (P,s), the 
observed (Ho) and expected (He) heterozygosity, and P values for Hardy-Weinberg exact test (Prob. = Probability test; Ht = Heterozygote deficiency). 
doi:10.1371 /journal.pone.0090648.t003

30 seconds as the annealing  step (the optim al annealing 
tem peratu re  varies betw een prim ers, see T ab le  2), 72"C for 1 
m inute for the polym erisation, and  finally 72 "Cl for 2 minutes.

T w enty  microsatellite loci were amplified, using prim ers from 
o ther Amphiprion species [29] [42] [43]. O f  these, seven were 
polym orphic in A. ocellaris and  five in A  perideraion. T hese loci 
(Table 2) were am plified by  P C R  with a labelled forw ard prim er 
contain ing a  5 '-fluorescent dye (FAM or H EX ). P C R  products 
were diluted in pure  w ater p rio r to fragm ent analysis. D ilution 
factors w ere determ ined empirically for each locus, and  ranged 
from  1:5 to 1:30. For fragm ent analysis, 1 pi o f  diluted P C R  
product was com bined with 8.85 pi H iD i™  form am ide and  
0.15 pi G E N E SC A N  LIZ-500 size standard  (Applied Biosystems). 
M icrosatellite fragm ents were size fractioned using an  ABI 3730 
48 capillary sequencer w ith a  capillary o f 50 cm  length (Applied 
Biosystems). Allele sizes were determ ined an d  corrected  with 
PE A K  SC A N N E R  vl.O (Applied Biosystems) and  G EN EM A R - 
K E R  v l.8 5  (SoftGenetics G eneM arker). T he p rogram  M IC R O ­
C H E C K E R  was used to detect null alleles an d  to identify 
irregularities in the data, including m istyped allele sizes, 
typographic mistakes, as well as scoring errors [44].

S u m m a ry  Statis tics, T es t  o f  H ardy-W einberg  Equilibrium, 
a n d  Linkage Disequilibrium

T h e  total num ber o f alleles pe r locus, allele frequencies, 
observed an d  expected heterozygosities [45], an d  the Polym orphic 
Inform ation  C onten t (PIC) o f each locus [46] were calculated with 
the p rogram  C E R V U S 3.0 [47]. T h e  levels o f polym orphism  at 
each microsatellite locus was ranked as: (1) highly inform ative (PIC 
>0 .5), (2) reasonably inform ative (0 .5 > P IC  >0.25), o r (3) slightly 
inform ative (PIC <0.25), following Botstein et al. [46], P IC  values 
are determ ined based on  the frequency o f alleles a t a  given locus. 
H ardy-W einberg  equilibrium  (HWE) exact tests an d  loci com bi­
nations for linkage disequilibrium  with the M arkov chain m ethods 
were conducted  using G E N E P O P  on  the web [48] [49]. In  order 
to test the null hypothesis o f H W E, the probability  test was 
conducted  and  the alternative hypothesis o f  heterozygote defi­
ciency was tested. T he null hypothesis o f  linkage disequilibrium  for 
the diploid case was tested th rough  paitw ise com parisons o f loci. 
For all M arkov chain m ethods, param eters used were the default 
settings for dem em orisation num ber (1000), num ber o f batches 
(100), and  iterations pe r ba tch  (1000). Significance levels were 
adjusted with sequential Bonferroni corrections for m ultiple tests 
with _P<0.05. T h e  coefficient o f inbreeding (KIS) was calculated 
with the p rogram  FS T A T  2.9.3 [50] in o rder to detect non­
random  m ating  w ithin populations [51]. T h e  F m  -value ranges
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N u m b er  of juveniles:
 1
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Figure 2. The spatial patterns of recruitment (juveniles movement) of Amphiprion ocellaris at (A) Barrang Lompo in 2008 and A. ocellaris at Samalona 
in 2009; (B) A. ocellaris in 2009; as well as between two islands. The two islands are not oriented to each other as shown here, see Fig. 1 for detail; and
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(C) A. peride ra ion  a t Barrang Lom po in 2009. T he p e rc e n ta g e  o f s ite  fidelity  o f  A. ocellaris  (2008 in Barrang Lom po, 2009 in S am alona) a n d  A. 
peride ra ion  (2009) fo r e ach  ree f s ite  is a lso  sh o w n . All ju v en ile s  in th e  analysis w e re  iden tified  as b e in g  th e  p ro g e n ie s  o f  a d u lts  o f th e  p re s e n t s tu d y  
sites  using  DNA p a re n ta g e  analysis w ith  th e  p ro g ram  FAMOZ. Black area: island; g rey  area: shallow  coral reef. 
do i:10 .1371/jo u rn a l.p o n e .0090648 .g002

from  —1 (extreme outbreeding), 0 (no inbreeding), to +1 (complete 
inbreeding). T h e  software C O N V E R T  1.3.1 [52] was used to 
obtain  the correct file form ats for the various program s applied.

P a re n ta g e  Analysis
M icrosatellite D N A  parentage analysis was conducted  with 

FA M O Z  [53]. Using a  likelihood-based approach  [54], juveniles 
were assigned to a  single p a ren t o r p a ren t pa ir in o rder to select 
the m ost likely pa ren t from  a pool o f potential parents [22]. 
Suitability o f this p rogram  for such analyses in fish populations was 
shown in several studies [23] [26] [27]. In  this program , the 
exclusion probability  [55] is generated, w hich uses incom patibil­
ities betw een parents an d  offspring to reject particu lar parent- 
offspring hypotheses [22]. T he log-likelihood ratios o r logarithm  of 
odds (LOD) scores were calculated w ith this p rogram  for each 
paren t/o ffsp ring  association, using microsatellite allele frequencies 
calculated by C E R V U S 3.0. L O D  score threshold values for each 
erro r type were taken from  the intersection of offspring with 
genotyped parents and  offspring generated  according to allele 
frequencies. Sim ulations have to be perform ed to determ ine 
suitable thresholds, erro r levels, an d  the im pact o f scoring errors 
for each population  [56]. Therefore, five different e rro r rates were 
evaluated for all da ta  sets (Table SI). E ach erro r rate  was 
evaluated with 10,000 replicates o f sim ulated offspring. Finally, to 
com pensate for erro r in scoring parents o r offspring genotypes, the 
presence o f null alleles, and  m arker m utation  [47], an  erro r rate  o f 
0.01 was chosen for parentage analysis for all populations o f A. 
ocellaris, and  an  erro r rate  o f 0.001 for A. perideraion populations 
(Table SI). L O D  score threshold values for A. ocellaris for single 
p a ren t an d  p a ren t pa ir were 1.9 an d  5.9 for the B arrang Lom po 
population, respectively. In  the population  from  Sam alona, the 
L O D  score threshold values were 2.5 and  6.7, respectively. F o rT . 
perideraion, L O D  score threshold values for single p a ren t and  pa ren t 
pa ir were 2.8 and  7.9, respectively. Unassigned juveniles o f A. 
ocellaris to a  single p a ren t or p a ren t pa ir in B arrang  Lom po were 
assigned to potential parents in Sam alona, and  vice versa. These 
two da ta  sets were also sim ulated to obtain  suitable L O D  
thresholds (Table SI). All tests showed high cum ulative exclusion 
probabilities (>0.9). T h e  param eters for the paren t/o ffspring  
assignm ent decision were as follows [57]: (1) individuals were 
assigned to the m ost likely single p a ren t if  the L O D  score was 
equal or larger th an  the single p a ren t threshold an d  (2) individuals 
were assigned to the m ost likely p a ren t p a ir if  the L O D  score was 
equal o r larger th an  bo th  the single p a ren t and  p a ren t pair 
threshold. No paren t assignm ent was m ade if the L O D  score was 
less than  the single pa ren t threshold.

Dispersal D is tances  a n d  Spatial P a t te rn s  o f  R ec ru i tm en t
T h e  results o f paren tage analysis were used to calculate the 

proportions o f juveniles that: (1) recruited to the same anem one 
inhabited  by  their parents; (2) recruited  to the natal site; (3) 
recruited  to an  adjacent site on  their natal island reefs; (4) recruited 
to a  non-ad jacen t site on  their natal island reefs; (5) recruited from 
the o ther study island, o r (6) had  no p a ren t identified from  either 
study island. Satellite images were used to m easure distances 
am ong sites bo th  w ithin and  betw een islands. T his inform ation 
was used to estim ate a  m inim um  dispersal distance based on the 
locations o f p a ren t and  offspring.

G e n e tic  R e la tedn ess
In  addition  to paren tage analysis, a  genetic relatedness index 

was calculated to determ ine w hether individuals sharing an 
anem one w ere related to one another. G enetic relatedness am ong 
the individuals inhabiting  each anem one (“ anem one group”) was 
conducted  using K IN G R O U P  v2 [58]. In  this program , the 
m ethod  “kinship pairw ise” [59] was chosen to construct the 
coefficient o f  relatedness (r), w hich estimates patterns o f kinship in 
na tu ra l populations. An r value less th an  zero m eans that 
individuals from  the same anem one are unrelated, and  an  r value 
greater th an  zero m eans th a t individuals w ithin anem ones are 
related. Relatedness in anem one groups was calculated for three 
populations: A. ocellaris from  B arrang  Lom po (n = 53; 17 groups), 
A. ocellaris from  Sam alona (n = 276; 83 groups), and  A. perideraion 
from  B arrang  Lom po (n = 100; 35 groups). Allele frequencies from 
each o f the three  populations were estim ated separately to 
calculate relatedness. A perm utation  test was used to com pare 
the relatedness values obtained betw een two individuals from  the 
same anem one-group an d  individuals w ithin the same island. T he 
statistical analysis was conducted  in BASE SAS 9.3 [60]. T he 
m ean  coefficient o f relatedness w ithin reef-sites an d  w ithin island 
were also calculated for bo th  species.

Results

S u m m a ry  Statistics, H ardy-W einberg  Equilibrium, a n d  
Linkage Disequilibrium

All m arkers used in the analysis were ranked as highly 
inform ative (Table 3). T h e  average PIC  value was 0 .766±0 .161  
(m ean ±  SD) an d  ranged from  0.465 (locus 120) to 0.925 (locus 
Cf42) in the Amphiprion ocellaris populations, an d  0 .7 9 9 ± 0 .1 5 4  
(m ean ±  SD) with a  range o f 0.601 (locus AC915) to 0.969 (locus 
Cf42) in the A. perideraion population. T h e  num ber o f alleles varied 
betw een five (locus 120) and  30 (loci Cf42 and  AC 137) in the A. 
ocellaris populations, an d  betw een five (loci AC915 an d  AC1578) 
and  57 (Cf42) in the A. perideraion population. T h e  observed 
heterozygosity (H0) ranged from  0.5 (120) to 0.977 (Cf29), an d  the 
expected heterozygosity (He) ranged from  0.539 (120) to 0.931 
(Cf42) in the A. ocellaris populations. In  the A. perideraion population, 
H 0 ranged  from  0.267 (AC 1578) to 0.952 (Cf42), and  H e ranged 
from  0.653 (AC915) to 0.975 (Cf42). T he probability  test indicated 
th a t locus A C 1578 was no t in H W E  [PCO.Ol; T able  4). However, 
the alternative hypothesis o f  heterozygote deficiency was rejected 
(P=  0.087). Therefore, this locus rem ained  in the dataset for 
further analysis. In  the A. perideraion population, H W E  tests 
indicated two loci (Cf42 and  AC 1578) deviating from  equilibrium . 
O nly locus 45 showed evidence o f null alleles. How ever, these loci 
rem ained  in the dataset for further analysis as well. No significant 
linkage disequilibrium  was found for any loci pair, indicating that 
all loci could be considered as independent.

P a re n ta g e  A nalyses a n d  Spatial P a t te rn s  o f  R ec ru i tm en t
Single-parent o r paren t-pair assignm ents were m ade for 94 of 

the 169 Amphiprion ocellaris juveniles and  28 o f the 64 A. perideraion 
juveniles (Table 4). O f  these, the m ajority represented  within- 
island recru itm ent (44-65% ), w ith betw een-island recruitm ent 
quite low for A. ocellaris on  Sam alona (4%) and  higher on  B arrang 
L om po (23%). W ithin-island recru itm ent patterns showed that 
juveniles w ere m ost likely to be found on  reef-sites th a t were
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adjacent to their natal site and  least likely to be  found on non- 
adjacent sites (Fig. 2).

Site Fidelity
Juveniles o f A. ocellaris an d  A . perideraion were staying a t their 

natal site in different proportions (Fig. 2). T h e  percentage of 
juveniles o f A  ocellaris that re tu rned  to their natal site in B arang 
Lom po range from  0 to 44% , while el. perideraion ranged  from  0 to 
19%. In  the Sam alona, the percentage o f el. ocellaris juveniles that 
re tu rned  to their origin site ranged from  8 % to 11%. Flowever, 
most o f  them  settled and  dispersed close to their natal site within 
their island.

G e n e tic  R e la tedn ess
T h e  m ean  coefficient o f relatedness o f Amphiprion ocellaris 

individuals w ithin anem one groups at B arrang  Lom po was 
0 .108± 0 .162  (m ean ±  SD; n = 17 groups), w hich was significantly 
h igher than  the m ean  w ithin-island relatedness o f 0.047 ±0.111 
(SD) (P=  < .0 0 0 1 , Fig. 3A, T able  5). T hus, a t B arrang  Lom po, -4. 
ocellaris sharing an  anem one w ere m ore closely related  to one 
ano ther th an  to o ther individuals on  the island. In  contrast, at 
Sam alona, the m ean  coefficient o f relatedness o f  -4. ocellaris 
individuals within anem one groups was 0 .0 0 1 ± 0 .1 1 4  (m ean ±  
SD; n = 83 groups), not significantly different th an  the m ean of 
0 .0 0 4 ± 0 .0 5 6  (SD) for w ithin-island relatedness (P=  0.515, Fig. 3B). 
T h e  value for w ithin-anem one group relatedness o f -4. perideraion at 
B arrang  Lom po was 0.051 ±0 .151  (m ean ±  SD; n = 35 groups) 
significantly h igher th an  the m ean  of 0 .0 0 8 ± 0 .1 6 4  (SD) within- 
island relatedness (_P=<.0001, Fig. 3G, T able  5). W ithin-reef 
relatedness ranged  from  —0 .0 4 ± 0 .2 4  to 0 .30±0 .01  (m ean ±  SD) 
for Amphiprion ocellaris populations, while for the -4. perideraion 
population  it ranged from  —0.0 6 ± 0 .1 5  to 0 .1 5 ± 0 .1 2  (m ean ±  
SD).

Discussion

Self R ec ru i tm en t
T h e  present study revealed high self-recruitm ent o f anem one­

fishes w ithin reefs surrounding small islands, w ith 4 7 -65%  of 
Amphiprion ocellaris and  -4. perideraion progeny staying on  their natal 
island. Self-recruitm ent o f -4. ocellaris (65%) at Sam alona is higher 
th an  the 42%  reported  from  a previous study on the sibling species 
-4. percula [26], T he high self-recruitm ent in Sam alona and  B arrang 
L om po is in agreem ent with evidence o f restricted gene flow 
revealed in Sperm onde Archipelago and  across the Indo-M alay 
A rchipelago [34], R estricted dispersal m ight be triggered by the 
sheltered environm ent w ithin the m id-shelf o f Sperm onde 
Archipelago, w here the study islands are located, com pared  to 
outer shelf o f the archipelago, w hich are strongly affected by  the 
N orthw est M onsoon [35].

Self-recruitm ent rates in  B arrang  Lom po (Amphiprion ocellaris'. 
47.4% ; -4. perideraion'. 46.9%) were lower th an  in Sam alona (-4. 
ocellaris'. 65.2%). Self-recruitm ent in  Amphiprion ocellaris varied from 
44%  to 52% betw een the two sam pling periods in B arrang 
Lom po. O ne possible hypothesis is that the self-recruitm ent rate 
on  B arrang  Lom po m ay be biased by high fishing pressure [38] 
[61] [62]. Paren t anem onefish could be  rem oved by ornam ental 
fishermen, thus deflating the estim ate o f self-recruitm ent.

T h e  pelagic larval duration  (PLD) varies from  days to weeks in 
different species o f coral reef fish [7] and  thus m ay influence their 
dispersal distance. D ue to pelagic dispersal o f  eggs an d  larvae, 
most m arine  species have been considered as open populations 
[63], even though  this is under discussion [64] [65]. In  an  open 
m arine population, fish larvae are assum ed to be transported  by
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Figure 3. Distribution of the average relatedness (d w ithin group anemones and comparison with the mean relatedness within the  
island (Table 5). (A) A m p h ip rio n  ocellaris  in Barrang Lom po (53 indiv iduals, 17 g ro u p s ; P =  < .0001), (B) A. ocellaris  in S am alona  (276 indiv iduals, 83 
g ro u p s ; P =  0.515), a n d  (C) A. peride ra ion  in B arrang L om po (100 indiv iduals, 35 g ro u p s ; P =  < .0001). 
do i:10 .1371/jo u rn a l.p o n e .0090648 .g003

predom inan t currents during  their pelagic stage over long 
distances, facilitating high connectivity am ong populations [3]. 
How ever, m any recent studies using different m ethodologies and  
m olecular m arkers estim ated a high self-recruitm ent level in 
different m arine fish species with different PLDs, suggesting low 
dispersal leading to low connectivity am ong populations. E xam ­
ples are an  assignm ent test using microsatellite loci in Tripterygion 
delaisi (PLD: 16-21 days, self-recruitm ent (SR): 66% ; [66]), otolith 
m arking in Pomacentrus amboinensis (PLD: 16-19 days, SR: 15%; 
[67]), tetracycline m ass-m arking and  parentage analysis in 
Amphiprion polymnus (PLD: 9-12  days, SR: 16-32% ; [23]), and  
otolith m icrostructure an d  m icrochem istry analysis in Sebastes 
melanopus (PLD: 8 3 -1 7 4  days, SR: 66-87% ; [68]). T h e  findings 
m entioned above are supported by the curren t study. Therefore, it 
seems as if the dispersal o f pelagic fish larvae m ay be m ore 
restricted an d  m arine systems m ay no t be as open as previously 
assumed.

Site Fidelity a n d  S p a t io - te m p o ra l  P a t te rn s  o f  R ec ru i tm en t
Larval dispersal in m arine organism s can vary from  less than  

1 km  to 100 s km  [27] [28] [69-71], w hich m ay affect their spatial 
and  tem poral recruitm ent. This study shows that m ost anem one- 
fish larvae settle less th an  2 km  from  their natal reef site. T he 
populations o f  B arrang  Lom po and  Sam alona were connected  by 
a  m oderate exchange ra te  o f 10 to 19%. A study on self­

recruitm ent in Amphiprion polymnus showed that even though  no 
individuals settle into the same anem one as their parents, m ost o f 
them  settled in o ther anem ones close to them  [23], w hich is in 
concordance with the findings in A. ocellaris an d  A. perideraion o f  the 
curren t study. R ecru itm ent o f A. ocellaris in B arrang  Lom po was 
high bu t showed a slight difference betw een the two sam pling 
periods. This could be  na tura l variation or due to the collection for 
m arine ornam ental trade, as explained above. W ith a p roper 
estim ation o f connectivity an d  degree o f self-recruitm ent in m arine 
populations, it m ight be possible to im prove the design o f m arine 
reserves. For exam ple, a  series o f small M arine  P rotected  Areas on 
each island w ith short distance to each other can serve to m aintain 
local populations bo th  by self-recruitm ent and  th rough  larval 
dispersal from  nearby reserves [1] [26],

T h e  connectivity w ithin and  am ong populations m ight be also 
influenced by the behaviour o f the planktonic larvae, as shown in 
the coral reef fish Amblyglyphidodon curacao that has the capability to 
swim against a  current, control its vertical position, and  locate a 
reef [72]. T h e  early inception o f the active larval m ovem ent is 
im portan t to m ediate the dispersal potential [70], such as olfactory 
sensing that m ight also influence larval m ovem ent [7 3]. Planktonic 
larvae o f m arine fish are assum ed to be able to recognise and  
re tu rn  to their natal site. It was shown th a t Amphiprion ocellaris 
im prints itself to its species-specific host sea anem one using 
olfactory cues, w hich are genetically inclined towards olfactory 
recognition o f their host anem one [12]. How ever, this study found

Table 5. The coefficient o f relatedness (r) w ith in  reef-sites and w ith in  Island at Barrang Lompo and Samalona for Amphiprion 
ocellaris and A. perideraion.

Population Barrang Lompo Samalona

A m phiprion  ocellaris Am phiprion  perideraion Am phiprion  ocellaris

r  (mean) ±SD r  (mean) ±SD /-(m ean) ±S D

W ithin reef-sites

West 0.30 0.01 0.11 0.15 0.10 0.23

North 0.09 0.20 0.15 0.22

South 0.02 0.07 0.15 0.12 0.04 0.21

East 0.01 0.01 -0 .05 0.09 -0 .0 4 0.24

Southwest 0.27 0.00 -0 .0 6 0.15

W ithin-island 0.047 0.111 0.008 0.164 0.004 0.056

doi:10.1371 /journal.pone.0090648.t005 
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th a t juveniles come back to their nata l reef b u t no t to their natal 
anem one. In  o rder to facilitate retention, fish larvae m ay use 
odour recognition [74], In  addition, the connectivity w ithin and  
am ong populations in anem one fish is lim ited by their relatively 
short PLD of abou t 8 -12  days. How ever, exploitation o f species, 
leading to decreased population  density an d  body size [33] [75] 
[76], could also reduce larval abundance and  reduce the dispersal 
kernel and  effective connectivity distances [77].

G en e tic  R e la tedn ess
T h e  average genetic relatedness in B arrang  Lom po populations 

showed th a t A. ocellaris an d  A. perideraion individuals w ithin an 
anem one w ere m ore closely related  to one ano ther than  to o ther 
individuals on the island, indicating th a t fish larvae do no t disperse 
far from  their parents. T h e  values o f  genetic relatedness are in 
concordance with the coefficient o f  inbreeding. T h e  cu rren t study 
observed low b u t positive values o f the inbreeding coefficient for A. 
ocellaris and  A. perideraion a t B arrang  Lom po, m eaning th a t there  is 
an  indication to inbreeding in these populations.

T h e  close relationship betw een individuals w ithin a site at 
B arrang  Lom po m ight be explained by  several m echanism s. M any 
m arine fishes have the ability to recognise their relatives in o rder to 
avoid inbreeding and  com petition [78]. How ever, due to a  low 
abundance of anem ones as a  result o f rem oval by the o rnam ental 
fishery [33], the pelagic larvae m ight no t be  able to avoid settling 
to their natal anem one. Close relatedness betw een individuals in 
an  anem one m ay lead  to inbreeding, w hich increase hom ozygos­
ity, causes deleterious alleles in the first generation and  reduces the 
adaptive capacity o f species, an d  could lead to increased m ortality
[79] [80],

In  contrast, individuals inhabiting  an  anem one were unrelated  
in A. ocellaris a t Sam alona. These results agree with findings in A. 
percula [29] and  Dascyllus aruanus [81], form ing groups consisting of 
unrela ted  individuals.

Im plica tions for M a n a g e m e n t  a n d  C o nse rva t io n
Anem onefishes have been  exploited for m arine o rnam ental 

fishery an d  traded  globally for m any years. M ost m arine 
ornam ental fish species are collected from  the wild, w ith Indonesia 
and  the Philippines as the m ajor exporters [30]. In  o rder to avoid 
overexploitation an d  to reduce the pressure on  natural popula­
tions, some efforts have been  m ade to rear ornam ental fish species 
[82-84]. A nem one fish such A. ocellaris have been  successfully b red  
in captivity [85], w hich is potentially a  good solution to m eet the 
high dem and. How ever, m ariculture needs com prehensive 
knowledge o f the biology o f the reared  fish species and  is 
expensive [83] [86]. T herefore, it seems th a t m ariculture w ould be 
difficult to be im plem ented  for m any  ornam ental species, 
especially in developing countries. In  Sperm onde Archipelago, 
A. ocellaris is the m ost collected m arine o rnam ental fish species and  
this fishery has a  negative im pact [33]. How ever, there is no quota  
for anem onefishes in Indonesia so far.
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prom oting  population  persistence [6] [92-94],

T h e  high am o u n t o f self-recruitm ent o f Amphiprion ocellaris and  A. 
perideraion found in the cu rren t study gives valuable inform ation for 
m anagem ent and  conservation strategies w ithin the region. H igh 
levels o f  self-recruitm ent imply th a t the populations are m ore 
vulnerable to local fishing activity [95]. W hile further studies on 
o ther m arine organism s are needed, the cu rren t study suggests that 
single m arine pro tected  areas (MPAs) are no t suitable as sources 
for the replenishm ent o f exploited populations. Small MPAs, 
preferably a t every island or reef, should ensure th a t a  p a rt o f  the 
population  is pro tected  to allow for replenishm ent by self­
recruitm ent. In  addition, the population  size should be estim ated 
in o rder to establish appropria te  catch quotas.
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