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Larval fish dispersal in a coral-reef seascape
Glenn R. Almany1 †, Serge Planes1, Simon R. Thorrold2* , Michael L. Berumen3 , Michael Bode4,  
Pablo Saenz-Agudelo1, 3, 5, Mary C. Bonin6, Ashley J. Frisch6, 7, Hugo B. Harrison6, Vanessa Messmer6, 
Gerrit B. Nanninga3, 8, Mark A. Priest3, 9, Maya Srinivasan6, Tane Sinclair-Taylor3, David H. Williamson6 
and Geoffrey P. Jones6

Larval dispersal is a critical yet enigmatic process in the persistence and productivity of marine metapopulations.  
Empirical data on larval dispersal remain scarce, hindering the use of spatial management tools in efforts to sustain ocean bio-
diversity and fisheries. Here we document dispersal among subpopulations of clownfish (Amphiprion percula) and butterflyfish 
(Chaetodon vagabundus) from eight sites across a large seascape (10,000 km2)  in Papua New Guinea across 2 years. Dispersal 
of clownfish was consistent between years, with mean observed dispersal distances of 15 km and 10 km in 2009 and 2011,  
respectively. A Laplacian statistical distribution (the dispersal kernel) predicted a mean dispersal distance of 13–19 km, with 
90% of settlement occurring within 31–43 km. Mean dispersal distances were considerably greater (43–64 km) for butterfly-
fish, with kernels declining only gradually from spawning locations. We demonstrate that dispersal can be measured on spatial 
scales sufficient to inform the design of and test the performance of marine reserve networks.

Robust descriptions of larval dispersal are fundamental to stud-
ies of fish population dynamics1,2, fisheries management3,4 and 
the design of reserve networks tasked with conserving ocean 

biodiversity5,6. Yet descriptions of larval dispersal patterns in ocean 
environments remain scarce. The combination of a pelagic larval 
phase that may last several days to many months and an ocean envi-
ronment characterized by energetic diffusive and advective flows 
may allow passive larvae to disperse hundreds to thousands of kilo-
metres from natal locations7,8. It has proved difficult, however, to 
verify directly how far fish larvae travel, because it is almost impos-
sible to follow them as they disperse rapidly from spawning sites 
and are subject to high rates of natural mortality throughout the 
larval phase9. Our inability to describe the spatial extent of larval 
dispersal is problematic because our understanding of metapopula-
tion dynamics relies on largely untested models that quantify where 
larvae arriving at a subpopulation originate from and where larvae 
spawned at each subpopulation eventually settle10–12. Moreover, to 
be of practical use, these data must be assembled on large enough 
scales for evaluating and optimizing spatial management strategies 
for fisheries or conservation1,13.

Patches of reef habitat are frequently isolated from each other 
by deeper water that forms a barrier to adult movement, and so 
larval dispersal is likely to be a critical process in the persistence 
of many reef fish populations over demographic and evolution-
ary timescales10,14. Effective management of coral-reef seascapes is 
therefore particularly reliant on spatial tools to achieve conserva-
tion objectives. Although reef fish larvae clearly have the poten-
tial for long-distance movements14, there is increasing evidence 
that dispersal may be more limited than previously assumed15,16.  
The most compelling evidence of larvae returning to natal or nearby 
reefs has come from chemical labelling of embryos17,18 and genetic 

DNA parentage analyses19–27. However, few studies have been able to 
fully describe a dispersal kernel by determining the distances over 
which spatially fragmented subpopulations are connected by larval 
movements. Here we combine a comprehensive, large-scale genetic 
parentage study with a new method of fitting dispersal kernels to 
describe patterns of dispersal for orange clownfish (Amphiprion  
percula) and vagabond butterflyfish (Chaetodon vagabundus) among 
marine reserves across a large coral-reef seascape (~10,000 km2). 
Orange clownfish lay demersal eggs, with embryos hatching after 
5 days and larvae spending 10–12 days in the pelagic environment18. 
Vagabond butterflyfish spawn pelagic eggs that hatch in less than 
24 hours and then spend 28–45 days as pelagic larvae. We have pre-
viously established that a significant proportion of juveniles recruit 
to natal reefs for populations of both species at Kimbe Island, Papua 
New Guinea (PNG)18,22, but bidirectional movement patterns of 
larvae across the Kimbe Bay seascape remain unknown. Effective 
conservation strategies are vital, as members of both fish families 
are targeted by the aquarium fish trade28 and are susceptible to local 
extirpation as a result of habitat degradation caused by the develop-
ment of coastal land29. An understanding of larval connectivity is 
critical to ensure that reserve networks are designed to maximize 
the probability of population persistence in the face of rapid envi-
ronmental changes18.

Results
We undertook intensive field sampling in 2009 and 2011 to quantify 
larval dispersal in the two study species on a scale that encompassed 
a network of locally managed marine areas throughout Kimbe Bay, 
on the north coast of New Britain Island in PNG. Seven of the eight 
sites included fringing reefs associated with small islands, where the 
two focal species were particularly abundant. These sites were all 
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Supplementary Information 

Table S1. Numbers of juveniles assigned to parents by DNA parentage analysis for Amphiprion 

percula and Chaetodon vagabundus from Lolobau Islands (LO), Cape Huessner (CH), Kimbe 

Island (KI), Restoff/Schumann Islands (RS), Malu Malu Islands (MM), Tarobi (TI), Wulai Island 

(WU), and Walindi reefs (LD). Matrix rows show number of assignments from each of the sites, 

while matrix rows show number of assignments to each of the sites. Details include number of 

adults sampled (Adults), number of juveniles sampled (Juveniles), and total number of juveniles 

assigned by site (Σ assigned).  

Sites Adults Juveniles LO CH KI RS MM TI WU LD Σ 
assigned 

Amphiprion percula 2009 
LO 384 167 47 3    4   54 
CH 774 419 2 88 12 2  8  7 119 
KI 505 280 3 12 120   2 1 2 140 
RS 46 18  1 1      2 
MM 11 13      1   1 
TI 447 312 7 10 4 2  34 5 1 63 
WU 253 131 1 3    1 12  20 
LD 126 107  4 2     2 8 
Total 2546 1447         407 

Amphiprion percula 2011 
LO 323 151 37 3 1   3 1  45 
CH 704 371 1 93 6   9 2  111 
KI 414 177 2 7 99   4 3  115 
RS 41 24         0 
MM 19 9     1  1  2 
TI 993 604 7 4 8   114 1 2 136 
WU 290 135  3  1  2 16  22 
LD 129 76  1    1  4 6 
Total 2913 1547         437 

Chaetodon vagabundus 2009 
LO 358 326 3 5 2  2 2   14 
CH 336 30 2        2 
KI 409 124 1 2 2   1   6 
RS 3 1         0 
MM 147 54 1 1       2 
TI 486 193 2 2 4  2 2 1  13 
WU 282 160 5  1   1 2  9 
LD 0 97 1    3 3   7 
Total 2021 985         53 
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Sites Adults Juveniles LO CH KI RS MM TI WU LD Σ 

assigned 

Chaetodon vagabundus 2011 
LO 713 317  1 2     4 7 
CH 442 66   1    1  2 
KI 367 92  2    2 1  5 
RS 0 0         0 
MM 336 53   1  1  1  3 
TI 1078 190   1   1 2  4 
WU 2012 215      3 6  9 
LD 0 101 1     3 2  6 
Total 4858 958         39 
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Table S2. Microsatellite DNA loci used in the current study for both focal species in 2009 and 2011. Details include: Number of 
alleles (Na), Allele size range in base pairs (Size), PCR Multiplex group (Mg), and reference (Ref). 
 
Name Primer sequences 5'-3' Motif Na Size Mg Ref 
Amphiprion percula 

2009 

79 F: GCATGGATGGTCACAGAGGAGCT  
R: CTCTGAAGTTCAAGGCTGCAGAC  (GT)37 18 223-257 1 50	

CF27 F: TGCAATTATGTTAGCACCTG 
R: TGGCCAGATTAGATGGTTAC (TCTA)16 14 195-243 1 51 

CF12 F: CATGGGAGCCAAATGTAAGAA  
R: CTCTCCATTGATCTGCAGTGTC  (AC)15 13 175-207 2 52 

CF21 F: AGAAGC-CTCCTCACACATTC  
R: GAAAAAGACGAAGGGAGTAAG  (AAAG)4(ATAG)(AAAG)17(AGA)(AAAG)4 23 184-230 2 52 

CF9 F: CTCTATGAAGGTGAGATTTTT 
R: GTACATGTGTGGGTTTCCTC (TCAA)8TGAA(TCAA)15 21 245-365 2 52 

120 F: TCGATGACATAACACGACGCAGT  
R: TGTGTCCGCTCCAGCTCTAC  (GT)18N20(GT)14 25 393-453 3 50 

70 F: AGATGATTGGGCAGCCTCACACT 
R: GATTATTGTCTTGTCGGGAGTCA  (GT)13(GT)5 21 278-380 3 51 

CF29 F: AGTGTATGTGTGCAAGAGAG  
R: GGCACTGACAGTGGAACAA  (AC)6(GC)(AC)2(GC)4(AC)39 34 245-347 3 52 

44 F: TTGGAGCAGCGTACTTAGCT  
R: ATGTGGCACTCAGCCTCCT  (GT)13 26 240-342 4 50 

CF11 F: GCTGGTTACAACACCTTG  
R: GACAGGCAGCCATATGAG  (CT)15(CA)16 18 142-174 4 53 

CF3 F: GTTCAGCCCTGTATGACATT 
R: TGCTCTCATTCCTCTAGTCC (CA)17 23 229-271 4 51 

CF39 F: CCGGACAGCCAGAGCAAAGA 
R: CCTAATCGATCGGTGGTGACAT (AC)10(GC)(AC)26(AGAC)11(AGAT)(AGAC)2(AC)11(AGAC)2 33 317-387 4 52 

CF42 F: TGCAGTCCAACAACCTGAAA 
R: ATGTGCACACAAGGTCCAAA (AGAT)4(AGAC)18(AGCC)(AGAC)6(AC)(AG)2 28 189-245 4 52 

CF19 F: CAG ATG GAC GTC TGA TATT 
R: AAG CCT GTA ACA CCT G (GT)5T(GT)2GC(GT)14GC(GT)24 30 158-236 5 52 

CF36 F: TTTACAGATGTACCTACACG 
R: GGTACAAACACACACACTG (CA)23 32 204-330 5 52 

2011 
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79 F: GCATGGATGGTCACAGAGGAGCT  
R: CTCTGAAGTTCAAGGCTGCAGAC  (GT)37 17 223-257 1 50 

CF27 F: TGCAATTATGTTAGCACCTG 
R: TGGCCAGATTAGATGGTTAC (TCTA)16 15 185-251 1 51 

perc41 F: TTTGCATGTTCTCCCTGTGC 
R: TGACAGGAATGCTGGAGGAG (ATCC)12 9 307-363 1 51 

perc21 F: TTGTGTGAGTTCCTGACCCG 
R: AAATGGAGAGGCTGGCGTC (AC)11 11 239-259 1 52 

perc06 F: GTGCTATGAAGAAGTGGGCG 
R: CTGCACACACAACTACCTCC (AC)14 11 239-261 1 53 

CF12 F: CATGGGAGCCAAATGTAAGAA  
R: CTCTCCATTGATCTGCAGTGTC  (AC)15 13 207-241 2 53 

CF9 F: CTCTATGAAGGTGAGATTTTT 
R: GTACATGTGTGGGTTTCCTC (TCAA)8TGAA(TCAA)15 18 288-356 2 53 

perc07 F: TTACGCTGCAGGAACAACTC 
R: CGAAAGGCAGGAGAAGACAC (AGAT)22 24 200-284 2 53 

perc02 F: CCTGAGTCCCTGGTGCTAAG 
R: AGTGTAAGGACTAGCGCAGG (AG)10 12 379-421 2 53 

perc38 F: TGCTACTGACAGATCTGCCC 
R: ATCTTTGCGGAAACAGGCAG (ATCC)10 7 304-340 2 53 

CF36 F: TTTACAGATGTACCTACACG 
R: GGTACAAACACACACACTG (CA)23 32 202-334 2 53 

120 F: TCGATGACATAACACGACGCAGT  
R: TGTGTCCGCTCCAGCTCTAC  (GT)18N20(GT)14 9 393-453 3 52 

70 F: AGATGATTGGGCAGCCTCACACT 
R: GATTATTGTCTTGTCGGGAGTCA  (GT)13 (GT)5 14 278-380 3 51 

perc17 F: TGAGGGCTTCTAAGTATGGCTC 
R: GTACGACACTCCAGAGACCC (AC)13 7 126-138 3 51 

perc42 F: TGTGGCTGATTTGTGTACGC 
R: ACCTCCATTGTTCCTCTGCC (AC)14 11 130-194 3 51 

perc16 F: GCCACTCATGTTTACTCGGC 
R: TGACATCTGCTGACAAAGGC (AC)10 8 175-231 3 51 

perc14 F: GCCAACTCAGTGTCGCTAAC 
R: CCCTCCAGAATCAGTGCGG (AAAT)8 38 303-459 3 51 

CF11 F: GCTGGTTACAACACCTTG  
R: GACAGGCAGCCATATGAG  (CT)15(CA)16 13 142-182 4 51 

CF3 F: GTTCAGCCCTGTATGACATT 
R: TGCTCTCATTCCTCTAGTCC (CA)17 22 229-281 4 51 

CF42 F: TGCAGTCCAACAACCTGAAA 
R: ATGTGCACACAAGGTCCAAA (AGAT)4(AGAC)18(AGCC)(AGAC)6(AC)(AG)2 20 189-245 4 52 
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CF39 F: CCGGACAGCCAGAGCAAAGA 
R: CCTAATCGATCGGTGGTGACAT (AC)10(GC)(AC)26(AGAC)11(AGAT)(AGAC)2(AC)11(AGAC)2 27 311-385 4 52 

44 F: TTGGAGCAGCGTACTTAGCT  
R: ATGTGGCACTCAGCCTCCT  (GT)13 15 298-330 4 50 

Chaetodon vagabundus 
2009 

A114 F: GCCCACAAAATCCTTTTGAA 
R: TTGATGCAGGTCCACTGAAA (CA)12 27 178-232 4 54 

B11 F: CTCTGCTGACCCAACAGTC 
R: ATGCCCTGCTATGTCCAC (AG)15 28 243-297 1 55 

B6 F: GCCCGCTGATACACTCTTGG 
R: GGGTTGGGAGGTAACTTGC (AG)26 25  

183-231 1 55 

D2 F: TGCATGTTTTGTCTTTGACCA 
R: CAAGCCCTAAACCTGCTGAG (AGAT)18 21  

120-202 1 55 

C4 F: TTGGGAGAGTGCTAGAGTGC 
R: ACGTGCGTTTCATTCACAC (ACAG)6 5  

209-225 2 55 

C9 F: GTATTGGCAACACCGTTTGG 
R: GTAGCATGTCGGTGGTCTGA (GACA)7 13  

111-159 2 54 

D107 F: GTGCATGGTGGAGTTTTCCT 
R: GAAGGGATTATGAGCCGTGA (GACA)5(GATA)14 33 181-317 2 55 

D3 F: TGTCCCGAGCTGTGTGTAAA 
R: ATGGATGGAGGGTCGAAAG (AGAT)9(AC)22 21 127-215 2 55 

A105 F: CAGTGGAAACAAACAACTTGC 
R: TGCTGGACAATATCCCACAG (GT)16 33 152-220 3 54 

D117 F: TCCCCTCCCTCTCTCTCTTT 
R: TGCATTCACTCACAATGTCG (AGAT)9 18 179-247 3 55 

D06 F: TGGTTATTCCATGAAACTCTTC 
R: GGTTGGAGGAGGTTGATG (AGAT)9 14 251-303 3 55 

D08 F: TGGCAATTCTGCATGTTTGT 
R: TGTATCCCTCCTTGCAGCTC (AGAT)14 29 256-368 3 55 

C5 F: AACGGAGTCACAAACACAAG 
R: GACGAGCACACTGAACAT (ACAG)8 31 201-303 4 55 

D111 F: GTAAATCTTCGCCTGGGACA 
R: TGAATTTCCCTTTGGGATGA (GATA)18 37 100-250 4 55 

D116 F: TCCATCAGTCCATCTGTCCA 
R: TGTGAGCTGTCCATCTGCAT (TATC)6 17 181-245 4 55 
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2011 

B6 F: GCCCGCTGATACACTCTTGG 
R: GGGTTGGGAGGTAACTTGC (AG)26 27 173-231 1 55 

D2 F: TGCATGTTTTGTCTTTGACCA 
R: CAAGCCCTAAACCTGCTGAG (AGAT)18 21 120-200 1 55 

B11 F: CTCTGCTGACCCAACAGTC 
R: ATGCCCTGCTATGTCCAC (AG)15 33 237-317 1 55 

A114 F: GCCCACAAAATCCTTTTGAA 
R: TTGATGCAGGTCCACTGAAA (CA)12 29 176-234 1 55 

D3 F: TGTCCCGAGCTGTGTGTAAA 
R: ATGGATGGAGGGTCGAAAG (AGAT)9(AC)22 20 127-203 2 55 

C4 F: TTGGGAGAGTGCTAGAGTGC 
R: ACGTGCGTTTCATTCACAC (ACAG)6 6 205-225 2 55 

C9 F: GTATTGGCAACACCGTTTGG 
R: GTAGCATGTCGGTGGTCTGA  (GACA)7 13 107-155 2 55 

cvag96 F: ATGCATCGCTGACAGGTTTG 
R: GTGAACACACCACTGAGCTG (AC)12 32 269-363 2 55 

cvag82 F: AAAGGGACGCTGCTTGTTTC 
R: ATCTTGGCTGGCTCTACGTG (AC)12 24 142-190 2 55 

C5 F: AACGGAGTCACAAACACAAG 
R: GACGAGCACACTGAACAT (ACAG)8 30 220-340 2 55 

D8 F: TGGCAATTCTGCATGTTTGT 
R: TGTATCCCTCCTTGCAGCTC (AGAT)14 33 240-380 3 55 

D6 F: TGGTTATTCCATGAAACTCTTC 
R: GGTTGGAGGAGGTTGATG (AGAT)9 14 250-304 3 55 

D117 F: TCCCCTCCCTCTCTCTCTTT 
R: TGCATTCACTCACAATGTCG (AGAT)9 21 175-249 3 55 

A105 F: CAGTGGAAACAAACAACTTGC 
R: TGCTGGACAATATCCCACAG (GT)16 32 156-222 3 55 
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Table S3. Parameters and the log of odds ratio (LOD) score values for DNA parentage analyses 
performed using the Famoz software application. Details include number of microsatellite DNA 
loci used (NL), the exclusion probability for a single parent (SP Exclp), LOD error in simulations 
to estimate LOD score thresholds (LODerr), LOD threshold value for single parents (LODsp), 
LOD threshold value for parent couples (LODpc), probabilities of type I (Type I) and type II 
(Type II) errors in parental assignments, and mean LOD (± 1 standard deviation). 
 
Species, year NL SP Excl p LODerr LODsp LODpc Type I Type II Mean LOD 
C. vagabundus, 2009 15 1 0.001 8 20 0.0076 0.0265 9.76 (± 3.05) 
C. vagabundus 2011 19 1 0.001 9 24 0.0098 0.0251 10.81 (± 3.21) 
A. percula, 2009  15 0.999959 0.0001 6.5 15.2 0.0146 0.0437 10.36 (± 3.35) 
A. percula, 2011 22 0.999965 0.0001 6.5 18 0.012 0.0411 13.09 (± 4.69) 

 
 
Table S4. Summary of reef area and total population sizes of adult Amphiprion percula in 2009 
and 2011. Details include total reef area (Reef area), total reef area sampled (Area sampled), 
estimated population size (Pop size), number of adults sampled (Adults sampled), and percentage 
of adults sampled (% sampled). 
 
Sites Reef area (km2) Area sampled (km2) Pop size Adults sampled % sampled 

2009      

Lolobau Islands 1.04 1.04 384 384 100 
Cape Huessner 0.44 0.44 774 774 100 
Kimbe Island 0.43 0.43 505 505 100 
Restoff/ Schumann Islands 0.42 0.42 46 46 100 
Malu Malu Islands 0.47 0.47 11 11 100 
Tarobi 0.47 0.11 1902 447 24 
Wulai Islands 1.36 0.72 477 253 53 
Walindi reefs 0.59 0.59 126 126 100 

2011      

Lolobau Islands 1.04 1.04 323 323 100 
Cape Huessner 0.44 0.44 704 704 100 
Kimbe Island 0.43 0.43 414 414 100 
Restoff / Schumann Islands 0.42 0.42 41 41 100 
Malu Malu Islands 0.47 0.47 19 19 100 
Tarobi 0.47 0.23 2014 993 49 
Wulai Islands 1.36 1.12 435 290 67 
Walindi reefs 0.59 0.59 129 129 100 
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Table S5. Summary of reef area and total population sizes of adult Chaetodon vagabundus in 
2009 and 2011. Details include total reef area (Reef area), estimated population size (Pop size), 
95% confidence intervals on population size estimate (95% CI), number of adults sampled 
(Adults sampled), and percentage of adults sampled (% sampled). 
 
Sites Reef area (km2) Pop size 95% CI Adults sampled % sampled 

2009      

Lolobau Islands 1.04 793 193 358 45 
Cape Huessner 0.44 765 203 336 44 
Kimbe Island 0.43 1563 358 409 26 
Restoff/ Schumann Islands 0.42 n/a n/a 3 n/a 
Malu Malu Islands 0.47 849 228 147 17 
Tarobi 0.47 1678 542 486 29 
Wulai Islands 1.36 2394 664 282 12 
Walindi reefs 0.59 n/a n/a n/a n/a 

2011      

Lolobau Islands 1.04 2100 371 713 34 
Cape Huessner 0.44 807 185 442 55 
Kimbe Island 0.43 766 130 367 48 
Restoff/ Schumann Islands 0.42 n/a n/a 0 n/a 
Malu Malu Islands 0.47 1045 263 336 32 
Tarobi 0.47 1509 319 1078 71 
Wulai Islands 1.36 2604 476 2012 77 
Walindi reefs 0.59 n/a n/a n/a n/a 
 
 
 
Table S6. Best-fit dispersal kernels for Amphiprion percula and Chaetodon vagabundus in 2009 
and 2011. Bolded values indicate the dispersal kernel model with the highest Akaike Information 
Criterion (AIC) value, indicating the best fit of the three models used. 
 
Dispersal kernel A. percula, 2009 A. percula, 2011 C. vagabundus, 2009 C. vagabundus, 2011 
Laplacian 670.6 632.6 n/a 8940 
Gaussian 847.1 886.9 n/a 8935 
Ribbens 903.8 978.4 n/a 8931 
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Fig. S1. Fitted potential larval dispersal kernels for A. percula (a) and C. vagabundus (b), based 
on results collected in 2009 and 2011. Solid lines indicate the expected relative strength of larval 
dispersal at a given distance from the natal reef. Dashed lines indicate 95% bootstrap confidence 
intervals. Shaded area indicates the area within which 90% of the larvae are expected to settle.  
Inset boxes in panels show bi-plots of predicted versus observed dispersal distances, along with 
line of equality (solid grey line). 
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Fig. S2. Fitted potential larval dispersal kernels for A. percula from each of three zones (a) 
within Kimbe Bay based on results collected in 2009 (b) and 2011 (c). Locations of each 
anemone are identified by a colored dot indicating its assigned zone in panel A. Solid lines 
indicate the expected relative strength of larval dispersal at a given distance from the natal reef 
for each of the three zones, while the dashed line represents the pooled dispersal kernel across 
zones. Shaded area indicates pooled 95% confidence intervals among the three dispersal kernels 
for each zone. 
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