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Larval dispersal connects fish populations
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Networks of no-take marine protected areas (MPAs) have been
widely advocated for the conservation of marine biodiversity. But
for MPA networks to be successful in protecting marine popula-
tions, individual MPAs must be self-sustaining or adequately con-
nected to other MPAs via dispersal. For marine species with a
dispersive larval stage, populations within MPAs require either the
return of settlement-stage larvae to their natal reserve or connec-
tivity among reserves at the spatial scales at which MPA networks
are implemented. To date, larvae have not been tracked when
dispersing from one MPA to another, and the relative magnitude
of local retention and connectivity among MPAs remains unknown.
Here we use DNA parentage analysis to provide the first direct
estimates of connectivity of a marine fish, the orange clownfish
(Amphiprion percula), in a proposed network of marine reserves in
Kimbe Bay, Papua New Guinea. Approximately 40% of A. percula
larvae settling into anemones in an island MPA at 2 different times
were derived from parents resident in the reserve. We also located
juveniles spawned by Kimbe Island residents that had dispersed as
far as 35 km to other proposed MPAs, the longest distance that
marine larvae have been directly tracked. These dispersers ac-
counted for up to 10% of the recruitment in the adjacent MPAs. Our
findings suggest that MPA networks can function to sustain
resident populations both by local replenishment and through
larval dispersal from other reserves. More generally, DNA parent-
age analysis provides a direct method for measuring larval dis-
persal for other marine organisms.
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etworks of no-take marine protected areas (MPAs) have

been widely recommended for both biodiversity protection
and fishery management (1-3), and an increasing number of
networks are being planned and implemented (4-6). To pro-
mote population persistence, MPAs must be simultaneously
self-sustaining (7, 8) and linked to other protected areas to
promote recovery from local extinctions (9-12). Most marine
animals produce tiny larvae with pelagic durations ranging from
days to months. Prevailing oceanographic currents may transport
these propagules over large distances to form demographically
“open” populations that are linked by larval dispersal (2, 13).
Recent evidence from such diverse fields as physical oceanog-
raphy (14, 15), molecular genetics (16, 17), and otolith chemistry
(18, 19) suggest that at least some larvae return to the same
subpopulation as their parents. The spatial scale over which
marine populations are connected by larval dispersal continues
to generate controversy, however, due to a lack of empirical data
on how far larvae travel (20, 21). This information is critical in
practical terms, because the degree of connectivity among
geographic areas sets the scale at which management strategies
for exploited marine species need to be applied.

One direct method of measuring larval dispersal distances
relies on identifying the location of an individual’s parents using
highly polymorphic genetic markers and probability-based as-
signment techniques. Several recent studies using microsatellite
DNA markers for paternity analysis have focused on reproduc-
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tive behavior and variability in male reproductive success (22,
23). The parents of an individual also can be identified based on
likelihood statistics using hypervariable microsatellite markers.
DNA parentage analysis also allows the determination of an
individual’s natal origin if the parents’ location at the time of
conception is known. But although parentage analysis has been
used to determine levels of local replenishment, this approach
has not yet been used to estimate connectivity among subpopu-
lations of marine fishes.

We have conducted the first large-scale application of DNA
parentage analysis to examine larval connectivity among marine
reserves in Kimbe Bay, New Britain, Papua New Guinea (Fig. 1
A and B). Our field study focused on orange clownfish (4m-
phiprion percula) at Kimbe Island, an isolated oceanic island
lying 30 km from the nearest point of land in the Bismark Sea
(Fig. 1 C and D). At Kimbe Island, a node in a proposed network
of MPAs that extends 180 km across Kimbe Bay (6), we
previously found evidence of high local replenishment to a
population of ~200 adults living in anemones on shallow reefs
near the island (24). Here we generate the first direct estimates
of larval connectivity in a marine fish species by identifying the
parents of A. percula larvae that returned to Kimbe Island and
those that dispersed to adjacent subpopulations up to 35 km
away. These data provide evidence that larval subsidies from a
single reserve may contribute to the resilience of subpopulations
at other reserves within a network of MPAs.

Results

We screened 16 polymorphic microsatellite DNA markers from
a total of 506 potential A. percula parents at Kimbe Island
sampled in December 2004, which were assumed to represent the
entire population. We then collected 400 newly settled juvenile
A. percula from Kimbe Island in December 2004 and April 2005
and also from anemones at Wulai Island, Cape Huessner, and
Restorf Island in April 2005 (Fig. 1A4). Of these 400 juveniles,
122 were identified as being progeny of adults at Kimbe Island,
based on a parentage assignment by a maximum likelihood
procedure (see Materials and Methods). We tested the accuracy
of the DNA parentage method by comparing results with those
from transgenerational isotope labeling of the same adults, and
found 100% agreement between the 2 techniques (see Materials
and Methods). Our estimates of local replenishment to adult A.
percula colonies around Kimbe Island in December 2004 and
April 2005 were remarkably similar. Of the 133 juveniles col-
lected at Kimbe Island in December 2004, 56 (42%) were
identified as being progeny of Kimbe Island adults, compared
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Fig. 1. Location maps and focal species. (A) LANDSAT satellite image of western Kimbe Bay showing the study sites. (B) Location of Kimbe Bay on the north
side of New Britain, Papua New Guinea. (C) Aerial photograph of Kimbe Island showing lagoonal habitats in which A. percula are concentrated in the study area.
(Photo courtesy of Tami Pelusi.) (D) A. percula sheltering in an anemone, Kimbe Bay. (Photo courtesy of Simon Thorrold.)

with 51 of 121 juveniles (42%) collected in April 2005 (Fig. 2).
The species of host anemone that the parents inhabited had little
observable effect on the propensity for larvae to return to Kimbe
Island. The percentage of larvae originating from adults living in
Heteractus magnifica and Stichodactyla haddoni (57% and 43%,
respectively) was similar to the relative abundance of adult
occupancy in each anemone (62% and 38%, respectively).
Finally, unlike in our earlier study (24), here DNA parentage
analysis allowed us to document levels of local replenishment at
the individual lagoon scale (Table 1). In 2004, 23 of the 56
recruits (41%) that were spawned by adults at Kimbe Island
settled back into the lagoon from which they originated, com-
pared with 18 of 51 (33%) in 2005. But the Kimbe Island
connectivity matrix revealed no relationship between the mag-
nitude of connectivity and the distance between the lagoons
(Table 1); that is, an individual lagoon was not necessarily more
closely connected to lagoons that were close by compared with
those that were farther away.

We also identified 15 juveniles from Kimbe Island parents at
surrounding reefs in Kimbe Bay (Fig. 3). The parents of the only
juvenile collected on South Bay Reef were located on Kimbe
Island, confirming that larvae are capable of dispersing at least
6 km and successfully settling into adult habitat. Perhaps more
surprisingly, we also found juveniles that had been spawned on
Kimbe Island reefs at the other 3 Kimbe Bay locations, indicating
a larval dispersal of 15-35 km. These individuals represented a
significant proportion of the total number of juveniles collected
at each location. Kimbe Island contributed 10% (5 of 50) of the
juveniles collected at Restorf Island, 6% (6 of 105) of those
collected at Cape Huessner, and 5% (3 of 56) of those collected
at Wulai Island.

Discussion

Our approach, based on quantifying the spatial relationships
between parents and their progeny, provides a powerful tool for
assessing local replenishment and connectivity in marine popu-
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lations that may be applied to other species as well. Although
other mass-marking techniques have demonstrated that a sig-
nificant proportion of juveniles return to their natal population
(8,24, 25), DNA parentage analysis provides information on the
individual parents responsible for successful recruitment and the
actual larval dispersal distances of individuals. Levels of local
replenishment to Kimbe Island (=40%) were remarkably stable
over time and within the ranges reported for Pomacentrus
amboinensis (25) and Amphiprion polymnus (8). We also found
the longest direct measure of larval dispersal distance for any
marine fish species reported to date. We located juveniles known
to have traveled up to 35 km from their natal population. These
long-distance dispersers contributed up to 10% of the individ-
uals that had recently settled into the subpopulations that they
joined.

The full geographic extent of this metapopulation remains to
be determined, but given that A. percula has a relatively short
pelagic larval duration for a reef fish (=11 days) (24), significant
demographic connectivity between the nodes of the Kimbe Bay
MPA network appears to be likely for most other reef fishes as
well. Lying ~30 km offshore of the north coast of New Britain
in the Bismarck Sea, Kimbe Island is located within a dynamic
hydrodynamic regime subject to eddies originating from insta-
bilities in the South Equatorial Current and New Guinea Coastal
Current (26). Biophysical modeling for the tropical western
Pacific region also suggests high levels of connectivity in regions
where reefs are only 20-30 km apart, including species with a
wide range of pelagic larval durations (27). Levels of both local
replenishment and connectivity for A. percula appear to be
demographically significant and likely contribute to the persis-
tence of discrete populations within the larger metapopulation.
Furthermore, the finding of a similar level of local replenishment
at Kimbe Island in butterflyfish, with a pelagic larval duration
of ~35 days (24), suggests that our approach also applies to
larger reef fish species with longer pelagic larval durations.
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Map of locations of all anemones in each of 5 lagoons (A- E) that harbored adult or juvenile A. percula around Kimbe Island. (A) Location of anemones

with adult A. percula that either produced larvae that subsequently settled into anemones around Kimbe Island (yellow symbols) or did not produce larvae that
returned to Kimbe Island (black symbols). (B) Location of anemones with recently settled juvenile A. percula that either were progeny of Kimbe Island adults
(red symbols) or had dispersed from reefs at least 6 km away from Kimbe Island (white circles).

DNA parentage analysis offers new and largely unexplored
opportunities to directly measure larval dispersal in marine
ecosystems. This information is vital to the spatial management
of marine species, particularly for evaluating the optimal size and
spacing of reserves in MPA networks (21, 28). The dispersal
pattern that we found supports the contention that individual
marine reserves can be of a size that offers protection of resident

populations and spaced within a network to allow for significant
exchange of dispersers among reserves (24, 29). Although the
number of dispersing larvae detected in our study was small, the
focal reserve accounted for a significant proportion of the
recruitment in the adjacent reserves in Kimbe Bay. Theory
suggests that low rates of migration often are sufficient to rescue
individual populations from local extinction (10, 11); thus, it is

Table 1. A. percula connectivity matrix among 5 lagoons surrounding Kimbe Island, calculated by identifying the natal origins of
juveniles collected during 2 sampling trips in December 2004 and April 2005

Settlement lagoon, December 2004 collection

A(n=32) B (n = 20) C(n=11) D (n = 32) E(n =38)
Natal lagoon
A 12 3 1 1 1
B 3 1 0 3 3
C 0 1 0 0 2
D 2 2 3 4 5
E 0 1 1 0 6
Settlement lagoon, April 2005 collection
A (n = 29) B (n = 23) C(n=18) D (n=18) E(n=37)
Natal lagoon
A 5 1 1 1 5
B 4 2 2 0 2
C 2 2 2 1 0
D 3 1 0 1 1
E 5 1 1 1 7

Lagoon A, 69 anemones (nane), 125 adults screened (ns,); lagoon B, nape = 38, nsr = 73; lagoon C, Nape = 29, nger = 58; lagoon D, nape = 59, nsr = 105; lagoon

E, Nane = 75, Nser = 145.

Alljuvenilesinthe analysis were identified as being the progeny of Kimbe Island adults using DNA parentage analysis. Bold figures on the matrix diagonal indicate

the number of juveniles that returned to their natal lagoon.

Planes et al.

PNAS | April 7,2009 | vol.106 | no.14 | 5695

ECOLOGY



SINPAS

Heusner
===

_____ S_oijt_;r Bay
Reef °
11

.- .~ Restorf
i Island
Garual/Restorf

Numundo

-{ Kimbe
._Island

Wulai
3/59% Island

Cape Hoskins/Wulai

Fig.3. Larval dispersal of A. percula from Kimbe Island to other designated marine reserves in western Kimbe Bay. (A) Proportion of recently settled juvenile
A. percula collected at each of 4 locations that were progeny of Kimbe Island A. percula. The red boxes outline proposed reserve boundaries (6). (B) Location
of adult A. percula that produced larvae that successfully dispersed and settled on anemones away from Kimbe Island (yellow symbols).

encouraging to find that for an MPA network designed with
limited information on larval dispersal (6), one iconic reef fish
species appears to experience the conservation benefits of both
local replenishment and larval connectivity among reserves.
Given the increasing evidence that populations of many small
reef fish are in decline (30-33), parentage analysis has the
potential to play a key role in developing conservation strategies
for other species and in different regional settlings.

Materials and Methods

The orange clownfish (A. percula) lives in a mutualistic association with 2
anemone species, H. magnifica and S. haddoni (34). Female A. percula spawn
benthic eggs that hatch after ~7 days of parental care. Larvae then spend ~11
days in the pelagic environment before settling into an anemone, where they
will remain for the rest of their lives. We located a total of 270 anemones
occupied by colonies of A. percula around Kimbe Island in December 2004. The
2 largest fish in each colony were captured, fin-clipped, and injected with an
enriched Ba isotope solution underwater (24). Another collection, in April
2005, was targeted at juvenile A. percula that were recruited between De-
cember 2004 and April 2005. The finclips were preserved in 90% ethanol, and
the adult fish were immediately returned to their anemones. We screened a
total of 506 adults and 469 juveniles for 16 microsatellite DNA loci that
satisfied Hardy-Weinberg equilibrium assumptions. Missing values accounted
for 7.3% of the data distributed over all loci but were concentrated in only a
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few individuals, likely due to the original quality of DNA. We used the FAMOZ
platform (35) to assign juveniles back to Kimbe Island adults. Of the 122 new
recruits assigned to parents in the Kimbe Island population, 68 (56%) were
independently assigned to a female and a male within a single anemone, and
54 (44%) were assigned to a single parent (male or female), likely due to
blanks during the scoring of microsatellite loci or to missed adults during the
collection process. Nonetheless, we never assigned a juvenile to parents of 2
different anemones or 2 males or 2 females. We evaluated the DNA parentage
analysis by comparing the results with those from a previous study based on
transgenerational isotope labeling (TRAIL) using an enriched Ba isotope (24,
36). The TRAIL technique identified 9 of the 15 juveniles collected in February
2005 as being spawned by Kimbe Island adults. Our DNA parentage analysis
confirmed that only these same 9 juveniles identified by the TRAIL technique
originated from Kimbe Island.
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