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Abstract

We present the first comprehensive estimate of connectivity of passive pelagic particles
released from coral reef habitat throughout the Hawaiian Archipelago. Potential connectivity
is calculated using a Lagrangian particle transport model coupled offline with currents gener-
ated by an oceanographic circulation model, MITgcm. The connectivity matrices show a sur-
prising degree of self-recruitment and directional dispersal towards the northwest, from the
Main Hawaiian Islands (MHI) to the northwestern Hawaiian Islands (NWHI). We identify
three predicted connectivity breaks in the archipelago, that is, areas in the mid and northern
part of the archipelago that have limited connections with surrounding islands and reefs.
Predicted regions of limited connectivity generally match observed patterns of genetic struc-
ture reported for coral reef species in the uninhabited NWHI, but multiple genetic breaks
observed in the inhabited MHI are not explained by passive dispersal. The better congru-
ence in our modeling results based on physical transport of passive particles in the low-lying
atolls of the uninhabited NWHI, but not in the anthropogenically impacted high islands of the
MHI begs the question: what ultimately controls connectivity in this system?

Introduction

Determining levels and patterns of connectivity is vital for understanding metapopulation
dynamics and persistence, and is essential for effective resource management see [1-5]. Over
ecological time scales, population persistence depends on either the ability to retain locally
produced larvae, i.e. self-recruitment, or the ability to import larvae from nearby areas, i.e.
connectivity [6-8]. Self-recruitment is a metric describing how open or closed a population is,
which in turn describes its resilience [7,9]. Open populations receive an influx of larvae from
outside sources, making them more resilient to local disturbances but limited in potential for
local adaptation [10,11]. Closed populations are more sensitive to local disturbances and pos-
sess a greater potential for local adaptation since they are dependent on locally produced oft-
spring and have a more direct link between local production and recruitment. Marine
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population studies have historically worked under the assumption that marine fish populations
are open—that is, they receive larvae from other populations some distance away [12] due to
the dispersal ability and relatively long larval duration of marine fish larvae. However, studies
in recent years have challenged this notion, showing that despite a strong larval dispersal abil-
ity many marine reef populations appear closed, with larvae staying “close to home” [6,13-16].
We no longer assume all marine populations to be open, and the focus is now on determining
the extent to which marine populations exchange larvae (see [1,2]). Knowing the connected-
ness of a population is vital in effectively managing the population and designing functioning
marine reserves.

Most coastal marine species have a biphasic life cycle, in which dispersal takes place pre-
dominantly during the pelagic larval stage of the life cycle [17]. Some species lay benthic eggs
that develop into pelagic larvae, whereas others spawn gametes directly into the water column,
where they drift as passive particles until they develop swimming abilities similar to benthic
hatchlings. Larvae can be feeding or non-feeding in the water column, and the pelagic larval
phase may last for minutes to months in the pelagos before they return to the benthos to settle.
Each of these life-history differences have predictable impacts on observed population genetic
structure [18,19], but the biological and physical factors driving dispersal in the sea are not
well understood and difficult to generalize. Factors controlling successful dispersal can be spe-
cies specific [15,20-22], depend on timing of spawning events [23,24], and vary among loca-
tions [25-29].

The Hawaiian Archipelago, located in the subtropical North Pacific Ocean, is a 2,500 km
long chain of volcanic islands and atolls, stretching from 19°N in the MHI to 30°N in the
NWHI. The Hawaiian Archipelago is one of the most isolated on the planet, and home to one
of the largest marine reserves in the world, Papahanaumokuakea Marine National Monument
(PMNM). There is a high level of endemism in the Hawaiian Archipelago [30,31], and due to
its remote location, has unique management needs [32,33]. While the MHI are populated with
active fisheries and heavy anthropogenic loading, the NWHI are uninhabited and fully pro-
tected with little anthropogenic influence [34]. One of the hopes for establishing PMNM,
which was the largest MPA on the planet at that time, was a spillover effect where the protected
fish populations in PMNM would replenish fish stock in the MHI. Unfortunately, this hope
has been little supported among studies to date of both invertebrates and fishes [35-38]. The
lack of spillover from PMNM to the MHI has been attributed to the prevailing surface currents
moving larvae up the island chain from the MHI towards the NWHI [35,39].

Because management needs vary greatly between the heavily populated MHI and the unin-
habited PMNM, it is vital that we understand the population dynamics between these areas as
well as within them. Well-connected populations with numerous dispersal pathways among
sites are more resilient, that is, more likely to recover from disturbance. Conversely, isolated
populations that are highly dependent on self-recruitment for population maintenance are less
likely to recover after a disturbance and face a greater risk of extinction [3-5,7].

Extensive population genetic work has been done to characterize population structure for
fish and invertebrates to infer exchange among sites throughout the Hawaiian Archipelago
(reviewed by [20,22]), but only a handful of studies have focused on estimating dispersal dur-
ing the larval stage [35,36,39-45]. To date, all such studies focus on either a single species of
interest, a small region of the archipelago or a very limited time period. Here, we present the
first comprehensive dataset describing modeled potential connectivity among sites throughout
the entire Hawaiian Archipelago using a biophysical model coupled with eddy resolving ocean
currents. We use a purely physical model with passive particles to determine likely patterns of
potential connections within the archipelago and Johnston Atoll because detailed information
on larval behavior, mortality rates and population sizes are not currently available for the vast
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majority of species in Hawai‘l. The results from this study will set the groundwork for future
studies to use more realistic biophysical models that incorporate such factors as larval behavior
as they become available.

Methods
Dispersal model

MITgecm. The Massachusetts Institute of Technology general circulation model
(MITgcm) solves the incompressible Navier-Stokes equations on a sphere in discretized forms
employing a finite-volume technique [46]. The regional MITgcm implementation for the
Hawaiian Archipelago extends from 175°E to 150°W and from 15°N to 35°N ata 0.04° (~4km
in the region) resolution. In the vertical direction, the water depth is divided into 50 layers
with a thickness ranging from 5 m near the surface to 510 m near the bottom. It is forced at the
surface by winds derived from the Advanced Scatterometer (ASCAT) observations with a
0.25° resolution, and by heat and freshwater fluxes obtained from the European Center for
Medium-Range Weather Forecast (ECMWF) Interim Reanalysis at a 1.5° resolution. The
ocean state, as estimated by the global HYCOM prediction system at a 0.08° resolution [47], is
used to define the initial and open boundary conditions. The simulation period runs from
May 2009 to May 2014. We use the flow fields in the 100 m model layer to disperse particles in
our Lagrangian tracking experiments (see below), as this layer has shown to be the best predic-
tor of settlement in the region [42,43].

Habitat. For this study, we included all available coral reef habitat in the Hawaiian archi-
pelago and Johnston Atoll. Johnston Atoll is the nearest reef to the Hawaiian Archipelago,
located 1390 km southwest of the Big Island of Hawai‘i. We chose to include Johnston Atoll in
the habitat definition because there are shown biogeographic ties between Johnston Atoll and
the Hawaiian Archipelago [41,48-51]. To generate our habitat map, we used habitat defined as
‘coral reef in IKONOS-derived data for the Northwest Hawaiian Islands [52,53] and the data
set presented in [54] for the MHI, and created a 4-km? grid of that habitat, totaling 687 habitat
pixels. The habitat pixels were additionally grouped into 31 different islands/banks/atolls
(hereafter referred to as islands) to allow for island scale comparisons (Fig 1).

Model initialization. To investigate the exchange of particles among locations in the
Hawaiian Archipelago, we used a Lagrangian bio-physical particle tracking model [40,42] cou-
pled with the flow fields from the MITgcm simulation described above. Eddy diffusivity was
set to 250 m?/sec, consistent with drifters in Hawaiian waters (following [35]). We released 50
particles (virtual larvae) daily from May 2, 2009, until April 10, 2014, from 687 coral reef habi-
tat pixels totaling just over 62 million released particles for each model run. We used a pelagic
larval duration (PLD) of 45 days, representative for most reef fish [55]. Previous studies show
that PLD’s longer than 45 days do not significantly alter settlement probabilities in the MHI
[42]. For a particle to be considered “settled”, it had to be within a 5 km radius of the center of
a habitat pixel on the last day of its PLD (on day 45)(Table 1). Preliminary studies show no
change in connectivity patterns when particles are allowed to settle across a range of PLD, so
we chose a static PLD as opposed to range of PLD’s or a settlement window because we were
interested in the physical drivers of dispersal. The dispersal model was run three times and the
output averaged for consistency.

To test the robustness of the model with respect to ocean circulation model resolution [56]
we ran identical biophysical model runs, forcing the model with current velocities from the
global HYCOM at a 0.08" resolution and a regional implementation of HYCOM at 0.04°
(available for the MHI only) resolution in addition to the MITgcm (S1 File).
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Fig 1. Map of the Hawaiian Archipelago. Top panel showing the Hawaiian Archipelago domain of the dispersal model with the major surface currents (in
green) identified (after Lumpkin 1998). Bathymetry lines denote 1000 and 50 m isobaths. Bottom panels show coral reef habitat pixels for the Northwestern
Hawaiian Islands and Main Hawaiian Islands respectively, with each island’s habitat pixels shown as a separate color. Bathymetry lines in NWHI denote

50m depth isobath.
doi:10.1371/journal.pone.0167626.9001
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Table 1. Glossary of often used terms. Terms and definitions used throughout the Hawaiian Archipelago
connectivity study.

Potential The modeled estimate of connectivity of a site using physical oceanographic attributes
connectivity and limited biological factors influencing dispersal ability of the particles.
Settlement In this study we define settlement as any particle within 5km of the center of a habitat

pixel on day 45 after release
Self-recruitment A particle that settles back onto the same island from which it was released
Connectivity break | An area over which few, if any, particles are exchanged

Source-sink index | The ratio of export of particles and import of particles to an area, divided by the total
number of successfully transported particles.

doi:10.1371/journal.pone.0167626.t001

Statistical analysis

We are focusing on potential connectivity in this study, which estimates the connectivity of a
site using physical oceanographic attributes and limited biological factors influencing dispersal
ability (in our case PLD and habitat) [57,58]. To evaluate patterns of potential connectivity in
the Hawaiian Archipelago, we created a connectivity matrix that measures the likelihood of
particle exchange by currents among sites. The model generates a 687 x 687 settlement matrix
(Sij) containing the number of particles released from habitat i (source site) that successfully
reached habitat j (receiving site) for the full run of the model (five years). To create the rear-
ward probability matrix, we scaled Sij to island specific total released particles. Rearward prob-
ability matrices report origin sites of particles arriving at the receiving site and can be written:
Pij (rearward) = Sij/zsj-

We then binned the 687 habitat sites used in the dispersal model by island, resulting in a 31
x 31 island matrix, to allow for a simpler comparison of potential connectivity. The resulting
probability matrix (P;) shows the origin island of successfully transported particles at each
island. The number in each cell of the P;; matrix is the probability of a particle transported to
island j having originated from island i for the five years the model was run, and each row in
the matrix sums to 1. The diagonal of the probability matrix shows the self-recruitment for
each island. Forward probability matrices were also generated and are described in S1 File.
Because the majority of coral reef fish spawn during May-June [59,60], we calculated all met-
rics on both year-round releases and releases restricted to May-June of each year. All matrices
were plotted using the software program Generic Mapping Tools (GMT) 4.5.11 [61].

Subtraction matrices were generated by subtracting the probability matrix for year round
releases from the matrix for May-June releases using the subroutine grdmath in GMT 4.5.11.
The resulting subtraction matrix shows where the two connectivity matrices differ. Only for-
ward matrices were compared with each other, and rearward matrices with each other. We
used mantel tests for each pair of connectivity matrices using function mantel in the Vegan
package version 2.2-1 in the statistical software R [62] to calculate the correlation between the
probability matrices.

Successful transport, defined as any particle within 5km of the center of a habitat pixel on
day 45 after release, was calculated by tallying the daily number of successfully transported par-
ticles for all islands and dividing it by the total number of daily particles released for the five-
year model run, allowing us to determine annual and seasonal variability. Additionally, we cal-
culated island specific “settlement” success over five years.

Dispersal distance, the geographic distance between the release site and receiving site for a
successfully transported particle at the receiving site, was determined by first calculating dis-
tances between all 687 habitat pixels using the distance matrix function distm with the Haver-
sine formula in the R-package geosphere [63]. The distm function calculates the great circle
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distance (Haversine formula) between two points using their latitudes and longitudes in
degrees and creates a 687 x 687 distance matrix (Dij) with the release sites (i) on the x-axis
(rows) and receiving sites (j) on the y-axis (columns). We multiplied the settlement matrix
(Sij) generated by the biophysical model (see above) with the distance matrix (Dij) to generate
a product matrix (Pjj). Because there is more than one spawning and settlement site (hence-
forth habitat site) per island (for example, Big Island has 129 habitat sites, O‘ahu has 62 and
Kure Atoll has 13), we added all the distances for all the habitat sites in the product matrix
belonging to each island, generating a 31x31 matrix containing the sum of all the distances of
all the particles for each island called the island product matrix (PIij). The same procedure was
followed to generate an island settlement matrix (SIif); a square 31x31 matrix containing the
total number of successful settlers for each island. We then divided the column sums from the
island product matrix with the column sums of the island settlement matrix to obtain the
mean dispersal distance for successfully settled particles at each island. These calculations were
performed for year-round releases, as well as for particle releases confined to May and June of
each year to allow us to explore seasonal patterns.

Self-recruitment, defined as the proportion of successfully transported particles at each
island that originated from that same island, is an important metric when evaluating the per-
sistence of a population [8,64]. We calculated self-recruitment for the duration of the model
run for each island by dividing the number of released particles from an island that were trans-
ported back to that island by the total number of “settlers” there. This allows us to determine
how dependent an island is on recruitment from outside locations to maintain the population.

Source-sink dynamics were assessed by calculating a source-sink index following Holstein
etal. [21]. We define a source as an island that exports (outgoing) more particles than it
imports (incoming), and a sink island imports more particles than it exports [21,64]. The
source-sink index is a ratio of the difference between successful transport out of the island
(export) and successful transport into the island (import), divided by the total of all successfully
transported particles in and out of the island [21,64]. Because the index looks at the difference
in the total flux of particles into and out of each island, it allows us to compare islands with
varying amount of habitat and islands that have total numbers of transported particles that dif-
fers by orders of magnitude. The index spans from -1 to 1, and a positive index implies a source
site and a negative index imply a sink site. The stronger the index the more likely the site is to
be a persistent source or sink site. A zero index indicates that the flux of particles that are suc-
cessfully transported onto the island and out of the islands are the same. This index allows us
to compare islands in the archipelago and evaluates source-sink dynamics on a regional scale,
whereas self-recruitment allows us to characterize islands as sources or sinks on a local scale.

Results
Potential connectivity

The probability matrix shows an isolation-by-distance pattern with sites far away from each
other having little or no potential connectivity and considerable self-recruitment for most
islands across the Archipelago (Fig 2). Restricting particle release to the typical May-June
spawning season minimally alters the overall potential connectivity patterns (r = 0.932)(Fig 2b,
S1 Fig). During spawning season O‘ahu and Maro Reef show stronger connections with neigh-
boring islands while Ni‘thau and Kaua‘i become less connected. Self-recruitment is more
important for Kure and Midway Atolls (Fig 2) during spawning season, whereas Raita is more
dependent on self-recruitment year round (Fig 2).

There is limited potential connectivity between the NWHI and the MHI, and the direction
of dispersal is predominantly from the MHI to the NWHI. Particles originating in the MHI
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Fig 2. Potential Connectivity matrix for the Hawaiian Archipelago. (A) The values in each cell are
“settlement” probabilities scaled to the receiving site for year-round particle release. Arrows indicated the
breaks mentioned in the text. Each row in the matrix adds up to 1. High values (red) indicate high connectivity
and low numbers (blue) indicate low connectivity, and white cells denote no connectivity. (B) Difference matrix
showing the difference in connectivity between year-round and May-June particle release. The May-June
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release matrix is subtracted from the year-round release matrix (in A above). Positive values (red) denote a
higher connectivity value for year-round releases and a negative number (blue) denotes higher connectivity
for May-June released particles.

doi:10.1371/journal.pone.0167626.9002

form 37 unique connections with sites in the NWHI (marked area in the upper right corner of
Fig 2a), while particles originating from the NWHI only form 24 unique connections with
sites in the MHI (marked areas in the bottom left in Fig 2a). Four times as many particles are
successfully transported from the MHI to the NWHI than vice versa (3.1% from MHI to
NWHI and 0.77% from NWHI to the MHI of the total successfully settled larvae). The MHI
do not export any particles northwest of Mokumanamana, and islands located between Kaula
and Nihoa in the center of the archipelago are the only islands in the NWHI to contribute par-
ticles to the MHI. Most particles released from Nihoa are lost to the system, indicated by the
low self-recruitment (< 1%) and low contribution (6.067E-4%-0.72%) to the “settlement” at
nearby islands (Fig 2).

While transport between the MHI and the NWHI is predominantly northwestward, total
transport between all islands in the archipelago is reversed, with 37% of the successfully trans-
ported particles arrive at islands to the south (islands below the diagonal in Fig 2a), while 32%
of particles are transported to islands to the north (islands above the diagonal in Fig 2a). How-
ever, 96.3% of the successfully transported particles originating in the MHI end up settling
within the MHI and 3.73% are successfully transported to the NWHI, while 95.1% of success-
fully transported particles originating in the NWHI are successfully transported to sites within
the NWHI and 4.87% of particles are successfully transported to the MHL

There are three breaks in the connectivity matrix present for both year-round and seasonal
particle release. Very few particles successfully cross these breaks. These breaks are more pro-
nounced during spawning season releases (Fig 2b), and are more distinct in the forward matri-
ces (52 and S3 Figs). The southernmost break located between Nihoa and Mokumanamana is
the most pronounced. No particles cross this break into or out of the MHI, effectively cutting
the MHI off from the NWHI. The central break at Gardner Pinnacles and Maro Reef is tra-
versed only by particles to and from Raita Bank. The northern break between Lisianski and
Pearl and Hermes Atoll effectively isolates Kure Atoll and Midway Islands, resulting in high
self-recruitment for the northernmost islands in the archipelago.

Using flow fields from different oceanographic circulation models at different spatial reso-
lutions allows us to test whether the potential connectivity patterns are robust to model resolu-
tion. There is a strong correlation between the potential connectivity described above and the
connectivity matrix generated from a dispersal model run that used current velocities from the
coarser global HYCOM (r = 0.9291)(54 Fig). For the MHI, we compared connectivity matrices
generated from three dispersal model runs that used current velocities from the 0.04° MITgcm
(S5a Fig), 0.04° regional HYCOM (S5b Fig), and 0.08° global HYCOM (S5c¢ Fig). Potential
connectivity for the MHI generated from the model run using different resolutions of the
HYCOM currents showed the strongest correlation (r = 0.974)(S6a Fig), followed by connec-
tivity matrices generated from the model runs with the same spatial resolution of the flow
field, MITgcm and 0.04 regional HYCOM (r = 0.9533)(S6b Fig). We observed the largest dif-
ference between potential connectivity generated from model runs using MITgcm and the
0.08 km HYCOM flow fields (r = 0.9305)(S6c Fig).

Total “settlement”

Successful transport across all islands is highly variable with a mean of 1.416% (SE 7.708e-5) of
all released particles successfully arriving at a receiving site over the five-year model run. The
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Fig 3. Total percent successful settlement for all sites in the Hawaiian Archipelago for the five-year model run. The green bars represent particles
spawned during peak spawning season May-June each year.

doi:10.1371/journal.pone.0167626.g003

lowest total successful transport was seen on July 6, 2011 (0.682%), and the highest total suc-
cessful transport on November 2, 2012 (2.405%). There is no discernible seasonal pattern in
total arrivals observed for the archipelago as a whole (Fig 3). The highest rates of successful
transport in 2009 (2.27%) and 2010 (2.22%) coincided with particles released during peak
spawning season (marked by green bars in Fig 3); however, the following three years had some
of the lowest rates of successful transport for particles released in May-June (0.68%, 0.95%, and
0.96%).

The MHI have overall larger relative probability of successful arrivals while islands near the
observed breaks in the connectivity matrix have the lowest relative probability of successful
arrivals. Johnston Atoll has the lowest relative successful arrival value of all at 0.0637% for
year-round release and 0.0337% for peak spawning season releases (Fig 4). At Kaula, the rela-
tive arrival success is almost two orders of magnitude larger compared with Johnston Atoll,
with 3.574% for year-round spawning. We see the largest relative arrivals for seasonal release
at Lana‘i with 2.713%. Hawai‘i Island is the only MHI to show higher arrival success for parti-
cles released during spawning season (2.523%) compared to year-round releases (2.298%).

Distance traveled

The spatially averaged mean distance traveled is 112.32 km (SE = 1.705) for year-round parti-
cle release. Particles released during peak spawning season travel further, with mean distance
of 124.37 km (SE = 2.372). Median distances are shorter, 101.39 km and 110.80 km for year-
round and May-June release respectively, indicating that a few particles disperse, traveling
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Fig 4. Total percent successful settlement at each island for the five-year model run. Green bars show settlement for particles spawned during May-
June, gray bars show settlement for year-round spawning.

doi:10.1371/journal.pone.0167626.g004

significantly longer distances and driving up the mean. This is also evident from the long right
tail on the density kernel (Fig 5).

Particles arriving at islands in the center of the archipelago travel the longest mean dis-
tances, while particles at Johnston Atoll travel the shortest (100% self-recruitment) (Fig 6). Par-
ticles successfully transported to the bank just south of Nihoa dispersed more than double the
mean distance for other sites across the archipelago: on average 341.4 km during May-June
release, and 277.2 km during year-round release. Consistent with total dispersal distances for
all islands, island-specific dispersal distances are greater for particles released during spawning
season, for 23 out of 31 islands (Fig 6). In the MHI, dispersal distances are consistent through-
out the year except for particles released from Kaua‘i which has a much longer dispersal dis-
tance during May-June release. Kaua‘i dispersal distances are more similar to islands located
in the center of the archipelago, likely due to the predominantly northwest direction of dis-
persal (Fig 2) and the longer distances between habitats in the Northwestern Hawaiian Islands.
Particles released from island located to the northwest of each connectivity break (Pearl and
Hermes Atoll, Maro Reef and Mokumanamana Island) have shorter dispersal distances com-
pared to the island just southeast of the break (Lisianski Island, Gardner Pinnacles, and Nihoa
Island) by 45.6%, 63.4%, and 73.9% respectively.

Self-recruitment

The mean self-recruitment for the archipelago is 25.2% (SE = 0.0414) but varies greatly from
island to island. Johnston Atoll relies solely on self-recruitment (100%) for population persis-
tence, while at Nihoa Island self-recruitment accounts for less than 1% of total settlement (Fig
7). During peak spawning season Nihoa, along with Gardner Pinnacles, import all their parti-
cles. Island specific self-recruitment (Fig 7, and diagonal in the connectivity matrix in Fig 2) is
strongest at Kure (year-round 50.5%), Pearl and Hermes Atoll (year-round 80.67%, May-June
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Fig 5. Density kernel for dispersal distance from source site for all islands for the five-year model run. Green kernel denotes May-June spawning

and gray kernel year-round spawning.

doi:10.1371/journal.pone.0167626.9005

87.10%), Raita Bank (year-round 49.52%), Maro Reef (May-June 56.22%), French Frigate
Shoals (year-round 49.46%, May-June 47.04%), Hawai‘i Island (year-round 46.93%, May-June
42.44%) and Johnston Atoll (year-round and May-June 100%). These high self-recruitment
islands are located either to the north of connectivity breaks or at the edges of the archipelago.

Source-Sink dynamics

The Source-Sink Index weighs the successful “settlers” originating from an island against the
successful “settlers” coming to that same island, and gives a good indication on what role an
island plays within the archipelago. A positive index indicates that a site exports more particles
than it imports, and is thus considered an important source site. Conversely, a negative index
means a site imports more particles than it exports, and should be classified as a sink. For year-
round releases, 16 islands had a negative index and 13 islands had positive indexes; Kure and
Johnston Atolls each had an index of zero because virtually all settlers to these sites are a result
of self-recruitment (Fig 8). Gardner Pinnacles had the strongest positive index, followed by
Maro Reef and Mokumanamana island, indicating that they are persistent source sites. The
middle of the archipelago, from Ni‘ihau to St. Rogatien, are predominantly sink islands, with
Kaula having the strongest negative index. Because the source-sink index is a ratio between
particle flux into and out of an island, an island with low self-recruitment can still have a posi-
tive index (net source) if it exports more successful particles than it imports. All islands but
three kept their source or sink assignment when comparing year-round releases to May-June
releases. Pioneer Bank and Laysan Island act as weak source sites for year-round releases, but
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for summer releases they act as sink sites. The bank west of St. Rogatien Bank is a sink during
year-round releases but a source of particles during summer.

Discussion

Our passive particle dispersal model identified three predicted connectivity breaks in the
Hawaiian Archipelago, and these regions of limited connectivity coincide with observed pat-
terns of genetic structure reported for coral reef species in the Northwestern Hawaiian Islands
(NWHI). But, multiple genetic breaks observed in the inhabited MHI are not explained by pas-
sive dispersal, rather our model predicts that the MHI should be well-mixed. It is always desir-
able to parameterize a model with as much accurate biological data as possible [65], but in the
absence of reliable data, a simple physics driven model can provide important information on
the interaction of particles with the physical environment [66-69]. While obviously desirable
for future studies, we have not incorporated any ontogeny, behavior or mortality into the
model because such data are scarce for local fish and invertebrate species. Wren & Kobayashi
[42] ground-truthed the dispersal model using trawl surveys off Big Island, which showed that
a simple physics driven dispersal model is able to predict observed larval fish distributions for
the region. The predominant effect of incorporating realistic larval behaviors into oceano-
graphic models to date is reduced passive dispersal and enhanced self-seeding [70- 75]. Even
without larval behavior, our results show a surprising predominance of self-recruitment for
the Hawaiian Islands, with more limited exchange than by conventional wisdom, so we predict
that explicit incorporation of larval behaviors in future iterations of the model will only
enhance that trend for islands throughout the Hawaiian Archipelago.
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Potential connectivity

Isolation by distance (IBD), where genetic differentiation increases with increasing geographic
distance [76], is often considered the norm in marine population genetics, especially for linear
coastlines or chains of islands [77-79]. The Hawaiian Archipelago, a linear string of islands far
removed from outside genetic influences, is the ideal place to study IBD due to its stepping
stone configuration [80]. As expected, we observed an IBD pattern of particle exchange in this
study, indicated by the decrease in potential connectivity with increasing distance (Fig 2).
There is also a striking degree of self-recruitment driven entirely by physics of passive particles
in this system, with the vast majority of potential connectivity in the matrix falling along the
diagonal. However, researchers focusing on genetic studies have failed to recover an IBD pat-
tern from Fgr in a majority of species; rather a regional pattern of differentiation between the
MHI and NWHI is more evident [22]. Given the differing scales of the analyses, the primary
breaks in the potential connectivity model correspond well to breaks in genetic structure, par-
ticularly the split by Mokumanamana-Nihoa and the far northwestern islands of the Archipel-
ago [20]. There was no indication of obstacles to the exchange of particles among islands
within the MHI, although genetic approaches reveal consistent barriers to exchange among
neighboring islands [20]. This may indicate that physical oceanographic drivers of dispersal
are trumped by other, most likely biological, drivers [81], or that more sensitive techniques are
required to recover a significant IBD signal from data with regional structure (e.g., [82]). The
congruence between our modeling results and genetic analysis in the NWHI, but not in the
MHI, begs the question of what ultimately controls connectivity in this system. Does the lack
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doi:10.1371/journal.pone.0167626.9008

of congruence in the MHI have to do with the imprecision of the oceanographic model, the
lack of biological realism and larval behavior in the model, the differences between the high
main Hawaiian Islands and the low-lying atolls of the NWHI, or the strong ecological differ-
ences and anthropogenic impacts that differentiate the MHI and NWHI? These questions pro-
vide fertile ground for future studies to determine statistical drivers of observed breaks in areas
that appear to be within reach for routine larval dispersal [81].

The current management strategy for the MHI is based, at least in part, on the unfished
stock in Papahanaumokuakea Marine National Monument that is expected to spill over and
replenish fished stocks in the MHI. Our results, coupled with previous genetic work, do not
support this expectation, warranting revision of stock boundaries and resource management
plans. A growing number of studies support directional dispersal in the Hawaiian Islands for
corals [15,36,83], limpets [37], cucumbers [38], and fish [35]. These studies use Eulerian and
Lagrangian dispersal modeling, population genetic techniques, or both. Congruence between
different studies and study methods lends credence to the emerging idea that dispersal in the
Hawaiian Archipelago is primarily directional, from the MHI to the NWHI. While the number
of unique connections from the MHI to the NWHI were 65% higher than from the NWHI to
the MHI, and 60% of the habitat is located in the MHI, the shallow reef fish biomass in the
NWHI is 260% greater than in the MHI [84]. Although the probability of larval transport is
greater from the MHI to the NWHI and not the other way around, it is important to note that
the total number of larvae transported may in fact be greater from the NWHI down to the
MHI when accounting for the larger standing stock biomass in the NWHI.

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 14/25



o @
@ ’ PLOS | ONE Population Connectivity in Hawaii

30N PNy B e e S E S e R SN === === = = - Y
&\\%&%ﬂ$$&$$$$$Wa9‘\s%9$$\\9¥9$5357 T7I7333>DINA3D33333F77F732a738>3>77
NN 234323239333 (43223503220 3373331237333 g¢VAAMIID AT7>4432333>>33y nbVy 7 35>>3
A>3 F YA DPIINNN P L VANAATY V1738 (333303333330 Vi gd 7773743334333 3F>>>ay4vbLicrceccs
MV’7 FANT O YA AN AXNIDIINDIINGTTTA AP >BGaNNA S AN I N W IPTTS>A4AD 3 33553734 yyyyd VYV rLT <A T
28N ‘Niﬂﬂﬁ\\\9$\9&w§ﬁéas977>g&\gﬁ+§—>ﬁéﬁ3—$—9’»§$sss>??33_\.\4 VVyNes>ad>axz 27
\_\\)‘7”7\\3\9&\5) SSSSS S EIDTT 3 A INI T RSO0 S5 3 3 S ar S I PAN D3 340 A A 333 > >>5¥7A
S e N e 2 aatte S M L T iaads o N S S e e
eSS 7777V 4 gy aa33>4 y Wgw 253327775 3> 1y a3 1 3ua w330y 8 3 333037 2 uw? T Ta >
> >3 \y STTAVAYNC by p bbbl <4\ D393 DDIFPTApeeSryr € L2 yNA>AgyyV2 73233377 Y 33758 s>
26N TFTRELVIN\WT1T 38 vy 29> SNVAY > FONNII> TP L LSy sSTTLYy LV YN TIIQganNaI>>TT5 357>
(LPV-\s\\xs-;(AzV,w\y-l Ssz?\lgz)z—)sigéégywwiss\lwﬂVF‘(LV,LG(WN$9??$N&$$$$$97174141
P3>7 53333 a3 35523 > 730555377 03 T3NSI IS m a3 T PR AT T 3w A sss Py (3 AN
(773> 7RSS SSTIIOSS S Y T aa 3T any SSS TS Sss Y x P> s w7 n
7553327 2 7 5 ((SsssS>oa s>\ (3 75 4 N3 7338 207 T (TSt a s s> s> 725 3 7 > T > S u Sy .
24N 1753 aus> VE o VA Qa3 g 3534y | a<lydd 297w D77y 3 n> PP Y FTAN G134 S > o
BAd NNV W<€l cp bbb pyyyVEivl77rgysd 74AL€¢v"7’14"‘7'?\\\\\_\99&§ww\’k7 A N4> T7Aa>
Vbbb Vybépttpe<sSTetLétetpyyW N bV rsere <> NepperbTIVYINS¢ \/NN’)*\\IN\—‘9 73y437II>> T
Crribrp e b b LSS Lree by p bl ébipe’ S Sy S M‘[V:ﬂ/;?"”‘—\yxl\,\\,\—)”?swﬂl >>>3>77

77 &
Cribiyprbp bAdNV LSSl ppreeececrees ezzzéwkN.H-Rc\‘/HLGeeéﬂz ,\c\e ¢ Q ;)7——»5.& \>>>>3a>7
N

0.2

22N A v b bNaaaT vypbébperppeccee<byrbsecpesepetrec<ssh Y < o W TN a IR ssn>a -
B> >adwNVbVNN by ypbryree u,uéee<€k144AAQHIVL—(L"PAA"P@&-e/yZa\T/Z@"“R N g NZ7ra3agyvs o
RSN YV EL £ Ly gV b bVA 33443 V> 25 snogoad 344 Vy ) pesS ‘G\\‘ < cv<bbbyypp
/7*‘\—“\\1&“ AP SAYNN WS II IS II DI T T IS5 (35T s o> B SN <crpryyy
R e S SANSC =<tV
20N - et gt Ly
NA€C<€Ccr  ,SNey 0
Vb bbpy Sy Lo
Jevseessen o

= EM S35 V. oL L eees
TSSO 4 v I’4

18N TaSsaass N Zzéeel“‘wlw(kz

NEETE BN e AR b esSTéyppybbér e

Z
bk by ST b LS &

Ve v V’kék‘L'LvNN\\\\\\)_)ANN\\/"‘AN"I‘V‘V‘“VVLZZIZZW = ‘/
Wkszk kvyvy laézlz ¢ © Vézzzzzzzzz/M%lé\LEé‘c:y ///zkeezzzeekeé—eeké <<
16N W//W//M//,/K///MKKZl‘kekzzlzkk“k(_é Léte
T T T T

178W 174W 170W 166W 162W 158W 154W 150W

Fig 9. Modeled flow fields produced by the regional Hawai‘i MITgem for May 2009-May 2014. Surface geostrophic currents (m/s) around
the Hawaiian Archipelago. The eastward zonal flows are visible near 25°N and 27°N. Major surface currents are marked: Hawai‘i Lee Counter
Current (HLCC), Hawai‘i Lee Current (HLC), North Equatorial Current (NEC) and North Hawaiian Ridge Current (NHRC). Vectors show current
velocities and colors denote current speeds.

doi:10.1371/journal.pone.0167626.9009

The predominant surface currents (Fig 1) in the Hawaiian Archipelago, the Hawai‘i Lee
Current (HLC) and the North Hawaiian Ridge Current (NHRC), flow along the flanks of the
MHI then continue westward. A possible barrier preventing transport between the MHI and
the NWHI is the NHRC/HLC Extension that parts from the Hawaiian Islands just north of
Kaua'i, near 22°N, diverting waters west across the pacific [85]. The location of this current
extension coincides with the location of the potential connectivity break suggested here
between the MHI and the NWHI, between Mokumanamana and Nihoa.

The presence of zonal flows in the Pacific [86] might influence transport and potential con-
nectivity patterns. The regional implementation of the MITgem shows two locations with
zonal flows near 25°N and 27°N (Fig 9). Water is moving eastward in these areas and may
pose a barrier to particle transport. The connectivity breaks in the NWHI are located between
Raita and Gardner near 25°N, and between Lisianski and Pear] and Hermes near 27°N. The
zonal flows seen in the MITgcm flow field are not present in the global HYCOM flow fields
(S8 Fig) but the breaks are still present in the probability matrix from the model run using
global HYCOM currents (5S4 Fig), indicating the zonal flows are not solely responsible for the
connectivity breaks. The persistence in break locations may be due to the lack of suitable habi-
tat around Mokumanamana and Nihoa, or an increase in mean distance between available
habitat in these areas that further limit successful settlement.

Total “settlement”

Mesoscale eddies that form in the lee of the Big Island of Hawai‘i during summer have long
been hypothesized to retain larvae near the Big Island, thus increasing the regional settlement
probability for those larvae [44,59,87-89]. If this hypothesis were correct, we would expect to
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see increased settlement success and higher self-recruitment for the Big Island during particle
releases in summer months when mesoscale eddies are common. Our results do not support
this hypothesis however, because we see the opposite effect: self-recruitment for BI was lower
for particles released during May-June, indicating that the eddies are not retaining particles
released from the Big Island and transporting them back to the Big Island. Our findings are
congruent with recent studies conducted by Fox et al. [90] and Vaz et al. [43] who likewise
found no relationship between eddy activity and recruitment on the Big Island, and together
these studies call into question the longstanding hypothesis that eddies increase regional settle-
ment on the Big Island. Both Fox et al. and Vaz et al. focused solely on the Big Island and did
not investigate recruitment or connectivity between BI and other islands. In direct opposition
to the hypothesis, our model shows that self-recruitment was not enhanced but rather that suc-
cessful transport to other islands was higher for particles released from the Big Island during
May-June. This stands in stark contrast to other islands throughout the archipelago where
total successful transport is higher for particles released year-round. We propose an alternative
hypothesis: the eddies do not appear to increase retention and self-recruitment of larvae on the
Big Island, but instead may facilitate transport and increase settlement of BI larvae on other
islands in the archipelago by capturing particles released on Big Island and moving them up
the island chain.

Distance traveled

The particles that dispersed the farthest in our study traveled in excess of 250 km (equivalent
to the distance between Kona on the Big Island and Honolulu on O‘ahu), and originate on
Mokumanamana, Nihoa and the NW Main Hawaiian Banks. These long-distance dispersers
influence gene flow and can prevent genetic differentiation in a population [91], meaning that
the long tail distances can potentially be more informative than mean distances in the context
of population resilience. Seasonality analysis showed that during summer releases this distance
increased by one third, to more than 350 km. Both mean and maximum dispersal distances
increase for particles released during the summer, in part, because self-recruitment is lower at
this time, so the mean distance traveled by successful settlers tends to be longer. This seasonal
difference has implications for population persistence, because self-recruitment allows for
local adaptation but leaves a population more vulnerable to local disturbances. Summer
months may play a disproportionately important role in long-range dispersal, and the majority
of spawning in coral reef fish populations take place during these months. There is less infor-
mation about spawning seasons of invertebrates, but coral spawning is clearly more variable,
with some species spawning year-round and other species having peak release between the
months of April through September [92-96]. The inclusion of realistic larval behavior in the
model is expected to shorten mean dispersal distances given the wealth of studies showing that
larvae tend to minimize passive dispersal and orient and swim towards settlement habitat
(reviewed by [65,70,97-102]). Therefore, potential dispersal distances reported here are likely
over-estimates of realized dispersal distances achieved by larvae in the Hawaiian Archipelago.
The greatest management unit scale for the archipelago should be more conservative than the
distances we report, and limited to less than 150 km, the mean dispersal distance, because con-
nectivity at greater distances is not only highly limited but typically driven by few individuals
transported disproportionately long distances. Individuals in the long tail of a dispersal kernel
may influence gene flow but are not expected to contribute anything to the persistence or
demography of populations for management [5,8]. One such example is the connection
between Johnston Atoll and the central Hawaiian Archipelago. Although exchange with John-
ston Atoll is exceedingly rare, it does happen, and a few particles traveling the 1300 km
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between the Hawaiian Archipelago and Johnston Atoll drastically increase the average dis-
persal distance calculated from these simulations. The connection with Johnston Atoll is
important as it provides a stepping stone ‘gateway’ into and out of Hawai‘i for marine organ-
isms [38,41,64,103], but does not represent an ecologically relevant source of propagules and
should be excluded when evaluating the scale of resource management units for the Hawaiian
Archipelago. Further, given that Johnston is the closest external reef habitat, it seems unlikely
that more distant sites are better connected to the Hawaiian Archipelago, although some evi-
dence points to similar rare long-distance dispersal from the northern Line Islands [104].

Self-recruitment and source-sink dynamics

Pearl and Hermes, Kure Atoll, French Frigate Shoals, Hawai‘i Island, and Johnston Atoll all
have high self-recruitment (i.e., more than 40% of particles that “settle” at each of those island
were released from that same island). High self-recruitment suggests that they can persist with-
out propagule input from other islands and implies that these islands are less sensitive to
regional disturbances. Conversely, these sites are at greater risk from local disturbances, and if
local extinction occurs, they are not able to recover without external sources of larvae. At the
other end of the spectrum, Gardner Pinnacles, Mokumanamana, and Nihoa Islands all have
very low self-recruitment and low recruitment overall, making them much more sensitive to
fluctuations in population size and larval supply. The high genetic differentiation of these sites
relative to others [81] combined with this relatively small population size and low self-recruit-
ment creates a high risk of local extinction and long-term population persistence appears to be
primarily reliant on outside sources of recruits.

Self-recruitment describes population dynamics on each island, but to get a better idea of
population dynamics on a regional scale and make informed management decisions, the source-
sink index can be equally informative [21]. In the simplest terms, source sites are net exporters
of larvae whereas sinks are net importers. A sink site needs nearby areas to provide propagules
in order to persist, and thus management strategies for source and sink islands will be very dif-
ferent. For example, an island with a lot of available habitat, such as Hawai‘i Island which
accounts for roughly 1/6™ of all available coral reef habitat in the archipelago [52-54], will con-
tribute many particles, but also has many more receiving habitats than a smaller area; thus, the
Big Island can import a very large number of particles, and actually exceed its output. The
source-sink index is useful when comparing islands with varying amounts of habitat because the
ratio looks at both import into, and export out of, an island. It is also important to note that self-
recruitment and the source-sink index are not mutually exclusive; an island with high self-
recruitment can still serve as a source site for nearby islands, as is the case with Kure Atoll, Maro
Reef, and French Frigate Shoals. In contrast, the Big Island, Laysan Pinnacles, and Midway Atoll
have high self-recruitment but are also sink sites. These latter three islands warrant special con-
sideration to maintain the high level of self-recruitment while also relying on the protection of
nearby islands because recruitment subsidy is still important for population persistence.

Connectivity breaks

We should take caution against broadly applying these connectivity findings to all species,
because larval biology and ecology vary greatly for marine animals and those differences are
known to influence ocean transport (reviewed by [65,70,97-102]). For example, our model
results show that Nihoa Island depends strongly on importation of larvae to persist, however,
among intertidal limpets (Cellana sp.), an invertebrate with a negatively buoyant and shorter
lived veliger larva, estimates of self-recruitment are far higher (>90%) (Bird, pers. comm.
2016). In our efforts to examine the potential connectivity patterns in the Hawaiian
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Archipelago, we parameterized our model after a generic broadcast spawning reef fish with an
“average” PLD of 45 days. It is important to recall that this generic fish is not representative of
everything on the reef, and population genetic studies show some dramatic differences among
species studied to date [20]. Here, we report potential population connectivity, and there are
many biotic and abiotic factors influencing realized population connectivity (mortality, time
to competency, metamorphosis, settlement, recruitment etc.) that may cause a mismatch
between realized and potential connectivity [58,105,106].

In the Hawaiian Archipelago we can identify three breaks in potential connectivity
throughout the archipelago: a southern break by Nihoa and Mokumanamana, a central break
between Raita and Gardner Pinnacles, and a northern break between Lisianski and Pearl and
Hermes Atoll. The NWHI breaks generated by our passive particle transport model are sur-
prisingly consistent with population genetic breaks observed for fish and invertebrate species
[20,107,108]. Interestingly, the major differences between the modeled potential connectivity
and genetics are seen in the inhabited MHI, where modeled potential connectivity is not able
to resolve observed genetic breaks.

There are many differences between the uninhabited low atolls and reefs of NWHI relative
to the highly populated high islands of the MHI. However, one major difference between the
MHI and NWHI that may impact our model results is the amount and quality of available hab-
itat. The banks, pinnacles, and atolls in the NWHI are small, the largest being Midway Atoll at
6.2 km®, and north of Gardner Pinnacles, all are sandy and low lying. Close to 60% of the total
coral reef habitat used in this study is located in the MHI (402 out of 687 pixels). In addition,
the MHI have a more complex geology, large channels with strong currents, like the ‘Ale-
nuihaha channel that passes between Big Island and Maui, and mountain-wind interactions
that change surface circulation, features mostly lacking in the NWHI. The regional implemen-
tation of MITgcm at 0.04° resolution does not resolve nearshore flow. It produces the typical
subtropical gyre circulation in the NWHI, with zonal jets associated with propagating meso-
scale eddies [86], whereas in the MHI, interactions between the high mountains and the north-
easterly trade winds generate strong eddies [109] and a highly variable flow field overall (Fig
9). Recent studies have shown that mesoscale circulation features like eddies can create physi-
cal barriers to dispersal [26], and although MITgcm is eddy-resolving, there may be oceano-
graphic features, especially in the MHI, causing genetic breaks in the MHI that are not well
resolved in the circulation model. In addition to physical and oceanographic differences,
behavior, selection, ecological and anthropogenic differences (e.g. [110,111]) among the MHI
may explain the mismatch between the realized (inferred from genetic data here) and potential
(modeled) connectivity, but are not necessary to account for the NWHI breaks. It is likely that
there is a physical barrier to dispersal in the areas where population genetics and our dispersal
modeling show congruence, whether it be channels [26], lack of suitable habitat or oceano-
graphic features (reviewed by [112]). Expanding the biophysical model parameterization to
include life history parameters, a settlement window instead of a fixed PLD, and realistic larval
behavior are expected to enhance self-recruitment and may resolve some of the genetic breaks
observed in the MHI not caused by seascape features.

Supporting Information

S1 Fig. Difference matrices comparing (A) forward and (B) rearward “settlement” proba-
bilities between year round particle releases and releases during May—June only. Red indi-
cated year round probabilities were higher and blue colors indicate releases during May -June
only had higher probability of transport. White indicate no probability of transport.

(TIF)
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S2 Fig. Forward probability matrix for the model run using MITgcm currents. Colored
tiles represent probability of transport from source sites to receiving sites. White areas indicate
no probability of transport between source and receiving sites.

(TIF)

S3 Fig. Potential connectivity matrices for particle tracking model run using 0.08°
HYCOM currents for (A) forward probabilities and (B) rearward probabilities. Colored
tiles represent probability of transport from source sites to receiving sites, scaled after receiving
site with each row adding up to zero. White represents a zero probability of connectivity.

(TIF)

S4 Fig. Difference matrices comparing (A) forward and (B) rearward transport probabili-
ties between year round releases in the dispersal model run using 0.08° HYCOM and
regional (0.04°) MITgcm. Red indicated HYCOM driven probabilities were higher and blue
colors indicate the MITgcm driven model run had higher probability of transport. White indi-
cate no probability of transport.

(TIF)

S5 Fig. Probability matrices for forward (A1, B1, C1) and rearward (A2. B2, C2) potential
connectivity for the Main Hawaiian Islands for three transport model runs. (A) is a subset
of Fig 2a for the MHI, (B) shows probabilities from a model run using regional 0.04° HYCOM
currents, and (C) is a MHI subset of S4 Fig. Colored tiles represent probability of transport
from source sites to receiving sites. Forward matrices are scaled after receiving site with each
row adding up to zero. White represents a zero probability of connectivity.

(TIF)

S6 Fig. Difference matrices for the Main Hawaiian Islands. Matrices show for forward (Al,
B1, Cl1) and rearward (A2, B2, C2) transport probabilities for year round releases in the dis-
persal model run between the regional MITgem and 0.04 HYCOM (A), between 0.08°
HYCOM and regional (0.04°) MITgcm (B) and between the two resolutions of HYCOM (C).
Red colors indicated 0.08° HYCOM driven probabilities were higher in (B) and (C) and
MITgcem in (A). Blue colors indicate the MITgem driven model run had higher probability of
transport in (B) and 0.04 HYCOM in (A) and (C). White represents no probability of transport.
(TIF)

S7 Fig. Map showing averaged surface circulation from global 0.08 HYCOM generated
data for the Hawaiian Archipelago. Major surface currents (m/s) are marked. Zonal flows in
the NWHI are not present in this dataset.

(TIF)

S8 Fig. Map showing averaged surface circulation from the regional 0.04 HYCOM gener-
ated data for the Main Hawaiian Islands. Major surface currents (m/s) are marked.
(TIF)

S1 File. Supplemental methods and results for dispersal modeling in the Hawaiian Archi-
pelago. This file contains supplemental methods and results for additional model runs and
connectivity calculations.

(DOCX)

Author Contributions
Conceptualization: JLKW RJT.

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 19/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167626.s009

@° PLOS | ONE

Population Connectivity in Hawaii

Data curation: JLKW DRK Y] RJT.

Formal analysis: JLKW DRK Y] RJT.

Funding acquisition: RJT.

Investigation: JLKW DRK Y]J.

Methodology: JLKW DRK YJ RJT.

Project administration: JLKW RJT.

Resources: DRK YJ RJT.

Software: JLKW RJT Y]J.

Supervision: RJT.

Validation: JLKW DRK YJ.

Visualization: JLKW YJ.

Writing - original draft: JLKW DRK YJ RJT.

Writing - review & editing: JLKW DRK Y] RJT.

References

1. MoraC, Sale PF. Are populations of coral reef fish open or closed? Trends Ecol Evol. 2002; 17: 422—
428.

2. Swearer SE, Shima JS, Hellberg ME, Thorrold SR, Jones GP, Robertson DR, et al. Evidence of self-
recruitment in demersal marine populations. Bull Mar Sci. 2002; 70: 251-271.

3. Kiritzer JP, Sale PF. Metapopulation ecology in the sea: from Levins’ model to marine ecology and fish-
eries science. Fish Fish. 2004; 5: 131-140.

4. Lipcius RN, Eggleston DB, Schreiber SJ, Seitz RD, Shen J, Sisson M, et al. Importance of Metapopu-
lation Connectivity to Restocking and Restoration of Marine Species. Rev Fish Sci. 2008; 16: 101—
110.

5. Botsford LW, Brumbaugh DR, Grimes C, Kellner JB, Largier J, O’Farrell MR, et al. Connectivity, sus-
tainability, and yield: bridging the gap between conventional fisheries management and marine pro-
tected areas. Rev Fish Biol Fish 2009; 19: 69-95.

6. Cowen RK, Lwiza KMM, Sponaugle S, Paris CB, Olson DB. Connectivity of marine populations: open
or closed? Science. 2000; 287: 857—-859. PMID: 10657300

7. Jones GP, Almany GR, Russ GR, Sale PF, Steneck RS, Van Oppen MJH, et al. Larval retention and
connectivity among populations of corals and reef fishes: history, advances and challenges. Coral
Reefs. 2009; 28: 307-325.

8. Burgess SC, Nickols KJ, Griesemer CD, Barnett LAK, Dedrick AG, Satterthwaite EV, et al. Beyond
connectivity: How empirical methods can quantify population persistence to improve marine pro-
tected-area design. Ecol Appl. Ecological Society of America; 2014; 24: 257-270.

9. Hastings A, Botsford LW. Persistence of spatial populations depends on returning home. Proc Nat
Acad Sci. 2006; 103:6067—-6072. doi: 10.1073/pnas.0506651103 PMID: 16608913

10. Roughgarden J, Gaines S, Possingham H. Recruitment dynamics in complex life cycles. Science.
1988; 241:1460-1466. PMID: 11538249

11.  Hughes TP. Recruitment limitation, mortality, and population regulation in open systems: a case
study. Ecology. 1990; 71: 12—20.

12. Roughgarden J, Iwasa Y, Baxter C. Demographic theory for an open marine population with space-
limited recruitment. 1985; 66: 54—67.

13. Jones GP, Planes S, Thorrold SR. Coral reef fish larvae settle close to home. Curr Biol. 2005; 15:
1314-1318. doi: 10.1016/j.cub.2005.06.061 PMID: 16051176

14. Swearer SE, Caselle JE, Lea DW, Warner RR. Larval retention and recruitment in an island population

of a coral-reef fish. Nature. 1999; 402: 799-802.

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 20/25


http://www.ncbi.nlm.nih.gov/pubmed/10657300
http://dx.doi.org/10.1073/pnas.0506651103
http://www.ncbi.nlm.nih.gov/pubmed/16608913
http://www.ncbi.nlm.nih.gov/pubmed/11538249
http://dx.doi.org/10.1016/j.cub.2005.06.061
http://www.ncbi.nlm.nih.gov/pubmed/16051176

@° PLOS | ONE

Population Connectivity in Hawaii

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Concepcion GT, Baums IB, Toonen RJ. Regional population structure of Montipora capitata across
the Hawaiian Archipelago. Bull Mar Sci. 2014; 90: 257-275.

Lester SE, Ruttenberg Bl, Gaines SD, Kinlan BP. The relationship between dispersal ability and geo-
graphic range size. Ecol Lett. 2007; 10: 745—758. doi: 10.1111/].1461-0248.2007.01070.x PMID:
17594430

Thorson G. Reproductive and larval ecology of marine bottom invertebrates. Biol Rev Camb Philos
Soc. 1950; 25: 1-45. PMID: 24537188

Bradbury IR, Laurel B, Snelgrove PVR, Bentzen P, Campana SE. Global patterns in marine dispersal
estimates: the influence of geography, taxonomic category and life history. Proc Biol Sci. 2008; 275:
1803-1809. doi: 10.1098/rspb.2008.0216 PMID: 18445556

Riginos C, Douglas KE, Jin Y, Shanahan DF, Treml EA. Effects of geography and life history traits on
genetic differentiation in benthic marine fishes. Ecography. 2011; 34: 566-575.

Toonen RJ, Andrews KR, Baums IB, Bird CE, Concepcion GT, Daly-Engel TS, et al. Defining bound-
aries for ecosystem-based management: a multispecies case study of marine connectivity across the
Hawaiian Archipelago. J Mar Biol. 2011; 2011: 1-13.

Holstein DM, Paris CB, Mumby PJ. Consistency and inconsistency in multispecies population network
dynamics of coral reef ecosystems. Mar Ecol Prog Ser. 2014; 499: 1—18.

Selkoe KA, Gaggiotti OE, Bowen BW, Toonen RJ, ToBo Laboratory. Emergent Patterns of Population
Genetic Structure for a Coral Reef Community. Mol Ecol. 2014; 23: 3064-3079.

Carson HS, Lopez-Duarte PC, Rasmussen L, Wang D, Levin LA. Reproductive timing alters popula-
tion connectivity in marine metapopulations. Curr Biol. 2010; 20: 1926—1931. doi: 10.1016/j.cub.2010.
09.057 PMID: 20951048

Donahue MJ, Karnauskas M, Toews C, Paris CB. Location Isn’t Everything: Timing of Spawning
Aggregations Optimizes Larval Replenishment. PLoS One. 2015; 10: e0130694. doi: 10.1371/journal.
pone.0130694 PMID: 26103162

Liggins L, Treml EA, Possingham HP, Riginos C. Seascape features, rather than dispersal traits, pre-
dict spatial genetic patterns in co-distributed reef fishes. J Biogeogr. 2015; 43: 256-267.

Baums IB, Paris CB, Chérubin LM. A bio-oceanographic filter to larval dispersal in a reef-building
coral. Limnol Oceanogr. 2006; 51: 1969—1981.

Selkoe KA, Watson JR, White C, Horin TB, lacchei M, Mitarai S, et al. Taking the chaos out of genetic
patchiness: seascape genetics reveals ecological and oceanographic drivers of genetic patterns in
three temperate reef species. Mol Ecol. 2010; 19: 3708-3726. doi: 10.1111/].1365-294X.2010.04658.
x PMID: 20723063

Treml EA, Ford JR, Black KP, Swearer SE. Identifying the key biophysical drivers, connectivity out-
comes, and metapopulation consequences of larval dispersal in the sea. Movement ecology. 2015;
3:17. doi: 10.1186/s40462-015-0045-6 PMID: 26180636

White C, Selkoe KA, Watson J, Siegel DA, Zacherl DC, Toonen RJ. Ocean currents help explain popu-
lation genetic structure. Proceedings of the Royal Society B: Biological Sciences. 2010; 277: 1685—
1694. doi: 10.1098/rspb.2009.2214 PMID: 20133354

Kay EA, Palumbi SR. Endemism and evolution in Hawaiian marine invertebrates. Trends Ecol Evol.
1987; 2: 183-186. doi: 10.1016/0169-5347(87)90017-6 PMID: 21227847

Hourigan TF, Reese ES. Mid-ocean isolation and the evolution of Hawaiian reef fishes. Trends Ecol
Evol. 1987; 2: 187—191. doi: 10.1016/0169-5347(87)90018-8 PMID: 21227848

Kittinger JN, Dowling A, Purves AR, Milne NA, Olsson P. Marine Protected Areas, Multiple-Agency
Management, and Monumental Surprise in the Northwestern Hawaiian Islands. J Mar Biol. 2011;
2011.

Toonen RJ, Wilhelm TA, Maxwell SM, Wagner D, Bowen BW, Sheppard CRC, et al. One size does
not fit all: The emerging frontier in large-scale marine conservation. Mar Pollut Bull. 2013; 77: 7-10.
doi: 10.1016/j.marpolbul.2013.10.039 PMID: 24246654

Selkoe KA, Halpern BS, Ebert CM, Franklin EC, Selig ER, Casey KS, et al. A map of human impacts
to a “pristine” coral reef ecosystem, the Papahanaumokuakea Marine National Monument. Coral
Reefs. 2009; 28: 635-650.

Rivera MAJ, Andrews KR, Kobayashi DR, Wren JLK, Kelley C, Roderick GK, et al. Genetic Analyses
and Simulations of Larval Dispersal Reveal Distinct Populations and Directional Connectivity across
the Range of the Hawaiian Grouper (Epinephelus quernus). J Mar Biol. 2011; 2011: 1—11.

Friedlander A, Kobayashi DR, Bowen BW, Meyers C, Papastamatiou YP, DeMartini EE, et al. Con-
nectivity and integrated ecosystem studies. In: Friedlander AM, Keller K, Wedding L, Clarke A,
Monaco M, editors. A Marine Biogeographic Assessment of the Northwestern Hawaiian Islands
NOAA Technical Memorandum NOS NCCOS 84. Silver Spring, MD: Prepared by NCCOS’s

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 21/25


http://dx.doi.org/10.1111/j.1461-0248.2007.01070.x
http://www.ncbi.nlm.nih.gov/pubmed/17594430
http://www.ncbi.nlm.nih.gov/pubmed/24537188
http://dx.doi.org/10.1098/rspb.2008.0216
http://www.ncbi.nlm.nih.gov/pubmed/18445556
http://dx.doi.org/10.1016/j.cub.2010.09.057
http://dx.doi.org/10.1016/j.cub.2010.09.057
http://www.ncbi.nlm.nih.gov/pubmed/20951048
http://dx.doi.org/10.1371/journal.pone.0130694
http://dx.doi.org/10.1371/journal.pone.0130694
http://www.ncbi.nlm.nih.gov/pubmed/26103162
http://dx.doi.org/10.1111/j.1365-294X.2010.04658.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04658.x
http://www.ncbi.nlm.nih.gov/pubmed/20723063
http://dx.doi.org/10.1186/s40462-015-0045-6
http://www.ncbi.nlm.nih.gov/pubmed/26180636
http://dx.doi.org/10.1098/rspb.2009.2214
http://www.ncbi.nlm.nih.gov/pubmed/20133354
http://dx.doi.org/10.1016/0169-5347(87)90017-6
http://www.ncbi.nlm.nih.gov/pubmed/21227847
http://dx.doi.org/10.1016/0169-5347(87)90018-8
http://www.ncbi.nlm.nih.gov/pubmed/21227848
http://dx.doi.org/10.1016/j.marpolbul.2013.10.039
http://www.ncbi.nlm.nih.gov/pubmed/24246654

@° PLOS | ONE

Population Connectivity in Hawaii

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Biogeography Branch in cooperation with the Office of National Marine Sanctuaries Papahanaumo-
kuakea Marine National Monument; 2009. pp. 291-330.

Bird CE, Holland BS, Bowen BW, Toonen RJ. Contrasting phylogeography in three endemic Hawaiian
limpets (Cellana spp.) with similar life histories. Mol Ecol. 2007; 16: 3173-3186. doi: 10.1111/j.1365-
294X.2007.03385.x PMID: 17651195

Skillings DJ, Bird CE, Toonen RJ. Gateways to Hawai‘i: genetic population structure of the tropical sea
cucumber Holothuria atra. J Mar Biol.2011.

Kobayashi DR, Polovina JJ. Simulated seasonal and interannual variability in larval transport and
oceanography in the Northwestern Hawaiian Islands using satellite remotely sensed data and com-
puter modeling. Atoll Res Bull. 2006; 543: 365—-390.

Polovina JJ, Kleiber P, Kobayashi DR. Application of TOPEX-POSEIDON satellite altimetry to simu-
late transport dynamics of larvae of spiny lobster, Panulirus marginatus, in the Northwestern Hawaiian
Islands, 1993-1996. Fish Bull. 1999; 97: 132—-143.

Kobayashi DR. Colonization of the Hawaiian Archipelago via Johnston Atoll: a characterization of
oceanographic transport corridors for pelagic larvae using computer simulation. Coral Reefs. 2006;
25:407-417.

Wren JLK, Kobayashi DR. Exploration of the “larval pool”: development and ground-truthing of a larval
transport model off leeward Hawai'i. Peerd. 2016; 4: e1636. doi: 10.7717/peerj.1636 PMID: 26855873

Vaz AC, Richards KJ, Jia Y, Paris CB. Mesoscale flow variability and its impact on connectivity for the
island of Hawai‘i. Geophys Res Lett. 2013; 40: 332-337.

Christie MR, Tissot BN, Albins MA, Beets JP, Jia Y, Ortiz DM, et al. Larval connectivity in an effective
network of marine protected areas. PLoS One. 2010; 5: e15715. doi: 10.1371/journal.pone.0015715
PMID: 21203576

DeMartini EE, Wren JLK, Kobayashi DR. Persistent spatial patterns of recruitment in a guild of Hawai-
ian coral reef fishes. Mar Ecol Prog Ser. 2013; 485: 165—179.

Marshall J, Adcroft A, Hill C, Perelman L, Heisey C. A finite-volume, incompressible Navier Stokes
model for studies of the ocean on parallel computers. J Geophys Res C: Oceans. 1997; 102: 5753—
5766.

Chassignet E, Hurlburt H, Metzger EJ, Smedstad O, Cummings J, Halliwell G, et al. US GODAE:
Global Ocean Prediction with the HYbrid Coordinate Ocean Model (HYCOM). Oceanography. 2009;
22:64-75.

Grigg R. Acropora in Hawaii. Zoogeography. Pac Sci. 1981; 35: 15-24.

Maragos JE, Jokiel PL. Reef corals of Johnston Atoll: one of the world’s most isolated reefs. Coral
Reefs. 1986; 4: 141-150.

Kosaki RK, Pyle RL, Randall JE, Irons DK. New records of fishes from Johnston Atoll, with notes on
biogeography. Pac Sci. 1991; 45: 186—2083.

Timmers MA, Andrews KR, Bird CE, deMaintenton MJ, Brainard RE, Toonen RJ. Widespread dis-
persal of the crown-of-thorns sea star, Acanthaster planci, across the Hawaiian Archipelago and John-
ston Atoll. J Mar Biol. 2011.

Battista TA, Costa BM, Anderson SM. Shallow-water benthic habitats of the main eight Hawaiian
Islands. Silver Spring, MD: NOAA Technical Memorandum NOS NCCOS 61, Biogeography Branch;
2007.

Weiss J, Miller J, Hirsch E, Rooney J, Wedding L, Friedlander A. Geology and Benthic Habitats. A
Marine Biogeographic Assessment of the Northwestern Hawaiian Islands NOAA Technical Memoran-
dum NOS NCCOS 84. Silver Spring, MD: Prepared by NCCOS'’s Biogeography Branch in coopera-
tion with the Office of National Marine Sanctuaries Papahanaumokuakea Marine National Monument;
2009. pp. 65-154.

Franklin EC, Jokiel PL, Donahue MJ. Predictive modeling of coral distribution and abundance in the
Hawaiian Islands. Mar Ecol Prog Ser. 2013; 481: 121-132.

Shanks AL. Pelagic larval duration and dispersal distance revisited. Biol Bull. 2009; 216: 373-385. doi:
10.1086/BBLv216n3p373 PMID: 19556601

Putman NF, He R. Tracking the long-distance dispersal of marine organisms: sensitivity to ocean
model resolution. J R Soc Interface. 2013; 10: 20120979. doi: 10.1098/rsif.2012.0979 PMID:
23349437

Calabrese JM, Fagan WF. A Comparison-Shopper’s Guide to Connectivity Metrics. Front Ecol Envi-
ron. 2004; 2: 529-536.

Burgess SC, Treml EA, Marshall DJ. How do dispersal costs and habitat selection influence realized
population connectivity? Ecology. 2012; 93: 1378—1387. PMID: 22834378

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 22/25


http://dx.doi.org/10.1111/j.1365-294X.2007.03385.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03385.x
http://www.ncbi.nlm.nih.gov/pubmed/17651195
http://dx.doi.org/10.7717/peerj.1636
http://www.ncbi.nlm.nih.gov/pubmed/26855873
http://dx.doi.org/10.1371/journal.pone.0015715
http://www.ncbi.nlm.nih.gov/pubmed/21203576
http://dx.doi.org/10.1086/BBLv216n3p373
http://www.ncbi.nlm.nih.gov/pubmed/19556601
http://dx.doi.org/10.1098/rsif.2012.0979
http://www.ncbi.nlm.nih.gov/pubmed/23349437
http://www.ncbi.nlm.nih.gov/pubmed/22834378

@° PLOS | ONE

Population Connectivity in Hawaii

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

Lobel PS. Ocean current variability and the spawning season of Hawaiian reef fishes. Environ Biol
Fishes. 1989; 24: 161-171.

Bushnell ME, Claisse JT, Laidley CW. Lunar and seasonal patterns in fecundity of an indeterminate,
multiple-spawning surgeonfish, the yellow tang Zebrasoma flavescens. J Fish Biol. 2010; 76: 1343—
1361. doi: 10.1111/j.1095-8649.2010.02569.x PMID: 20537018

Wessel P, Smith WHF. Free software helps map and display data. Eos Trans AGU. 1991; 72: 445—
446.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, et al. vegan: Community Ecol-
ogy Package [Internet]. 2015. https://cran.r-project.org/package=vegan

Hijmans RJ. geosphere: Spherical Trigonometry [Internet]. 2015. http://cran.r-project.org/package=
geosphere

Wood S, Paris CB, Ridgwell A, Hendy EJ. Modelling dispersal and connectivity of broadcast spawning
corals at the global scale. Glob Ecol Biogeogr. 2014; 23: 1-11.

Leis JM. Behaviour as input for modelling dispersal of fish larvae: Behaviour, biogeography, hydrody-
namics, ontogeny, physiology and phylogeny meet hydrography. Mar Ecol Prog Ser. 2007; 347: 185—
193.

Mitarai S, Siegel D a., Winters KB. A numerical study of stochastic larval settlement in the California
Current system. J Mar Syst. 2008; 69: 295-309.

Siegel DA, Kinlan BP, Gaylord B, Gaines SD. Lagrangian descriptions of marine larval dispersion. Mar
Ecol Prog Ser. 2003; 260: 83-96.

Siegel DA, Mitarai S, Costello CJ, Gaines SD, Kendall BE, Warner RR, et al. The stochastic nature of
larval connectivity among nearshore marine populations. Proceedings of the National Academy of Sci-
ences. 2008; 105: 8974-8979.

Mitarai S, Watanabe H, Nakajima Y, Shchepetkin AF, McWilliams JC. Quantifying dispersal from
hydrothermal vent fields in the western Pacific Ocean. Proc Natl Acad Sci. 2016;

Paris CB, Atema J, Irisson J-O, Kingsford M, Gerlach G, Guigand CM. Reef odor: a wake up call for
navigation in reef fish larvae. PLoS One. 2013; 8: €72808. doi: 10.1371/journal.pone.0072808 PMID:
24015278

Drake PT, Edwards CA, Morgan SG, Dever EP. Influence of larval behavior on transport and popula-
tion connectivity in a realistic simulation of the California Current System. J Mar Res. 2013; 71: 317—
350.

Wolanski E, Kingsford MJ. Oceanographic and behavioural assumptions in models of the fate of coral
and coral reef fish larvae. J R Soc Interface. 2014; 11: 20140209. doi: 10.1098/rsif.2014.0209 PMID:
24966233

Staaterman E, Paris CB, Helgers J. Orientation behavior in fish larvae: a missing piece to Hjort’s criti-
cal period hypothesis. J Theor Biol. 2012; 304: 188—196. doi: 10.1016/j.jtbi.2012.03.016 PMID:
22465113

Rasmuson LK, Shanks AL. In situ observations of Dungeness crab megalopae used to estimate trans-
port distances by internal waves. Mar Ecol Prog Ser. 2014; 511: 143—152.

Morgan SG. Behaviorally Mediated Larval Transport in Upwelling Systems. Advances in Oceanogra-
phy. 2014.

Wright S. Isolation by Distance. Genetics. 1943; 28: 114—138. PMID: 17247074

Rousset F. Genetic differentiation and estimation of gene flow from F-statistics under isolation by dis-
tance. Genetics. 1997; 145: 1219-1228. PMID: 9093870

Pogson GH, Taggart CT, Mesa KA, Boutilier RG. Isolation by distance in the Atlantic cod, Gadus mor-
hua, at large and small geographic scales. Evolution. 2001; 55: 131-146. PMID: 11263734

Bradbury IR, Bentzen P. Non-linear genetic isolation by distance: implications for dispersal estimation
in anadromous and marine fish populations. Mar Ecol Prog Ser. 2007; 340: 245-257.

Polato NR, Concepcion GT, Toonen RJ. Isolation by distance across the Hawaiian Archipelago in the
reef-building coral Porites lobata. Molecular. 2010; 19: 4661-4677.

Selkoe K, Gaggiotti O, Treml E, Wren J, Donovan M, Hawaii Reef Connectivity Consortium, et al. The
DNA of coral reef biodiversity—predicting and protecting genetic diversity of reef assemblages. Pro-
ceedings of the Royal Society B. 2016; 283: 20160354 doi: 10.1098/rspb.2016.0354 PMID: 27122569

Crandall ED, Treml EA, Barber PH. Coalescent and biophysical models of stepping-stone gene flow in
neritid snails. Mol Ecol. 2012; 21: 5579-5598. doi: 10.1111/mec.12031 PMID: 23050562

Treml EA, Halpin PN, Urban DL, Pratson LF. Modeling population connectivity by ocean currents, a
graph-theoretic approach for marine conservation. Landsc Ecol. 2008; 23: 19-36.

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 23/25


http://dx.doi.org/10.1111/j.1095-8649.2010.02569.x
http://www.ncbi.nlm.nih.gov/pubmed/20537018
https://cran.r-project.org/package=vegan
http://cran.r-project.org/package=geosphere
http://cran.r-project.org/package=geosphere
http://dx.doi.org/10.1371/journal.pone.0072808
http://www.ncbi.nlm.nih.gov/pubmed/24015278
http://dx.doi.org/10.1098/rsif.2014.0209
http://www.ncbi.nlm.nih.gov/pubmed/24966233
http://dx.doi.org/10.1016/j.jtbi.2012.03.016
http://www.ncbi.nlm.nih.gov/pubmed/22465113
http://www.ncbi.nlm.nih.gov/pubmed/17247074
http://www.ncbi.nlm.nih.gov/pubmed/9093870
http://www.ncbi.nlm.nih.gov/pubmed/11263734
http://dx.doi.org/10.1098/rspb.2016.0354
http://www.ncbi.nlm.nih.gov/pubmed/27122569
http://dx.doi.org/10.1111/mec.12031
http://www.ncbi.nlm.nih.gov/pubmed/23050562

@° PLOS | ONE

Population Connectivity in Hawaii

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Friedlander AM, DeMartini EE. Contrasts in density, size, and biomass of reef fishes between the
northwestern and the main Hawaiian Islands: the effects of fishing down apex predators. Mar Ecol
Prog Ser. 2002; 230: e264.

Qiu B, Koh DA, Lumpkin C, Flament P. Existence and formation mechanism of the North Hawaiian
Ridge Current. J Phys Oceanogr. 1997; 27: 431-444.

Maximenko NA, Bang B, Sasaki H. Observational evidence of alternating zonal jets in the world
ocean. Geophys Res Lett. 2005; 32: L12607.

Seki MP, Lumpkin R, Flament P. Hawaii cyclonic eddies and blue marlin catches: the case study of
the 1995 Hawaiian International Billfish Tournament. J Oceanogr. 2002; 58: 739—745.

Lobel PS. Transport of reef lizardfish larvae by an ocean eddy in Hawaiian waters. Dyn Atmos
Oceans. 2011; 52: 119-130.

Lobel PS, Robinson AR. Reef fishes at sea: ocean currents and the advection of larvae. 1983. pp. 29—
38.

Fox HE, Haisfield KM, Brown MS, Stevenson TC, Tissot BN, Walsh WJ, et al. Influences of oceano-
graphic and meteorological features on reef fish recruitment in Hawai’ i. Mar Ecol Prog Ser. 2012; 463:
259-272.

Wright S. The Interpretation of Population Structure by F-Statistics with Special Regard to Systems of
Mating. Evolution. 1965; 19: 395-420.

Stimson JS. Mode and timing of reproduction in some common hermatypic corals of Hawai‘i and Ene-
wetak. Mar Biol. 1978; 48: 173-184.

Kolinski SP, Cox EF. An Update on Modes and Timing of Gamete and Planula Release in Hawaiian
Scleractinian Corals with Implications for Conservation and Management. Pac Sci. 2003; 57: 17-27

Richmond RH, Hunter CL. Reproduction and recruitment of corals: comparisons among the Carib-
bean, the Tropical Pacific, and the Red Sea. Mar Ecol Prog Ser. 1990; 60: 185-203.

Baird AH, Guest JR, Willis BL. Systematic and Biogeographical Patterns in the Reproductive Biology
of Scleractinian Corals. Annu Rev Ecol Evol Syst. 2009; 40: 551-571.

Padilla-Gamifio JL, Gates RD. Spawning dynamics in the Hawaiian reef-building coral Montipora capi-
tata. Mar Ecol Prog Ser. 2012; 229: 145-160.

Robins PE, Neill SP, Giménez L, Jenkins SR, Malham SK. Physical and biological controls on larval
dispersal and connectivity in a highly energetic shelf sea. Limnol Oceanogr. 2013; 58: 505-524.

Cowen RK, Paris CB, Olson DB, Fortuna JL. The role of long distance dispersal versus local retention
in replenishing marine populations. Gulf Caribb Res. 2015; 14: 129-137.

Kough AS, Paris CB, Butler MJ IV. Larval Connectivity and the International Management of Fisheries.
PLoS One. 2013; 8: €64970. doi: 10.1371/journal.pone.0064970 PMID: 23762273

Leis JM, Paris CB, Irisson J-O, Yerman MN, Siebeck UE. Orientation of fish larvae in situ is consistent
among locations, years and methods, but varies with time of day. Mar Ecol Prog Ser. 2014; 505: 193—
208.

Kool JT, Huang Z, Nichol SL. Simulated larval connectivity among Australia’s southwest submarine
canyons. Mar Ecol Prog Ser. 2015; 539: 77-91.

Staaterman E, Paris CB. Modelling larval fish navigation: the way forward. ICES J Mar Sci. 2014; 71:
918-924.

Eble JA, Toonen RJ, Sorenson L, Basch LV, Papastamatiou YP, Bowen BW. Escaping paradise: lar-
val export from Hawaii in an Indo-Pacific reef fish, the yellow tang Zebrasoma flavescens. Mar Ecol
Prog Ser. 2011; 428: 245-258. doi: 10.3354/meps09083 PMID: 25505806

Concepcion GT, Kenyon J, Baums IB, Toonen RJ. Genetic evidence for possible coral larval dispersal
from the Northern Line Islands to the Hawaiian Archipelago. Galaxea, Journal of Coral Reef Studies.
2016; 18: 9-11.

Toonen RJ, Tyre AJ. If larvae were smart: a simple model for optimal settlement behavior of compe-
tent larvae. Mar Ecol Prog Ser. 2007; 349: 43-61.

Neuheimer AB, Taggart CT. The growing degree-day and fish size-at-age: the overlooked metric. Can
J Fish Aquat Sci. 2007; 64: 375-385.

Szabo Z, Snelgrove B, Craig MT, Rocha LA, Bowen BW. Phylogeography of the manybar goatfish,
Parupeneus multifasciatus, reveals isolation of the Hawaiian Archipelago and a cryptic species in the
Marquesas Islands. Bull Mar Sci. 2014; 90: 493-512.

Andrews KR, Moriwake VN, Wilcox C, Grau EG, Kelley C, Pyle RL, et al. Phylogeographic analyses of
submesophotic snappers Etelis coruscans and Etelis “marshi” (family Lutjanidae) reveal concordant
genetic structure across the Hawaiian Archipelago. PLoS One. 2014; 9: €91665. doi: 10.1371/journal.
pone.0091665 PMID: 24722193

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 24/25


http://dx.doi.org/10.1371/journal.pone.0064970
http://www.ncbi.nlm.nih.gov/pubmed/23762273
http://dx.doi.org/10.3354/meps09083
http://www.ncbi.nlm.nih.gov/pubmed/25505806
http://dx.doi.org/10.1371/journal.pone.0091665
http://dx.doi.org/10.1371/journal.pone.0091665
http://www.ncbi.nlm.nih.gov/pubmed/24722193

@° PLOS | ONE

Population Connectivity in Hawaii

109.

110.

111.

112,

Jia Y, Calil PHR, Chassignet EP, Metzger EJ, Potemra JT, Richards KJ, et al. Generation of meso-
scale eddies in the lee of the Hawaiian Islands. J Geophys Res. 2011; 116: C11009.

Puritz JB, Toonen RJ. Coastal pollution limits pelagic larval dispersal. Nat Commun. 2011; 2: 226. doi:
10.1038/ncomms1238 PMID: 21407192

Ruttenberg Bl, Hamilton SL, Walsh SM, Donovan MK, Friedlander A, DeMartini E, et al. Predator-
induced demographic shifts in coral reef fish assemblages. PLoS One. 2011; 6: €21062. doi: 10.1371/
journal.pone.0021062 PMID: 21698165

Riginos C, Liggins L. Seascape Genetics: Populations, Individuals, and Genes Marooned and Adrift.
Geography Compass. 2013; 7: 197-216.

PLOS ONE | DOI:10.1371/journal.pone.0167626 December 8, 2016 25/25


http://dx.doi.org/10.1038/ncomms1238
http://www.ncbi.nlm.nih.gov/pubmed/21407192
http://dx.doi.org/10.1371/journal.pone.0021062
http://dx.doi.org/10.1371/journal.pone.0021062
http://www.ncbi.nlm.nih.gov/pubmed/21698165

