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A B S T R A C T

The global center of marine biodiversity is located in the western tropical Pacific in a region known as the “Coral

Triangle” (CT). This region is also considered the most threatened of all coral reef regions, because multiple

impacts, including rising temperatures and coral bleaching, have already caused high mortality of reef corals

over large portions of the CT. Larval dispersal and recruitment play a critical role in reef recovery after such

disturbances, but our understanding of reproductive connectivity between reefs is limited by a paucity of ob-

servations. Oceanographic modeling can provide an economical and efficient way to augment our understanding

of reef connectivity, particularly over an area as large as the CT, where marine ecosystem management has

become a priority. This work combines daily averaged surface current velocity and direction from a Regional

Ocean Modeling System developed for the CT region (CT-ROMS) with a Lagrangian particle tracking tool

(TRACMASS) to investigate the probability of larval transport between reefs for a typical broadcasting coral. A

47-year historical simulation (1960–2006) was used to analyze the potential connectivity, the physical drivers of

larval transport, and its variability following bi-annual spawning events in April and September. Potential

connectivity between reefs was highly variable from year to year, emphasizing the need for long simulations.

The results suggest that although reefs in this region are highly self-seeded, comparatively rare long-distance

dispersal events may play a vital role in shaping regional patterns of reef biodiversity and recovery following

disturbance. The spatial pattern of coral “subpopulations,” which are based on the potential connectivity be-

tween reefs, agrees with observed regional-scale patterns of biodiversity, suggesting that the physical barriers to

larval dispersal are a first-order driver of coral biodiversity in the CT region. These physical barriers persist

through the 21st Century when the model is forced with the Community Earth System Model (CESM) RCP8.5

climate scenario, despite some regional changes in connectivity between reefs.

1. Introduction

Larval dispersal modeling has greatly improved our understanding

of potential dispersal, typical dispersal distances/scales and con-

nectivity between populations, and locations of key sources or sinks for

larvae (e.g., Cowen et al., 2006; Treml et al., 2008; Kool et al., 2011;

Foster et al., 2012; Treml and Halpin, 2012). In coral reef research,

simulations of larval dispersal and reef connectivity provide testable

hypotheses for phylogeographic and genetic studies (Kool et al., 2010,

2011; Gillespie et al., 2012) and may help identify potential targets for

marine protected areas (MPAs) to facilitate recovery following dis-

turbance and promote reef resilience (e.g., Fernandes et al., 2012;

Treml and Halpin, 2012; Magris et al., 2014).

Most analyses of larval dispersal have focused on spatial patterns

(e.g., Kool et al., 2011; Treml and Halpin, 2012), with relatively few

studies addressing the variability of these patterns through time (i.e.,

Treml et al., 2008; Mitarai et al., 2009; Berkley et al., 2010; Watson

et al., 2010, 2012; Snyder et al., 2015; Wood et al., 2016). Critically, no

studies to date have looked at the impact of long-term (interannual to

decadal-scale) climate and oceanographic variability on larval
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dispersal. Identifying how larval dispersal changes across time has

therefore been identified as a key research priority (Treml et al., 2015).

Such estimates are critical input towards achieving the conservation

goals of the Coral Triangle Initiative (CTI, Secretariat, 2009) to preserve

reefs in the CT region, as the effectiveness of conservation targets de-

pends in part on whether key sources and sinks of larvae remain stable

through time. Because coral larvae drift relatively passively with sur-

face ocean currents, patterns of larval dispersal and reef connectivity

will be influenced by both intra- and inter-annual variability in regional

climate and ocean currents. For example, the strength of the south

equatorial current (SEC) and the Indonesian Throughflow (two major

features of surface advection in the CT region) are both affected by the

state of the El Niño-Southern Oscillation (ENSO) (e.g., Bray et al., 1996;

Gordon and Fine, 1996; Meyers, 1996; Sprintall and Révelard, 2014)

and Pacific Decadal Variability (Wainwright et al., 2008; Feng et al.,

2011). Seasonal reversal of winds associated with the Asian monsoon

system also impact the strength and direction of many of the region’s

major surface currents (e.g., Wyrtki, 1961; Masumoto and Yamagata,

1991; Han et al., 2009). The locations of the Halmahera and Mindanao

Eddies (HE and ME, respectively; Fig. 1) also change between seasons

and ENSO phases, shifting southeastward during the boreal winter and

during El Niño events (Kashino et al., 2013).

In this study, we take the first look at the stability of connectivity

patterns and the location of key source/sink reefs through time in the

CT region: from season-to-season and year-to-year and from the his-

torical to future climate states. We investigate the spatial and temporal

variability in “potential connectivity” (following Mitarai et al., 2009;

Watson et al., 2010, 2012)—the physical drivers of larval dispersal—in

the CT (Veron et al., 2009) over a 47-year historical and two 20-year

future climate simulations. Although biological factors—e.g., fecundity

(Baird and Marshall, 2002; Sudek et al., 2011), precompetency period

(Heyward et al., 2002; Figueiredo et al., 2014), survivability (Edmunds

et al., 2001; Bassim and Sammarco, 2003; Baums et al., 2006; Nozawa

and Harrison, 2007; Randall and Szmant, 2009), and settlement (Coles,

1985)—further modify (and typically reduce) reef connectivity (“rea-

lized connectivity”), this approach allows us to isolate the role of

physics (e.g., current strength and direction) on connectivity in the

region. We focus on the CT region of the western tropical Pacific be-

cause it is not only a hotspot for marine biodiversity (Roberts et al.,

2002; Hoeksema, 2007), with the greatest numbers species of coral and

fish of any region worldwide, but it is also considered one of the most

threatened of all reef regions (with hundreds of species on the Inter-

national Union for Conservation of Nature threatened list) (Roberts

et al., 2002; Burke et al., 2006; Carpenter et al., 2008; Burke et al.,

2012). Despite the threat to this important biodiversity hotspot, there is

still limited coverage of effectively managed MPAs in the CT (∼1% of

the reef area) (White et al., 2014). The CTI aims to address this issue

through improved ecosystem-based management practices, including a

network of MPAs to promote ecosystem function and connectivity (e.g.,

White et al., 2014; Walton et al., 2014).

Motivated by these conservation goals, the present study aims to

improve our understanding of spatio-temporal patterns of the physical

processes dictating connectivity in the CT (Fig. 1) and how these pat-

terns may change in the future. To this end, we first calculate potential

connectivity among reefs in this region and identify key sources and

sinks of coral larvae. Larvae from key source reefs have a high prob-

ability of reaching other reefs in the region, while key sink reefs are

likely to receive larvae from other sites (e.g., Watson et al., 2010).

These source and sink reefs may play a critical role in recovery fol-

lowing disturbance. We assess the stability of these patterns over the

historical period, by (1) calculating the difference in connectivity pat-

terns between seasons, El Niño/La Niña, and phases of the Pacific

Decadal Oscillation (PDO), (2) identifying the dominant spatio-tem-

poral patterns/“modes” of potential connectivity variability and their

relation to climate variability (e.g., ENSO, PDO, etc.) and (3) testing the

stability of important sources and sinks through time. Such information

on the response of larval connectivity to major climate phenomena may

improve conservation planning, particularly alongside advances in

near-term predictability of climate events and the timing of major phase

shifts (Kirtman, 2014; Meehl et al., 2014). We also leverage this long

simulation to estimate, for the first time, the length of simulation

needed to quantify temporal variability in potential connectivity in this

region. Finally, we use future simulations to assess whether the patterns

of potential connectivity change under 8.5W/m2 of climate-change
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Fig. 1. (a) Coral reefs within the CT-ROMS domain (outlined in black), where colors denote the ecoregions defined by Veron et al., (2009). (b) Schematic of ocean

circulation in the CT region (Castruccio et al., 2013). Dashed orange line delineates the Coral Triangle (Veron et al., 2009).
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forcing. We end by discussing the implications of this work for future

connectivity modeling studies and coral reef conservation.

2. Methods

2.1. CT-ROMs

We simulate the trajectories of coral larvae using the velocity fields

from the Regional Ocean Modeling System developed for the CT region

(CT-ROMS; Fig. 1). The CT-ROMS domain spans 95°E–170°E, and

25°S–25°N, with an average spatial resolution of 5 km and 50 vertical

levels in terrain-following sigma coordinates. CT-ROMS explicitly

solves the tides, and accurately captures regional temperature and

circulation patterns (Castruccio et al., 2013). For example, CT-ROMS

captures the magnitude and location of major near-surface currents in

the region, including the North Equatorial Current (NEC) [and its bi-

furcation into the northward-flowing Kuroshio and southward-flowing

Mindanao currents], North Equatorial Counter Current (NECC), New

Guinea Coastal Current (NGCC), and South Equatorial Current (SEC).

Importantly, CT-ROMS also captures the region's major eddies (e.g.,

Mindanao Eddy, Halmahera Eddy), the magnitude and spatial pattern

of Eddy Kinetic Energy, and the mean transport through outflow pas-

sages of the Indonesian Throughflow over the 2004–2006 period (the

observational period of the International Nusantara Stratification and

Transport Program) (Castruccio et al., 2013). Finally, correlations be-

tween observed and simulated sea level are 0.8–0.95 for all tidal sta-

tions, indicating that CT-ROMS captures regional tidal evolution and

magnitude (Castruccio et al., 2013).

In addition to capturing the reef-scale circulation features that drive

larval transport, the CT-ROMs historical simulation spans 47-years

(1960–2006), which permits the first detailed assessment of temporal

variability in the physical drivers of reef connectivity. Boundary con-

ditions for this historical simulation were obtained from Simple Ocean

Data Assimilation temperature, salinity and velocity (Carton et al.,

2000a, 2000b) and Modern Era-Retrospective Analysis for Research

Applications (MERRA) reanalysis (Rienecker et al., 2011) air tempera-

ture, sea-level pressure, specific humidity, daily short-wave, down-

welling longwave, and precipitation. To compare modern and future

connectivity patterns in the region, additional CT-ROMS simulations

were forced with output from the Community Earth System Model

(CESM): 1960–1979 from the 20th Century simulation, and 2040–2059

and 2080–2099 from the 21st Century RCP 8.5 simulation (Hurrell

et al., 2013). The RCP 8.5 (Representative Concentration Pathway)

climate-change scenario represents the CO2-equivalent greenhouse gas

concentration associated with additional radiative forcing of 8.5Wm–2

in the year 2100 (Moss et al., 2010).

2.2. Potential connectivity

Our approach separates the physical and biological processes of

connectivity (following Mitarai et al., 2009; Watson et al., 2010, 2012).

Here we present results of the potential connectivity between reefs of the

CT following biannual (spring and fall) mass spawning events (Penland

et al., 2004; Baird et al., 2009; Chelliah et al., 2015; Pollock et al.,

2017). Potential connectivity represents the physical drivers of larval

dispersal and is calculated as the probability of larval transport between

a source reef and a sink reef (Watson et al., 2010). This approach yields

a first-order estimate of the degree of connectivity among reefs, and

acknowledges that biological processes (e.g., larval mortality) will act

to modify (usually reduce) the potential connectivity.

We used the offline particle tracking tool TRACMASS (Döös et al.,

2013) to calculate the trajectories of particles representing coral larvae

passing through each grid cell of the 5-km resolution CT-ROMS simu-

lation. This offline particle tracking code allows the release and

tracking of thousands of particles (larvae), while maintaining high

computational efficiency.

Larval spawning, competency, and dispersal are based on the

broadcast spawning coral Acropora millepora (Table 1). A. millepora is

common and widespread throughout the CT, and spawns in the spring

(March/April) in some regions of the domain, in the fall in others

(August/September in Palau & October/November on the Great Barrier

Reef), and likely both fall and spring in many others (Table 1). A.

millepora larvae can become competent to settle within 3 days after

spawning, with the largest proportion reaching competency at around

10 days (Connolly and Baird, 2010), after which they can settle out of

the water column onto suitable substrates. Although larvae of A. mill-

epora can survive more than 100 days (Baird, 2001; Connolly and Baird,

2010), the largest proportion settle between 10 and 30 days post-

spawning (Connolly and Baird, 2010). As in previous connectivity

modeling studies for broadcast spawning corals (e.g., Wood et al., 2014;

Tay et al., 2012), we assume that A. millepora larvae behave as passive

tracers, since they have very limited ability to swim against horizontal

currents and generally only migrate vertically once they are competent

to actively explore the substrate for places to settle (e.g., Szmant and

Meadows, 2006; Pizarro and Thomason, 2008).

Particles representing coral larvae were released from each 5x5 km

grid cell designated as “reef” or “coastal” (Fig. S1). Reef cells were

identified based on the IUCN World data base of coral reefs (IMaRS-USF

Table 1

Acropora millepora: Summary of spawning and larval characteristics.

Characteristic Description References

Habitat Shallow reef regions (2–12m) Wallace and Willis (2003), IUCN (2015)

Distribution Common throughout the Coral Triangle Wallace and Richards (2001)

Life history strategy Competitive Darling et al. (2012)

Reproductive mode Hermaphroditic, broadcast spawner Wallace and Willis (2003)

Spawning period General: March/April and September/October/November are spawning peaks for most regions in Coral

Triangle

Baird et al. (2009)

Palau: Acropora sp. spawning observed in late August Penland et al. (2004)

Malaysia: A. millepora spawning observed in April Chelliah et al. (2015)

Central Great Barrier Reef: A. millepora spawning observed in November Pollock et al. (2017)

Larval precompetency 3 d minimum Connolly and Baird (2010)

Larval competency period Peaks at around 10 d; mean duration 20 d (95% CI: 16–25 d); max 60 d Connolly and Baird (2010)

Larval survival > 100 d, but 50% mortality after 14 d Baird (2001), Connolly and Baird (2010)
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and IRD, 2005), and “coastal” cells were identified as cells within 2 grid

cells of the coastline. Given the computational burden of tracking

particles among all reef cells within the CT-ROMS domain, we grouped

the reef cells into “reef sites” defined by 8× 8 (coastal) grid cells (Fig.

S1). For each day of a 5-day spawning event, we released 25 particles

from each of the oceanic grid cells within a reef site, for a maximum of

8000 particles released from each “reef site” (the exact number of

particles released varies with the proportion of oceanic and land cells

within the reef site).

We tested a range of particle numbers (between 1 and 50,000 per

site (after Simons et al., 2013)) and determined that 8000 particles

captured ∼95% of the variance in the Lagrangian probability density

function (LPDF) observed after a 30-day pelagic larval duration (PLD)

(Fig. S2). For this particle sensitivity test, a reference LPDF was calcu-

lated by massively seeding particles every day in March 2004

(> 50,000 particles total) for 21 representative reef sites (selected

throughout the domain). Particles were then randomly removed from

each site, and the LPDF was re-evaluated. The Fraction Unexplained

Variance (FUV) statistic (Fig. S2) quantifies the difference between the

reference LPDF (all particles) and the LPDF computed with only a

portion of the released particles (x axis). The upper bound of the 30-day

PLD 95% confidence interval intersects the FUV upper-bound of 5% at

∼8000 particles.

Larvae were released at midnight (Babcock et al., 1986) for 5 days

surrounding the full moon (Houk and van Woesik pers. communication;

Willis et al., 1985, as reviewed by Baird et al. (2009)) closest to April 1

and September 1 (typical spring and fall spawning periods for A. mill-

epora, Table 1) of each year over the 1960–2006 historical simulation.

Over 1.8× 107 larvae were released during each seasonal spawning

event, for a total of more than 1.7× 109 larvae over all biannual

spawning events in the 47 year simulation. We present potential con-

nectivity among reefs following spring and fall spawning as a con-

servative estimate of connectivity among reefs in this region; key results

for individual spawning seasons are also presented in the supplemental

information.

Potential connectivity (Cij), the probability that a particle from one

site (i) reached another site (j) at the end of the PLD, was then calcu-

lated for each pair of source and sink sites following the approach of

Mitarai et al. (2009). First, the Lagrangian PDF was calculated at the

end of the PLD by normalizing the particle density by the total number

of particles for each release site. An isotropic Gaussian filter (with a

standard deviation of 30 km) was used to spatially filter the discrete

Lagrangian PDF (see Mitarai et al., 2009 for more details). Given a 5 km

grid size, CT-ROMS captures mesoscale processes on the scale of

50–500 km. As a result, the 30 km filter smooths the grid-scale level

noise in the LPDF at without removing any physical features of the

ocean circulation. The Lagrangian PDF (LPDF) thus represents the

number of particles per km2 at the end of the PLD (either 10 or 30 days

following the larval release period) (e.g., see Fig. 2). The only loss of

particles is when they exit the domain. Finally, potential connectivity

was evaluated from the LPDF for all source and sink reef combinations

by multiplying the LPDF by the sink site area to convert the probability

densities to probabilities (see Mitarai et al., 2009 for more details). We

therefore analyze the connectivity patterns at the end of the PLD only

(i.e., larvae do not settle along the way). We performed these calcula-

tions for two PLDs – 10 days and 30 days – as the majority of A. mill-

epora settlement occurs within the first few weeks of spawning (e.g.,

Tay et al., 2011; Connolly and Baird, 2010). In reality, many coral

species have larvae that settle over a wide range of PLDs from 3 to>

30 days and in rare instances> 100 days. We model 10 and 30 day

PLDs, as average and conservative estimates, respectively, of potential

connectivity among reefs in the CT based on typical larval pre-

competency period and survival for A. millepora (Table 1).

We used the potential connectivity to calculate the source and sink

strength of each site within the domain. Source strength was calculated

as the total probability that larvae released from the site will reach a

settlement cell (not including self-seeding), while sink strength was

calculated as the total probability that larvae will arrive at a reef from

any source location other than itself (after Mitarai et al., 2009; Watson

et al., 2010). We also calculated source and sink strengths with self-

seeding, but show the results with self-seeding removed to highlight the

potential for each reef site to provide or receive larvae following dis-

turbance events (when self seeding may be greatly reduced, (Baird and

Marshall, 2002; Sudek et al., 2011)).

2.3. 20th Century multidecadal variability

To assess variability in potential connectivity over the 47-year CT-

ROMS simulation (1960–2006), we calculated the standard deviation

and coefficient of variation in potential connectivity, source strength,

and sink strength. We also performed empirical orthogonal function

(EOF) analysis on the annual potential connectivity matrix over the

entire 47-year span of spring and fall spawning events (i.e., Cij, the

square matrix of the probability of dispersal between the 2497 source

reefs i and 2497 sink reefs j over 94 individual spawning events; di-

mensions: 2497×2497×94). This EOF analysis was used to assess the

dominant modes of variability in potential connectivity (i.e., patterns of

Cij variability across all 94 spawning events) and their relation to major

modes of climate variability. To assess the impact of major climate

systems on potential connectivity in the region, we calculated the

correlation of the top principal components with indices of the El Niño-

Southern Oscillation (Niño 3.4 index; (Smith et al., 2008); El Niño

modoki index; (Ashok et al., 2007)), Indian Ocean dipole (IOD mode

index, (Saji et al., 2005)), and Pacific Decadal Oscillation (PDO index;

(Mantua et al., 1997; Zang et al., 1997)). Finally, we also calculated the

difference in source strength and sink strength between strong histor-

ical El Niño (1965, 1972, 1982, 1997) and La Niña (1973, 1988, 1998,

1999) events and between positive (1977–1997) and negative

(1960–1976) phases of the PDO.

2.4. 21st Century projection of larval dispersal

To assess whether potential connectivity patterns may change in the

future, we tracked particles using the approach described above, but for

three 20-year periods of CT-ROMS simulations forced with output from

the Community Earth System Model (CESM): 1960–1979 from the 20th

Century simulation, and 2040–2059 and 2080–2099 from the 21st

Century RCP 8.5 simulation (Hurrell et al., 2013).

2.5. Potential connectivity “subpopulations”

We used the potential connectivity matrix to assess temporal

variability in metapopulation structure at regional scales within the CT

region. Using the methodology of Jacobi et al., (2012), we identified

the “subpopulation” structure from the potential connectivity matrix.

This method minimizes the mean connectivity among subpopulations

(Q) for a given number of subpopulations, defined as the connectivity

between subpopulations
∼
Ckl normalized against self-recruitment (Eq.

(1)); it iteratively identifies groups of sites that are strongly connected

to each other, but are only weakly connected to other sites (Jacobi

et al., 2012).

∑= 〈
∼ ∼

〉
∼

=
∈ ∈

Q C C C C/ , wherekl kk kl

i L

ij

j L

k

k l (1)

is the connectivity matrix between subpopulation k and subpopulation

l, Lk denotes the sites in subpopulation k, and
∼
Ckk is the self recruitment

within a subpopulation. We also tested the sensitivity of the results to

the choice of the number of subpopulations retained. This approach

allowed us to assess “hard” and “soft” physical barriers to larval dis-

persal within the region as we increased the number of subpopulations

retained: hard barriers between subpopulations remained independent
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of the number of subpopulations, while soft barriers were observed as

additional subpopulations were added and existing subpopulations

were subdivided.

3. Results

3.1. Potential connectivity spatio-temporal patterns

Consistent with previous work, we find that reefs in the CT region

are greatly self-seeded (Table 2, Figs. 2, 3), with greater probabilities of

self-seeding and short dispersal distances after a 10-day PLD than after

a 30-day PLD (Table 2, Figs. S3, S4). With a 10-day PLD, the probability

of self-seeding was ∼11% on average across the domain, and on some

reefs as high as> 99.9%; with a 30-day PLD, the probability of self-

seeding was ∼5% on average and as high as 57%. Nonetheless, con-

nectivity was also observed across large spatial scales, particularly after

a 30-day PLD (Fig. S3). Connectivity was observed within and across

ecoregions defined by Veron et al. (2009) (Figs. 1, S4), particularly

among reefs within the Banda, Moluccas, Makassar, and Celebes Sea

regions (Fig. 1).

Several important source and sink regions (i.e., sites with source/

sink strength around 0.6 or greater) were identified in the analysis

(Fig. 4). Key source regions of coral larvae included the Great Barrier

Reef, west Sumatra, Singapore, Banda and Halmahera Seas, and the

(central) Philippines. Key sink regions included the Great Barrier Reef,

northern Australia, west Sumatra, Singapore, Banda and Halmahera

Seas, Makassar Strait, and the (central) Philippines (note that some

regions rank high as both sources and sinks). In contrast, the Coral Sea,

Micronesia, and northern South China Sea were much more isolated,

with little connectivity to other reefs within the CT.

However, we found that these patterns of potential connectivity

within the Coral Triangle were highly variable between seasons and

years (Fig. 3). First, the pattern and strength of long distance dispersal

varied between the spring and fall, with higher average connectivity

)d()c(

)b()a(

)d()c(

)b()a(

Fig. 2. Lagrangian probability density functions (LPDFs) for a subset of 7 larvae release sites (yellow stars) distributed throughout the CT domain for (a) annual

spring and fall spawning after a 10-day pelagic larval duration (PLD) and (b) annual spring and fall spawning, (c) spring spawning (d) and fall spawning after a 30-

day pelagic larval duration (PLD). All show the average LPDF pattern over the 47-year historical period.

Table 2

Potential connectivity statistics, averaged for the 47-year hindcast period.

Mean Max Min Std

Spring & fall (30-day PLD)

Potential connectivity 1.37E-4 0.36 0 1.87E-3

Source power 0.40 0.88 0.001 0.16

Sink power 0.39 2.95 3.7E-4 0.32

Self seeding 0.019 0.36 1.26E-11 0.034

Percent self seeding 4.5% 57% 2.6E-9% 7.2%

Spring (30-day PLD)

Potential connectivity 1.29E-4 0.18 0 2.82E-3

Source power 0.38 0.89 4.75E-5 0.16

Sink power 0.37 2.32 3.0E-4 0.30

Self seeding 0.014 0.176 2.39E-11 0.02

Percent self seeding 3.8% 50.0% 7.08E-9% 4.9%

Fall (30-day PLD)

Potential connectivity 1.46E-4 0.63 0 1.59E-3

Source power 0.43 0.98 1.1E-3 0.19

Sink power 0.42 4.83 1.01E-11 0.47

Self seeding 0.027 0.63 6.67E-14 0.06

Percent self seeding 5.7% 89.6% 1.77E-11% 22.5%

Spring & fall (10-day PLD)

Potential connectivity 0.0097 0.76 4.77E-14 0.027

Source power 0.55 1.00 0.0017 0.21

Sink power 0.53 3.88 1.83E-7 0.39

Self seeding 0.063 0.73 4.8E-14 0.086

Percent self seeding 11.3% 99.99% 5.5E-12% 12.9%
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among reefs during the fall spawning events (Table 2). This intra-an-

nual variability in potential connectivity contributed to the high

variability in potential connectivity observed between all seasons and

years of the simulation (Fig. 3b, Table 2). Nonetheless, the annual

average potential connectivity indicates that potential connectivity also

varies greatly from year to year, such that the standard deviation in

potential connectivity among years was greater than that of the mean at

most sites (Fig. 3c). As a result, the strength of source/sink regions also

varied greatly from year to year (Table 2, Fig. 4). The difference be-

tween strong El Niño (1965, 1972, 1982, 1997) and La Niña (1973,

1988, 1998, 1999) events suggests that the strength of key source and

sink regions was reduced slightly overall during El Niño events, al-

though the impact was spatially heterogeneous (i.e., high standard

deviation; Table 3, Fig. 5). In contrast, we found little difference or

spatial variability in source or sink strength between PDO positive

(1977–1997) and PDO negative (1960–1976) states (Table 3, Fig. 5).

EOF analysis of the annual potential connectivity matrix over the

full 47-year simulation suggests that year-to-year potential connectivity

variability was primarily stochastic, with the top two modes of con-

nectivity variability explaining only about 12% of the variance (Fig. 6).

The first principal component (PC1), which explains 6.5% of the var-

iance, was strongly correlated with the ERSSTv3b (Smith et al., 2008)

Niño 3.4 index (r= 0.49) and the El Niño Modoki index (Ashok et al.,

2007) (r= 0.51). Regression of PC1 on the ROMS SST and surface

current velocity and direction fields revealed a pattern consistent with

the impact of ENSO in this region (which emerges as the first principle

component of both the SST and velocity fields with the same finger-

print). During El Niño or El Niño Modoki events, the south equatorial

current is anomalously weak, advection westward into the CT is re-

duced, and SSTs are anomalously cool throughout the majority of the

CT region. The second principal component (PC2) explains 5.3% of the

variance and is strongly correlated with the dipole mode index

(r= 0.5), an index of the strength of the Indian Ocean dipole (IOD, (Saji

et al., 1999)). The impact of the IOD on SST and surface currents is
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Fig. 3. Potential connectivity (i.e. probability of dispersal between site i and j, including self seeding) of Acropora millepora larvae in the CT region, calculated based

on a 30‐day pelagic larval duration following spring and fall spawning over the entire 1960–2006 historical ROMS simulation. (a) Mean potential connectivity over

all spring and fall spawning events, (b) standard deviation of potential connectivity over all spring and fall spawning events (depicting seasonal and interannual

connectivity variability), and (c) standard deviation of annual average connectivity (interannual connectivity variability). Potential connectivity was calculated from

the Lagrangian PDF for all reef release sites (supplemental Fig. 1), with 2497 sources on the y‐axis, 2497 sinks on the x‐axis, and self‐seeding (particles settling within

their release location) along the diagonal. Sites are separated (dashed lines) into the 6 main connectivity subpopulations (Fig. 8), noted in parentheses along each

secondary axis.
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similar to that of ENSO in this region, but with lower amplitude changes

(Fig. 6). As during El Niño events, the south equatorial current and

advection westward weaken during positive IOD events, and SSTs are

anomalously cool across much of the region.

Given the high year-to-year variability in potential connectivity

within this region, we assessed the number of simulated years needed to

capture the magnitude of interannual potential connectivity variability

observed over this 47-year simulation. We find that connectivity varia-

bility increases with simulation length up until ∼20 years, after which

the connectivity variability stabilizes at near the mean value for the full

47-year simulation (Fig. 7). These results demonstrate that a simulation of

at least 20 years in length is needed to capture>95% of total (intrannual

and interannual) potential connectivity variability (Fig. 7). Further, these

results show that simulations less than 10 years in length are likely to

grossly underestimate the magnitude of potential connectivity variability

and overestimate the stability of source and sink reefs.

3.2. Potential connectivity “subpopulations”

In the CT region, the mean connectivity between subpopulations

drops off rapidly with less than 10 subpopulations, suggesting that 10

or fewer subpopulations are favored by the surface flow in the region

(Fig. S5). To investigate the major physical barriers to larval dispersal

(meaning those driven strictly by the physics), we plot the subpopula-

tions over this range, starting with 9 subpopulations and decreasing to 4

subpopulations (Fig. 8). Comparing among these results, we can also

identify the strength of each of these barriers: the strongest barrier

appears between the first two subpopulations, then the next strongest

with 3 subpopulations, etc. With a 30-day PLD, for example, these re-

sults suggest that the Malaysian and western Indonesian reefs (sub-

population 1 denoted in yellow, Figs. 8 & S6) are strongly isolated from

other reefs in the region. The northern Australia and the Great Barrier

Reef (subpopulation 4 denoted in green, Figs. 8 & S6) are strongly

isolated from the other reefs in the region, but there are also “softer”

barriers between the GBR and the rest of Northern Australia (Figs. 8,

S6). Similarly, the northern and southern Philippines and Micronesia

(subpopulations 2–2.2 denoted in shades of blue) are weakly isolated

from one another, but are strongly isolated from other reefs in the Coral

Triangle (Figs. 8, S6). The northern Banda Sea and Halmahera sea/eddy

region (subpopulations 3.1 and 3.2 denoted in red/light red) are also

weakly isolated from the southern Banda Sea and Makassar straight

region (subpopulation 3 denoted in dark red, Figs. 8, S6). Comparison

of the subpopulation structure between spring and fall spawning events

suggests some of these softer barriers may be attributed to seasonal

differences in the strength of these barriers (Fig. S7). While the overall

subpopulation structure is similar between seasons, reefs across the

Makassar strait (N to S) and between the Halmahera and northern

Banda Sea regions are more connected during the fall spawning event

than in the spring (Fig. S7). Although these breaks between sub-

populations differed between spawning seasons as a function of sea-

sonal current variability (Fig. S7), they were generally insensitive to the

pelagic larval duration (Fig. S8).

Regardless of the choice of number of subpopulations (using the

Jacobi et al., 2012 method), the mean potential connectivity over the

47-year historical period suggests a subpopulation pattern that broadly

resembles the ecoregions of Veron et al. (2009) (Fig. 1a vs Fig. 8).
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Fig. 4. The mean (a, d), standard deviation (b, e), and coefficient of variation (c, f) of source strength (a–c) and sink strength (d–f) for a 30‐day PLD following

combined (annual average) spring and fall spawning for the 1960–2006 historical simulation (n= 94 spawning events). Source strength is the sum of the probability

that particles released from the site successfully reach another settlement site (not including self‐seeding) and sink strength is the sum of the probability that particles

arrive at a settlement site from any source location but itself.

Table 3

Potential connectivity difference statistics between (a) strong historical El Niño

(1965, 1972, 1982, 1997) and La Niña (1973, 1988, 1998, 1999) events (El

Niño minus La Niña) (b) positive (1977–1997) and negative (1960–1976)

phases of the Pacific Decadal Oscillation (PDO) (+PDO minus –PDO), and

between (c) the 2080–2100 CESM 8.5 and CESM 1960–2006 hindcast simula-

tions (2080–2100 minus 1960–2006). All statistics are for a 30-day PLD.

Mean Max Min Std

(a) El Nino – La Nina

Potential connectivity −3.87E-5 0.56 −0.55 0.03

Source power −0.03 0.94 −0.68 0.18

Sink power −0.03 7.0 −3.47 0.51

Self seeding −0.003 0.34 −0.38 0.06

(b) (+)PDO – (−)PDO

Potential connectivity −3.13E-5 0.30 −0.19 0.005

Source power −0.004 0.39 −0.40 0.06

Sink power −0.004 1.38 −1.94 0.16

Self seeding 0.0004 0.13 −0.14 0.014

(c) (2080–2100) – (1960–2006)

Potential connectivity 5.74E-6 0.07 −0.1 0.001

Source power 0.0007 0.15 −0.56 0.044

Sink power 0.0007 0.75 −0.53 0.088

Self seeding −0.0005 0.038 −0.046 0.006
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Furthermore, breaks between subpopulations broadly resemble major

phylogenetic breaks (Carpenter et al., 2011a), as well as physical bar-

riers to marine larval dispersal defined by Treml et al. (2015).

3.3. Future change in potential connectivity?

The potential connectivity patterns identified in the previous section

persisted in the 21st Century simulations under 8.5Wm−2 forcing.

Although there were some regional differences in source and sink

strengths between 1960–1979 and 2080–2099 (Table 3, Fig. 9), the

differences were generally very small (and orders of magnitude smaller

than mean historical patterns). As a result, the potential connectivity

“subpopulations” were largely the same between the historical simu-

lation and the end of the 21st century (Fig. 10). The only exceptions

were the reefs along the Makassar straight (eastern coast of Borneo and

western coast of Sulawesi), which merged with the subpopulation

consisting of the Malaysian and western Borneo reefs. There was no

difference in the subpopulation structure between the mid-21st century

(2040–2059; results not shown) and the end of the century

(2080–2099).

4. Discussion

This study offers the first look at potential connectivity variability

over the historical period in the Coral Triangle. Our results highlight

high intra- and inter-annual potential connectivity variability in this

region, with the strength of source/sink regions varying greatly from

year to year. We demonstrate that a simulation of at least 20 years in

length is needed to capture the magnitude of this variability in con-

nectivity, in contrast to previous connectivity studies in the Coral

Triangle that have, owing to computational limitations, understandably

examined fewer years (e.g., Treml et al., 2008; Treml and Halpin, 2012;

Wood et al., 2014; Wood et al., 2016). The average connectivity pattern

across the full 47-year historical period provides additional support for

the high probability of self-seeding and short dispersal distances of

coral larvae among reefs in the Coral Triangle. The influence of tem-

perature on realized connectivity (not included here) is likely to further

modify the probability of long-distance dispersal. The work presented

here focuses on the role of physics in larval dispersal within the Coral

Triangle (potential connectivity), and may thus be considered a con-

servative estimate of connectivity in the region. Actual connectivity

may be further modified by reproductive output (fecundity), pre-

competency period, larval mortality, and settlement and post-settle-

ment mortality, which are in turn a function of temperature, and

usually act to reduce connectivity. For example, the probability of

larvae seeding from other reefs may increase following a bleaching

event, as self-seeding is reduced following local stress and mortality.

4.1. Connectivity variability

Potential connectivity in the CT displays strong intra-annual varia-

bility, with higher connectivity during the fall mass spawning events.

These differences may be attributed to stronger flow in the SEC and

channels of the Indonesian throughflow in the fall (September)

spawning period relative to the spring (April) spawning period (Fig.

S11). Previous observational and modeling studies highlight similarly

strong intra-annual variability in the Indonesian throughflow linked to

seasonal wind variability, with maximum transport in June–August

during the southeast monsoon (Masumoto and Yamagata, 1996;

Sprintall et al., 2009). Modeling studies suggest that flow through the
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Fig. 5. Differences in source strength (a, c) and sink strength (b, d) between strong historical El Niño (1965, 1972, 1982, 1997) and La Niña (1973, 1988, 1998, 1999)

events (a, b) and between positive (1977–1997) and negative (1960–1976) phases of the Pacific Decadal Oscillation (PDO) (c, d). Red indicates where warm phase (El

Niño/+PDO) conditions result in stronger sources or sinks, and blue where cold phases (La Niña/-PDO) produce stronger sources or sinks.
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Lombok throughflow region varies in response to wind strength over

the equatorial Pacific and Indian Oceans, while flow through the Timor

Sea varies in response to winds over southwestern Australia associated

with the austral monsoon (Masumoto and Yamagata, 1996).

Interannual potential connectivity variability in this region is pri-

marily driven by year-to-year spatially heterogeneous variability in

surface currents, as the top two modes of potential connectivity only

explain about 12% of the variance (Fig. 6). This high variability of

potential connectivity is consistent with the idea proposed by Van

Woesik (2009) that corals spawn in the spring and fall to capitalize on

surface wind doldrums, which increases the probability of fertilization

and retention of coral larvae (and may thus serve as the ultimate cue for

spawning). Similarly, Byers and Pringle (2006) demonstrate that for

benthic spawning organisms in the California Current, larvae are more

likely to be retained during months when currents are weak and highly

variable. However, surface currents during the spring and fall spawning

months (April and September) are only slightly weaker overall (mean

difference= –0.004) and are also slightly less variable overall (mean

std difference= –0.006) than during other months of the year. Ongoing

work will investigate monthly connectivity patterns to assess the link

between seasonal current stochasticity and reef connectivity to test the

hypothesis that seasonal wind doldrums and current variability may

serve as an ultimate cue to coral spawning in the CT region by in-

creasing the probability of larval retention and self-seeding.

Potential connectivity variability in this region is also driven by

interannual current variability associated with ENSO and the IOD.

During positive phases of ENSO and the IOD, the SEC and IT weaken

(e.g., Bray et al., 1996; Gordon and Fine, 1996; Meyers, 1996). As a

result, reefs in the Indonesian archipelago are stronger sinks of larvae

during La Niña events when the SEC and IT are stronger. However, the

overall current velocity and larval transport across the entire region are

slightly stronger on average during El Niño events (mean difference of

0.004), resulting in a slight decrease in self-seeding (mean probability

of self seeding: El Niño=0.024; La Niña= 0.026), and a change in the
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Fig. 6. The two dominant modes of potential connectivity variability, explaining ∼12% of the variance. Regression of the top two principal components on (a, b)

ROMS sea-surface temperature, (c, d) Magnitude of ROMS surface current velocity (m/s, a function of zonal U & meridional V transport), and (e, f) ROMS surface

current direction. Panels on the left (a, c, e) depict the regressions for the top principal component (PC 01), and panels on the right (b, d, f) depict regressions for the

second principal component (PC 02).
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spatial pattern of key source and sink reefs in the region. In contrast, the

PDO has little impact on potential connectivity, which likely reflects the

very minor changes in current velocity (−0.01m s−1) and direction

(3.1°) between positive and negative phases of the PDO, respectively, in

the CT domain.

Further, source and sink strength are temporally autocorrelated

across seasons and years for most reef sites in this region (Figs. S9 &

S10, Table S1; mean lag 1 autocorrelation coefficient, AR1, of 0.13 and

0.15 for source and sink strength, respectively), indicating that con-

nectivity patterns are likely to persist across many spawning seasons

and years (potentially isolating source and/or sink sites). Source and

sink strength display significant autocorrelation at reefs in northern

Australia, across the Great Barrier Reef and the Java Sea (max source

AR1=0.82 and sink AR1=0.86). Mean source strength autocorrela-

tion across the CT region remains positive out to a lag of 10 spawning

seasons (Table S1), indicating that reefs remain strong or weak sources

of larvae for up to 5 years. More critically, sink strength displays posi-

tive autocorrelation for over 19 spawning seasons, suggesting that reefs

may be cut off from larval supply for over 10 years. This (low-fre-

quency) temporal variability in the strength of key source and sink reefs

may therefore delay recovery following disturbance and provide a

challenge to identifying conservations targets to promote recovery

following disturbance (one of the principle aims of connectivity mod-

eling (e.g., Treml and Halpin, 2012; Magris et al., 2014)).
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Fig. 8. Coral subpopulations determined from potential connectivity for a 30-day PLD of combined spring and fall spawning events (using methodology of Jacobi

et al., 2012): (a) 4 subpopulations (mean connectivity between subpopulations, Q=0.74), (b) 6 subpopulations (Q=0.83), (c) 7 subpopulations (Q=0.85), and (d)

9 subpopulations (Q=0.88). New subpopulations added each iteration are outlined in black.
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4.2. Connectivity subpopulations

Potential connectivity patterns across the 47-year historical period

suggest that physical barriers to dispersal play an important role in

shaping patterns of biodiversity. We find that “subpopulations” defined

by potential connectivity are broadly similar to the ecoregions of Veron

et al. (2009), major phylogenetic lines (Carpenter et al., 2011a) and

physical barriers to marine larval dispersal (Treml et al., 2015) in the

CT region. In particular, barriers/breaks between the eastern Java Sea

and Makassar Straight, northern and southern Philippines, and Molucca

Sea and Halmahera Eddy regions are consistent across these studies.

However, the previously identified break across the Java Sea, separ-

ating Java and Sumatra from Malaysia and the South China Sea (Veron

et al., 2009; Carpenter et al., 2011b), was not observed in the potential

connectivity subpopulations reported here.

4.3. Implications for the future

Our results suggest that these connectivity patterns persist into the

future under 8.5Wm−2 of forcing. Although there are some small reef-

scale differences in source and sink strength between the 20th century

and future climate scenarios, the regional patterns and major physical

barriers to larval dispersal remain unchanged. This result suggests that

once properly quantified and constrained, historical connectivity

patterns and variability may be used to identify conservation targets to

promote future recovery and resilience of reefs in the Coral Triangle.

Our results emphasize the importance of identifying conservation tar-

gets (a) that are consistently important sources and sinks for larvae

among years of a 20+ year connectivity simulation, such as the one

analyzed here, and (b) whose importance as a source/sink is not ex-

pected to diminish into the future in response to realistic scenarios of

future climate evolution. These criteria may be used along with other

commonly used metrics (reef cover, complexity, diversity, etc.) to

prioritize candidate conservation targets and promote long-term resi-

lience of coral reefs in the Coral Triangle.
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Fig. 10. Potential connectivity subpopulations (n=6) for (a) 1960–1979 (CESM historical, Q= 0.83), and (b) 2080–2099 (CESM RCP 8.5, Q=0.83), based on

spring and fall spawning and a 30-day PLD.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the

online version, at https://doi.org/10.1016/j.pocean.2018.05.007.
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