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Ocean Currents and Larval Transport Among Islands and Shallow 
Seamounts of the Samoan Archipelago and Adjacent Island Nations

Matthew S. Kendall1, Matthew Poti2, Timothy Wynne3, Brian P. Kinlan2 and Laurie B. Bauer2

INTrOduCTION
The biogeography of coral reef ecosystems in 
the Samoan Archipelago is shaped in part by 
the ocean currents which carry the eggs and 
larvae of marine biota to and from the islands 
and seamounts in the region (Craig and Brain-
ard 2008). Many of the marine organisms that 
inhabit the coral reef ecosystems of the region 
posses a pelagic larval phase. This includes 
bony fish, broadcast spawning corals, giant 
clams, palolo worms, crown-of-thorns starfish 
and a diversity of other fauna that are sub-
ject to transport by ocean currents for at least 
some portion of their larval life. The connectiv-
ity among island populations that results from 
larval transport is important because it means 
that the ecology, conservation, and manage-
ment of each place in the Samoan Archipelago 
is intricately linked to and dependent on deci-
sions made at other locations (Gaines et al. 
2007, Christie et al. 2010).  Even when man-
agement efforts are focused on particular sites within the archipelago, information on connectivity patterns 
via larval exchange is necessary to achieve management and conservation planning goals (Gaines et al. 
2007, Cowen and Sponaugle 2009, Costello et al. 2010). This chapter provides a detailed characterization of 
ocean currents in and around the archipelago and discusses their potential influence on important sources of 
larvae for maintaining Samoan reef ecosystems, and the contribution of Samoan reefs to population replen-
ishment throughout the regional ecosystem. 

There has been a recent proliferation of studies on reef connectivity and MPA resilience (Almany et al. 2009, 
Jones et al. 2009, McCook et al. 2009, Steneck et al. 2009, Sale et al. 2010). It has become clear that plan-
ning a regional network of MPAs that are resilient to disturbance, whether natural or anthropogenic, is depen-
dent upon an understanding of larval transport (Gaines et al. 2003, Shanks et al. 2003, Botsford et al. 2009, 
Planes et al. 2009). Sufficient larval sources must be protected and spaced appropriately such that network 
sites can successfully repopulate between disturbance events. In addition, the fates of larvae produced at 
network sites should be considered to understand the role of protected areas in maintaining the broader 
ecosystem (Botsford et al. 2009, Christie et al. 2010, Costello et al. 2010). 

A variety of factors can affect the transport of larvae among islands. Most obviously it is necessary to under-
stand the speed, direction, and seasonality of the ocean currents by which larvae are transported. It is also 
necessary to understand how aspects of the larvae themselves can affect their transport. Size of source 
populations, timing of spawning, duration of the larval period, daily mortality rates, sensory and swimming 
capabilities, and even random chance arising from the turbulent nature of ocean flows can all affect the 
probability that larvae will be transported from a source island to a particular destination (Siegel et al. 2008, 
Cowen and Sponaugle 2009). 

Image 8. Mass recruitment event of Ctenochaetus striatus. 
Photo credit: Peter Craig, NPS.
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The goals of this chapter were to:
1. Quantify and describe regional ocean currents in the Samoan Archipelago, 
2. Model the potential transport pathways of virtual larvae among island sources throughout the region,
3. Identify key sources and destinations of larvae for each island, and, 
4. Quantify the influence of various combinations of larval life history characteristics (e.g. larval longevity, 
daily mortality rate) on those connections. 

To achieve these goals, we have combined observational data on ocean currents with simulations of larval 
dispersal in a three-dimensional regional ocean model. 

MeThOdS
The study region was centered on the islands and seamounts of the Samoan Archipelago but also included 
surrounding island nations of Tokelau, western Cook Islands, Niue, Tonga, and Wallis Island to understand 
regional connectivity (Figure 3.1). Two primary techniques were used to quantify currents and larval con-
nections among islands and shallow seamounts: observational ocean current data from passive drifters and 
transport simulations of virtual larvae from a three-dimensional hydrodynamic model.

Figure 3.1. Samoan Archipelago and surrounding islands depicted by the 9 km grid cells of the HYCOM hydrodynamic model. 
Dotted lines denote separate islands, seamounts, or island groups clustered for analysis. Red lines denote larval sources from 
American Samoa. Green lines denote sources from Samoa. Black lines denote all other sources.
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The NOAA Global Drifter Program uses satellites to track an extensive array of passively drifting drogues de-
ployed at 15 m depth (NOAA Coral Reef Ecosystem Division [CRED], NOAA Global Drifter Program [GDP]- 
Surface Drifter Program 2010). Drifter position, speed, and heading are recorded every six hours and provide 
a detailed record of actual surface currents. These data were used to describe patterns of surface currents, 
ground truth the current vectors of the hydrodynamic model, and select realistic parameters for modeling 
larval transport. 

The Hybrid Coordinate Oceanographic Model (HYCOM) is a three dimensional hydrodynamic model (Bleck 
and Boudra 1981, Bleck and Benjamin 1993, Halliwell et al. 1998, Christie et al. 2010) with a horizontal 
resolution of 1/12 degree (approximately 9 by 9 km grid cell size), a 1 day time step, and is available for 
the period 2004-2009 in the study area. The surface/mixed layer of HYCOM (surface to ~10 m depth) was 
used to map the currents in the study area and to model the movement of passive particles or “virtual larvae” 
of corals, invertebrates and reef fish. Current vector data were downloaded from the HYCOM consortium 
(http://opendap.org/download). The 9 km model resolution is not sufficient to capture localized eddy and con-
vection currents very close to shore (Swearer et al. 1999, Harlan et al. 2002) and we therefore used it only to 
evaluate broader scales of larval transport among islands. Islands are represented in HYCOM as grid cells 
with null current vectors (black cells in Figure 3.1). These null cells were used as a land mask and blocked 
larval movement. 

The drifter data and hydrodynamic model were first used to describe the currents in and around the study 
area and then to model interisland connectivity of virtual coral and fish larvae with realistic parameters. Our 
general approach was to evaluate a range of model parameters that have the potential to affect dispersal 
(Leis 2007) rather than specifying model parameters for the life history and behaviors of a particular spe-
cies. We instead examined how a wide range of combinations of larval durations, precompetency periods, 
swimming capabilities, and mortality rates reported in the scientific literature may impact the connectivity of 
Samoan reef ecosystems.

hYCOM Validation
Modeled currents from HYCOM were validated by comparing them with drifter data on daily and monthly tim-
escales. To evaluate daily current vectors, latitudinal and longitudinal drifter velocities were compared to the 
corresponding model velocities using linear regression at 100 randomly chosen drifter dates/positions during 
a randomly chosen model year (2004) (e.g. Rudorff et al. 2009). To evaluate the modeled current vectors on 
longer timescales, average monthly current vectors for every model year were plotted and visually compared 
to the tracks of drifters present in the study area (216 total) during the corresponding month/year. 

General Current Patterns
To describe seasonal and interannual patterns in ocean currents in the region, average HYCOM monthly 
current vectors for 2004 to 2009 were plotted at ~36 km resolution. Monthly vector plots at this spatial reso-
lution were suitable for this purpose and showed gradual transitions in the major current patterns. Modeled 
current vectors (e.g. Figures 3.2-3.3) were visually compared to drifter paths (e.g. Figure 3.4) during the 
same month/year to qualitatively check model accuracy. In addition, drifter data were analyzed separately to 
determine the influence of season, El Niño/Southern Oscillation (ENSO), and region within the study area on 
current heading, speed and potential transport distance. For this analysis, drifter data were categorized into 
several groupings, 1) winter (June-August) or summer (December-March) seasons with transition months 
excluded for simplicity, 2) El Niño (2005), La Niña (2008), or neutral years (2004, 2006, and 2007) based 
on the Southern Oscillation Index, and 3) by position in the study area relative to the typical position of the 
major currents described for the region. The South Equatorial Current occurs all year throughout the region 
but is interrupted in the latitudes between 9º S and 12º S by the South Equatorial Counter Current during the 
summer. The influence of these variables on drifter heading, speed, and transport distance were evaluated 
using ANOVA, multiple means comparisons, and histograms to understand the significant differences and 
sources of variability in currents among seasons, years, and positions in the study area. Median bearing and 
mean speed were calculated for each drifter by season, ENSO status, and region (South Equatorial Current 
or South Equatorial Counter Current) and used as response variables in the ANOVAs. The low number of 
drifters observations that fell completely within a given season, region, and ENSO year prevented use of the 
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Figure 3.2. Example of regional current vectors. Average surface current vectors from HYCOM for 
February 2004. The South Equatorial Counter Current is evident as eastward vectors between 10  
and 12  S.

Figure 2: Example of regional current vectors. Average 
surface current vectors from HYCOM for February 2004. 
Th S h E i l C C i idThe South Equatorial Counter Current is evident as 
eastward vectors between 10⁰ and 12⁰ S.

Figure 3: Tonga Trench Eddy. This clockwise eddy formed in 
September through December of 2006, 2008, and 2009. Average 
current vectors for April 2009.

Figure 3.3. Tonga Trench Eddy. This clockwise eddy formed in September through December of 
2006, 2008, and 2009. Average current vectors for April 2009.
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multi-way ANOVA analysis for transport distance. Instead, gross and net transport distances were calculated 
for all drifters in the study area that were at large for 10, 20, 30, 50, and 100 days respectively, and plotted 
as means and histograms. Net displacement is simply the straight-line distance between the start and end 
points of a drifter after a specific number of days whereas gross displacement is the total length of the drifters 
path (sums of all path segments recorded every six hours). 

Larval Sources
Virtual larvae were started at each of 20 island groups and shallow seamounts in the study area (Figure 3.1; 
Appendix A). Islands and seamounts very close together were aggregated into larger groups especially at 
the edges of the study region to simplify and focus presentation of the results on the Samoan Archipelago. 
Only islands in the northern extent of the Tonga chain and eastern portion of the Wallis chain were included 
as larval sources since preliminary analysis indicated that most larvae from farther out would quickly leave 
the study area westward toward Fiji.

Larval production was scaled to the area of the insular shelf (or seamount) with potential coral reef habitat. 
This was defined as the area from shore to the 150 m isobath and was based on the approximate depth lim-
its of both photic and meso-photic reef communities in the area (Mesophotic Coral Ecosystems 2010, Bare 
et al. 2010). Initially, a set of 10,000 larvae were placed randomly within each coastal grid cell in HYCOM. 
This number of larvae was then adjusted based on the proportion of the cell with bottom depths between 0 
and 150 m.  For example, a cell comprised of 50% land, 20% water deeper than 150 m, and 30% water with 
depth between 0 and 150 m, was assigned a total of 3000 larvae (30% of 10,000) (Figure 3.1). This provided 
a very large but computationally reasonable number of virtual larvae scaled to potential area of reef habitat 
that could be “spawned” or started moving in simulations by HYCOM currents on any date specified. 

Figure 3.4. Example of typical drifter paths. January 2007 drifters shown (NOAA Global Drifter Program).
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Fish and corals do not spawn at random positions on the reef as modeled here and, in the case of some 
fish species, move to areas where currents sweep eggs and larvae rapidly away from coasts to avoid reef 
based predators. For example, many fish species exhibit a vertical “spawning rush” away from reefs toward 
the surface  and position themselves in habitats conducive to broadcast spawning. Mature surgeon fish in 
American Samoa are most abundant on points and headlands where strong currents are found (Ochavillo et 
al. 2011) and spawning can often be observed in reef channels where water flows in a seaward direction as it 
drains the reef flat (Craig 1998). Such localized currents are not included at the scale of HYCOM and should 
be studied using models with greater spatial resolution.

Mass spawning events and start dates of larval transport
Many coral species and other organisms in Independent and American Samoa and nearby Fiji have been ob-
served to spawn 5-7 nights after the full moons in either late October or early November (Mildner 1987, Itano 
and Buckley 1988, Mildner 1991, Mundy and Green 1996). The presence of coral spawning slicks is used 
as a cue for harvest of the edible Palolo worm, Eunice viridis, (Craig 2009) which is also known to engage in 
a synchronous spawning event and has a well documented lunar timing in the Samoan Archipelago (Mundy 
and Green 1996). This annual mass spawning event for coral was the focus of our simulations. Starting dates 
for each model year were identified as six days after the first full moon to occur after October 12. These dates 
were 3 November 2004, 23 October 2005, 11 November 2006, 1 November 2007, and 20 October 2008. It 
is recognized that some spawning can occur across several days or even following successive full moons in 
October and November. However, preliminary evaluations of the model indicated that transport patterns did 
not differ substantially when start dates were on successive days or even separated by as much as a month 
among various phases of the moon, a finding similar to other studies (James et al. 2002) and consistent with 
time-scales of variation in ocean current patterns within the region.

In addition to the October-November mass spawning event, year round spawning has been observed for 
several fish species in American Samoa (Craig 1998). A locally important fisheries species, the surgeonfish 
Acanthurus lineatus, has peak spawning in November-January (Craig et al. 1997) which would result in simi-
lar transport patterns to those reported here. However, to evaluate the inter-island connectivity associated 
with year-round spawning, additional start dates and modeling would be required, especially for islands in the 
region of the strongly seasonal South Equatorial Counter Current described below. 

Larval Transport and Model uncertainty
Virtual larvae began at random locations within each coastal grid cell and were moved in the direction and 
distance specified by the corresponding current vectors from HYCOM for that date and grid cell. The Gen-
eral NOAA Operational Modeling Environment (GNOME v 1.3.0) was used to track larvae for all simulations. 
Diffusion or random variability in larval paths originating from the same location is an important aspect of 
connectivity studies (Polovina et al. 1999, Cowen et al. 2000, Siegel et al. 2003, Kobayashi 2006, Chiswell 
and Booth 2008, Treml et al. 2008, Rudorff et al. 2009). GNOME provides both a deterministic “best guess” 
calculation of larval path that assumes no error in current vectors and also enables a controlled amount of 
random variability to be applied to vectors at each time step for a more stochastic path. Adding random vari-
ability or uncertainty to larval transport results in a cloud of potential pathways even when larvae all start 
at the same date and grid cell. The cloud has variable density with more larvae occurring along paths with 
higher probability of occurrence but also regions with fewer larvae that indicate less probable larval paths.
 
To identify an appropriate level of diffusion/uncertainty, actual drifter paths tracked by satellite were com-
pared to the paths predicted by HYCOM for virtual larvae originating at the same date and location as the 
drifters. Only drifter segments that began near islands (within ~30 km) were used for this analysis because 
the goal was to evaluate variability of transport paths originating from these features. A total of 58 drifters (n 
= 13 NOAA CRED, n = 45 NOAA GDP) met this criterion. The start date and position of drifters from a subset 
of model years were loaded into HYCOM as starting points for particle drift. To identify an appropriate level 
of variability in particle drift, separate model runs using 1000 larvae were performed using a range of random 
error values (10-50%) in current vectors. Model paths were compared to each drifter path for general agree-
ment while recognizing that a given drifter represents only one possible track out of a wide potential distribu-
tion that reflects variation in drift. Using only 10% uncertainty rarely produced a probability cloud of the 1000 
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larvae that included the drifter paths.  Using 
50% uncertainty nearly always encompassed 
drifter tracks and provided reasonable clouds 
of larval pathways which highlighted more 
likely tracks (those occurring more frequently 
had greater density) while also depicting less 
likely, but still possible, pathways.  All subse-
quent model runs were conducted using 50% 
random error in current vectors at each time 
step to reflect this realistic level of randomness 
in larval transport.

Precompetency
Spawned gametes, fertilized eggs and young 
larvae cannot immediately settle even if they 
encounter suitable habitat and instead must 
spend some time developing as plankton. Pre-
competency is the term used to describe the 
planktonic phase prior to achieving a body form 
capable of settlement. For many reef fish spe-
cies, settlement is documented over a range of 
larval ages (e.g. settlement marks recorded on otoliths at 14 to 21 days old). For a wide variety of reef fish 
species for which reasonable sample sizes are available it is evident that individuals begin to settle once 
60-90% of their maximum larval lifespan (see next section: Pelagic Larval Duration) has elapsed (calculated 
from values in Victor 1986, Thresher et al. 1989, Wellington and Victor 1989, and Junker et al. 2006). Pre-
competency periods for coral larvae are less known and appear somewhat more variable (Harrison et al. 
1984, Wilson and Harrison 1998, Miller and Mundy 2003, Graham et al. 2008, Jones et al. 2009). To simulate 
this developmental period, virtual larvae in the present study were prevented from settlement until a minimum 
of 60% of their Pelagic Larval Duration (see next section) was completed. 

Pelagic Larval duration
Pelagic larval duration (PLD) is defined as the period of development spent in the water column during which 
larvae are susceptible to transport by ocean currents. For many species, larvae simply die in the plankton at 
the end of their PLD if they lack a suitable settlement habitat or energy source. PLD is quite varied among 
coral reef organisms even within the same genus and can be hours, days, weeks, or months (e.g. Bonhom-
me and Planes 2000, Blanco-Martin 2006, Junker et al. 2006, Graham et al. 2008).  Within species there can 
be considerable variability in PLD as well (Wilson and Harrison 1998, McCormick 1999, Junker et al. 2006) 
with influences such as water temperature and availability of suitable settlement habitat (McCormick and 
Molony 1995, Munday et al. 2009).  In addition, larvae can shorten or lengthen their competent time in the 
plankton through various mechanisms such as delaying or partly reversing metamorphosis until a suitable 
habitat is encountered (McCormick 1999, Richmond 1985), directed swimming faster than ambient currents 
for some portion of their larval phase (Leis and Carson-Ewart 2003), and entrainment into coastal eddies to 
avoid extensive offshore transport (Swearer et al. 1999, Harlan et al. 2002, Paris et al. 2007).
 
Also of note, climate change and the associated rise in sea surface temperatures may accelerate larval 
development of many species, cause earlier reef seeking behaviors, and even increase larval swimming 
efficiency (Wilson and Harrison 1998, Munday et al. 2009). All of these factors may serve to shorten PLDs 
overall, making it important to simulate connectivity over a range of PLD values and shift predictions toward 
potentially shorter dispersal distances. 

Rather than modeling particular species with specific life history parameters, we used a wide range of PLDs. 
This enables a variety of species and their corresponding PLDs (and changes to PLD due to factors such as 
climate change) to be considered. We evaluated PLDs of 10, 20, 30, 50, and 100 days which encompasses 
the range of PLDs expected for a wide variety of the fish and coral species of the Samoan Archipelago and 

Image 9. A. guttatus spawning aggregations at dusk.
Photo credit: Peter Craig, NPS.
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adjacent island nations (e.g. summary tables 
in Bonhomme and Planes 2000, Blanco-Martin 
2006, Graham et al. 2008, Jones et al. 2009). 
Longer planktonic longevity is possible (e.g. 
>200 days for some coral species, Graham 
et al. 2008); however, preliminary analyses 
revealed that many tracked particles had left 
the study area after 100 days, and modeled 
trajectories probably have reduced accuracy 
for such long periods. Also of note, some spe-
cies have very short larval period (minutes or 
hours) and are never subjected to the interis-
land currents studied here. 

Buffer for ‘Settlement Zones’
Fish larvae can sense the reef from some dis-
tance away and perform behaviors that can 
help them reach desirable settlement habitats 
including vertical migrations into current fields 
moving toward reefs or simply out-swimming 
the ambient currents they are embedded in (Leis 2002, 2006, Gerlach et al. 2007, Leis 2007,). For as much 
as 50% of their larval phase, some fish larvae may be capable of sustained directional swimming that is suffi-
cient to overcome their treatment as merely passive particles in ocean currents (Leis and Carson-Ewart 2003, 
Fisher 2005, Leis 2006). Larval fish can probably sense odor plumes from appropriate settlement habitat at 
distances of several kilometers (Atema et al. 2002, Leis 2006) and orient their movements horizontally or 
vertically in the water column to increase their chances of reaching settlement habitat. Recent studies show 
that some reef fish larvae can swim impressive distances on the range of 10-50 km (Atema et al. 2002, Leis 
2002), although this swimming could not be intentionally directed toward a reef beyond the sensory zone in 
which the larvae could detect the reef. Although the precise distance at which fish larvae can begin to orient 
towards reefs and the effectiveness of this orientation against ambient currents are topics of active debate, 
it is clear that larvae need not rely exclusively on passive transport in currents to arrive precisely at a distant 
island and instead need simply to come within a “settlement zone” sufficiently close such that they can sense 
and swim to the settlement habitat. Consequently, recent researchers have used buffers around islands to 
represent this “settlement zone” ranging from 1  to >100 km depending on the species under investigation 
(Lugo-Fernández et al. 2001, James et al. 2002, Cowen et al. 2006, Chiswell and Booth 2008).

In this study, we investigated a range of potential settlement zone distances including 9 km (the resolution 
of the coastal grid cells in HYCOM), 18 km, and 36 km to accommodate a wide spectrum of organisms and 
potential sensory and swimming capabilities. A buffer of each distance was calculated using the maximum 
depth contour for mesophotic reefs around all islands and shallow seamounts and was designated as a 
settlement zone. If a larvae passed into an island’s settlement zone after its precompetency period it was 
considered to have successfully settled at that island. Preliminary analysis revealed that, while settlement 
rates were somewhat affected by buffer distance, the spatial patterns of connectivity were relatively unaf-
fected. We therefore display results for only the 18 km settlement zone in this report. 

Mortality
Larval mortality has a significant effect on successful transport especially over long distances and lengthy 
time periods. Daily mortality rates are affected by environmental conditions and can vary significantly. Cowen 
et al. (2000) reported a wide range of mortality estimates for fish larvae of 42 species ranging from 3 to 46% 
per day with a mode of 18%. At these rates it is clear that most larvae will die prior to reaching settlement 
habitat, especially for small islands or seamounts that don’t produce many larvae to begin with. For example, 
for every 1000 larvae produced at a source, after 20 days in the plankton, approximately 544 would remain 
if daily mortality were 3%, 19 would remain if mortality were 18%, and less than 1 would remain if mortality 
were 46%.

Image 10. A. triostegus and A. guttatus spawning aggregations at 
dusk. Photo credit: Peter Craig, NPS.
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In the present study, we investigated the influence of a range of daily mortality rates including 3%, 18%, and 
46% to reflect the spectrum of known values (Cowen et al. 2000). For each daily mortality rate, these per-
centages of the larval population were randomly selected and removed from the larvae remaining at each 
daily time step. 

Calculating Connectivity
Results are first summarized for the entire study area as connectivity matrices that display the island/sea-
mount sources and destinations of all the virtual larvae tracked in the study. Islands in the southern part of 
the Tonga and western Wallis Island chains were not modeled as larval sources but were still shown in the 
connectivity matrices as destinations. For each PLD and mortality rate, we counted the number of simulated 
larvae released at each source location that travelled to each of the possible destination locations, cumulated 
over all 5 model years. Matrix cells denote the proportion of larvae from each source (rows) that arrived at a 
given destination (columns). Rows thus sum to a number <= 100%. The fraction of larvae that are lost (that 
do not successfully settle at any one of the destinations in our study) is equal to 100% minus the sum of each 
row.  Columns can sum to >100%, because it is possible for a high proportion of the larvae produced at sev-
eral sources to travel to the same destination. Separate matrices are provided for each combination of PLD 
and daily mortality rate. Note that connectivity calculated in this way depicts the pattern of larval transport 
pathways, without considering the variation in number of larvae produced at each source that could occur as 
a result of large differences in the size of reef populations.

Each of the islands and shallow seamounts within the Samoan Archipelago was examined in detail as a 
larval source and destination. Each island/seamount was characterized individually using a combination of 
plots of larval distribution by PLD, three dimensional graphs that display larval retention and how reliant each 
location is on outside larval sources for each PLD and daily mortality rate, and bar graphs showing larval 
sources and destinations by location.

reSuLTS ANd dISCuSSION

hYCOM Validation
Current vectors from HYCOM showed 
good correspondence to actual drifter 
paths on both short (daily) and long 
(monthly) timescales. Drifter and mod-
el velocities at 100 randomly chosen 
dates/positions were positively cor-
related in both the longitudinal (p < 
0.0001) and latitudinal (p < 0.0001) 
directions based on linear regression. 
Monthly current vectors from HYCOM 
showed good general correspondence 
to drifter paths in visual comparisons. 
These findings indicate that the mod-
eled current vectors from HYCOM are 
a reasonable representation of actual 
transport processes in the study area.

Drifter heading, speed and transport 
distance
The multiway ANOVAs and histogram 
analyses of drifter data indicated that 
current headings are significantly af-
fected by season and region within 
the study area (Figures 3.5-3.6, Table 
3.1). Overall transport throughout the 
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Figure 3.5. Box plots of median current headings by region, season, and ENSO 
conditions based on drifter data. EN = El Niño, LN = La Niña, na = neutral ENSO, 
SEC = South Equatorial Current, SECC = South Equatorial Counter Current.
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region was westward except in the region 
between ~8º S and 12º S during summer, 
wherein drifter motion was nearly opposite 
with most heading ESE. This marks the re-
gion of the South Equatorial Counter Cur-
rent. ENSO was not a significant influence 
on drifter headings and contributed only a 
minor and indirect effect in that headings 
were more variable in La Niña and neu-
tral ENSO years relative to the El Niño 
year. Current speeds were largely uni-
form throughout the study region at 20 to 
30 cm/s with drifter speed not influenced 
significantly by season, region, or ENSO 
alone (Table 3.2, Figure 3.7). 

ENSO did not have a major effect on drift-
ers, however it should be noted that only 
one El Niño year occurred in the analysis 
period. Ideally, many El Niño years could be 
included in the analysis and drifters among 
years would have greater independence. 
Unfortunately, the analysis was limited to 
the Southern Oscillation conditions that oc-
curred during the time drifters have 
been deployed. Additional years 
of drifter data and model runs with 
varying ENSO conditions would be 
necessary to more fully understand 
the effects of ENSO on current pat-
terns. 

Gross transport distance (path 
length of drifters) was positively 
and linearly related to time at large 
whereas net displacement distanc-
es were 40-70% shorter and leveled 
off between 50 and 100 days as 
currents looped many drifters back 
closer to their starting points at lon-
ger time scales (Figure 3.8).  These 
results are consistent with the diffu-
sive nature of dispersal by turbulent 
ocean currents (Okubo 1980). As a 
reference for dimensions in consid-
ering the scale of larval connectivity 
in this region, it is useful to note that 
400 km is the approximate length 
of the sides of a triangle with ver-
tices at Rose Atoll, the western tip 
of Savai’i, and Swains Island and 
includes all islands of the Samoan 
Archipelago. After ~30 days, mean 
net transport of drifters was over 
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Figure 6: Median current headings by season and region 
based on drifter data.

Figure 3.6. Median current headings by season and region based on drifter data.

Variables df Sum Sq. Mean Sq. F value p value
region 1 134,317 134,317 92.4 < 2.2e-16 ***
season 1 421,055 421,055 289.7 < 2.2e-16 ***
ENSO 2 2,182 1,091 0.8 0.473
region:season 1 41,411 41,411 28.5 2.0e-07 ***
region:ENSO 2 13,818 6,909 4.8 0.009** 
season:ENSO 2 5,274 2,637 1.8 0.165
region:season:ENSO 2 612 306 0.2 0.810
Residuals 266 386,599 1,453

Table 3.1. Full factorial ANOVA on the effects of region, season, and ENSO status on 
median drifter heading. Significant effects are labeled according to the level of significance.

Variables df Sum Sq. Mean Sq. F value p value
region 1 0.5 0.51 0.01 0.914
season 1 36.1 36.13 0.8 0.366
ENSO 2 160.0 80.02 1.8 0.164
region:season 1 6.3 6.29 0.1 0.705
region:ENSO 2 35.0 17.48 0.4 0.672 
season:ENSO 2 857.7 428.83 9.7 8.3e-05***
region:season:ENSO 2 459.7 229.84 5.2 0.006**
Residuals 267 11,765.2 44.06

Table 3.2. Full factorial ANOVA on the effects of region, season, and ENSO status on 
mean drifter speed. Significant effects are labeled according to the level of significance.

Signif. codes:  p < 0.001 (***); p < 0.01 (**); and p < 0.05 (*)
Residual standard error: 38.12 on 266 degrees of freedom
Multiple R-squared: 0.62, Adjusted R-squared: 0.6 
F-statistic:  38.7 on 11 and 266 DF, p-value: < 2.2e-16

Signif. codes:  p < 0.001 (***); p < 0.01 (**); and p < 0.05 (*)
Residual standard error: 6.64 on 267 degrees of freedom
Multiple R-squared: 0.11, Adjusted R-squared: 0.08 
F-statistic:  3.209 on 11 and 267 DF, p-value: 0.0004
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400 km and gross transport of some indi-
vidual drifters was over 1000 km indicating 
ample opportunity for connections among 
islands for larvae with a PLD ≥ 30 days. 
In addition, histograms were used to char-
acterize the spread of transport distances 
associated with each duration of drift. As 
expected, the longer drifters were at large, 
the greater the range and more extreme 
the tails in distribution of gross distance 
traveled (Figure 3.9a). For net distance 
however, there was little difference in dis-
tance traveled between 50 and 100 days 
because many drifters actually looped back 
on currents or eddies and ended up not far 
from their starting points despite being at 
large for twice as long (Figure 3.9b). The 
difference in net and gross transport must 
be interpreted with care because the maxi-
mum net transport distance possible was 
limited by the size of the study area (~ 1300 
km wide) whereas gross distances essen-
tially could be infinite. 

Quantitative description of regional 
Ocean Currents 
At the broadest scale, the Samoan Archipel-
ago lies along the northern edge of the South 
Pacific Gyre, a series of connected ocean currents with a counter-clockwise flow that spans the Pacific basin (Alory 
and Delcroix 1999, Tomczak and Godfrey 2003, Craig 2009) (Chapter 2 Figure 2.3). Based on analysis of the 
modeled current vectors and drifter tracks, 4 major surface currents or eddies were identified that affect the 
archipelago (Figure 3.10a-b). From north to south these are: 1) the westward flowing South Equatorial Cur-
rent at the northern edge of the study area, 2) the eastward flowing South Equatorial Counter Current that 
seasonally bifurcates the surface flow of the South Equatorial Current, 3) a westward but meandering flow of 
the South Equatorial Current directly across the 
archipelago, and 4) a regularly occurring eddy 
south of the archipelago, hereafter referred to as 
the Tonga Trench Eddy due to its consistent posi-
tion over this geologic feature. The heading, posi-
tion, and strength, as well as yearly and seasonal 
variability for each of these four major current 
features in the study area are described below.

South Equatorial Current 
(north of the South Equatorial Counter Current)
The northern edge of the South Pacific Gyre is 
the westward flowing South Equatorial Current 
(SEC). The SEC is visible as westward or south-
southwestward vectors along the northern edge 
of the study area during most seasons and years 
(Figures 3.3 and 3.10). Typical velocity based on 
drifter data is ~25 cm/s. Although its latitude is 
variable among seasons and years, this compo-
nent of the SEC seldom extends far below ~9º S 
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Figure 7: Box plots of current speeds by region, season, 
and ENSO conditions based on drifter data. EN = El Niño, 
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Figure 3.7. Box plots of median current speeds by region, season, and 
ENSO conditions based on drifter data. EN = El Niño, LN = La Niña, na = 
neutral ENSO, SEC = South Equatorial Current, SECC = South Equatorial 
Counter Current.

Figure 3.8. Mean gross and net displacement of drifters after 10, 20, 
30, 50, and 100 days.
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or into the EEZ of American Samoa or Samoa (Kessler and Taft 1987). Flow has been characterized as stron-
gest from March to July and weakest from October to February (Kessler and Taft 1987), although this was 
not necessarily evident in the study region in recent years. A narrow region between ~6º S and 9º S of mild 
eddy formation (relative to the southern half of the study area)(Qui and Chen 2004, Domokos et al. 2007) is 
apparent between the SEC and the opposite flowing South Equatorial Counter Current described next.

South Equatorial Counter Current
Embedded on the SEC at latitudes between ~8º S and 12º S lies the eastward flowing South Equatorial 
Counter Current (SECC) (Kessler and Taft 1987, Chen and Qiu, 2004, Domokos et al. 2007), the most clearly 
visualized current feature in the region (Figures 3.2, 3.4, and 3.10). The SECC is a shallow current that exists 
above the main thermocline at ~200 m depth (Kessler and Taft 1987, Chen and Qui 2004). Below the thermo-
cline the SEC continues a weak westward flow (Kessler and Taft 1987). Swains Island in the northern EEZ of 
American Samoa often lies in the middle of the SECC current field. The eastern end of this current generally 

Figure 3.9a. Gross displacement of individual drifters as a frequency histogram after 10, 20 ,30, 50 and 100 days at large.
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curls south between ~160º and 170º W and ultimately joins the southern component of the SEC headed west 
across the Samoan Archipelago (Chen and Qui 2004). The SECC is well developed in most years between 
October and April with peak speed and width observed during January and February in this region. Typical 
summer velocities based on drifters range from 22 to 30 cm/s and current heading is east-southeast (Figures 
3.5-3.7). The current is often dissipated or absent in May through September (Chen and Qui 2004, Qui and 
Chen 2004), as confirmed by meandering or even westward drifter tracks and lower drifter speeds of 19 to 25 
cm/s during these winter months (Figures 3.6 and 3.7). The signature of this current can however, be present 
yearlong as was observed in 2005, an El Niño year. Interestingly, the SECC was absent throughout 1982 
and 1984, neutral ENSO years that bounded the strong El Niño conditions of 1983 (Kessler and Taft 1987). 
Also of note, the SECC was also virtually absent throughout 2009, a period of La Niña conditions. These 
observations highlight the irregular correlations between ENSO and SECC and the need for additional study 
during various ENSO conditions.

Figure 3.9b. Net displacement of individual drifters as a frequency histogram after 10, 20 ,30, 50 and 100 days at large. Grey shading 
depicts net transport distances greater than the maximum possibility as determined by the size of the study area (~1,300 km wide).
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Figure 3.10a. Surface current patterns of the Samoan EEZs and surrounding region for October through April. The position of curled 
current vectors and meanders are highly variable and denote general patterns only. Patterns are based on data from HYCOM (2004-
2009) and NOAA’s Global Drifter Program (n=216).

Figure 3.10b. Surface current patterns of the Samoan EEZs and surrounding region for May through September. The position of 
curled current vectors and meanders are highly variable and denote general patterns only. Patterns are based on data from HYCOM 
(2004-2009) and NOAA’s Global Drifter Program (n=216).
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South Equatorial Current (south of the South Equatorial Counter Current)
The SEC continues its westward flow south of the SECC between ~13º S and 19º S, including all the islands 
of the Samoan Archipelago and the southern half of the study region. In contrast to the northern component 
of the SEC described above, the SEC in this region is characterized by many irregular meanders and ed-
dies (Domokos et al. 2007). This overall westward but meandering flow pattern is apparent in current vectors 
for all years and seasons (Figures 3.2 and 3.10) and is confirmed by the overall westward tracks of drifters 
(mean heading of 225º in summer to 269º in winter) (Figures 3.4 - 3.6). Typical velocities are ~25 cm/s. 
Much irregular eddy activity is apparent between the opposite flowing SECC and this component of the SEC 
(Domokos et al. 2007). 

Tonga Trench Eddy
The last regularly occurring feature of note is a clockwise eddy (negative vorticity) centered at 16º S and 
172º W, a location south of the Samoan Islands and positioned approximately over the Tonga Trench (Figure 
3.3). The eddy was most common in September through December in 2006, 2008, and 2009, all of which 
correspond to mild or moderate La Niña conditions. Beginning in September 2008, the eddy was present 
throughout 2009. This feature is persistent and not to be confused with the relatively short-lived (~weekly) 
eddies and dynamics recently investigated by Domokos et al. (2007).

Figure 3.11. Proportion of virtual larvae in the study area that were started from each island, seamount, or island group. Red shading 
denotes larval sources from American Samoa. Green shading denotes sources from Samoa.
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Larval Sources
Based on potential reef area, the 
major sources of larvae in the study 
region are likely to be Upolu (~25% 
of the total larvae), Savai’i (~15%), 
and the Wallis Island group (~15%), 
although many of the larvae origi-
nating from this more diffuse group 
are quickly transported westward 
out of the study area (Figure 3.11, 
Table 3.3). Altogether the islands of 
Samoa and American Samoa were 
the source of over half the virtual lar-
vae tracked in the study. 

Larval Connectivity: Overall Patterns
The connectivity matrices reveal 
broad patterns of overall larval trans-
port and several island groups with 
strong internal connectivity (Figure 
3.12). Beginning at the origin of the 
connectivity matrices it is clear that 
Wallis, Tonga, and the many small 
islands and seamounts associated 
with them are strongly interconnect-
ed but contribute few larvae to the 
Samoan Archipelago or elsewhere 
in the study region. Their position in 
the western or southwestern region 
of the study area results in most of 
the larvae from them being gradu-
ally transported westward out of the 
study region in the direction of Fiji. In fact, this is the reason that some of the islands in these groups were 
not included as sources in the analysis. The island nation south of American Samoa, Niue and its associated 
seamounts, is largely isolated from the other islands in the study region. This is due to Niue’s long distance 
from both upstream and downstream islands. Connections with its nearest downstream neighbor, Tonga may 
have been stronger were it not for the frequent development of the Tonga Trench Eddy between these two 
island groups which entrained many larvae until their PLD elapsed. Upolu and Savai’i in Samoa are highly 
interconnected and also have a large export of larvae to the islands and seamounts to the west such as Wal-
lis, Niuafo’ou (Tonga), and Tafahi (Tonga). Samoa exports a smaller proportion of its larvae eastward against 
the SEC toward American Samoa. The islands and seamounts of American Samoa are also internally con-
nected. The pattern of transport is such that most of the larvae either settle at the source or are transported to 
destinations downstream to the west, including the islands of Samoa, but often not as far as Wallis Island and 
its associated seamounts and not in very high proportions. Swains Island and Tokelau are relatively isolated 
from the other islands in the study area and are the sources of only relatively minor larval contributions to the 
Samoan Archipelago via the return loop of the SECC. Islands and seamounts in the Cook Islands group (Su-
warrow Atoll, Palmerston Atoll, and Pukapuka Atoll and Nassau) are largely isolated, even from each other, 
and show few larval connections with other sites considered here despite their generally upstream position 
in the SEC. These islands were simply too far away and produced too few larvae to be a significant larval 
source for even the Samoan Archipeago, the next islands downstream. 

Overall, the spatial pattern of connectivity was controlled by the SEC with islands to the east providing larvae 
to both themselves and islands to the west. Despite expectations that the eastward flowing SECC and its 
feedback loop to the SEC would carry larvae from sites such as Swains Island back along the Samoan 

Table 3.3. Islands, seamounts, or island groups used as source locations in simula-
tions of regional larval connectivity, their corresponding potential reef area (0-150 m 
shelf), number of virtual larvae used in modeling, and the percentage of the simulated 
larval pool contributed by each source. Green shading denotes islands of Samoa. Red 
denotes islands and seamounts of American Samoa. 

Site
Potential 
reef Area 

(km2)
No. Larvae 
Spawned

Percent 
Larvae 

Spawned
Wallis and Seamounts 993 132,722 16.2
Niuafo’ou and Seamounts 34 4,606 0.6
Pasco and Toafilemu Seamounts 279 37,067 4.5
Tafahi and Seamounts 400 54,704 6.7
Niue 285 40,304 4.9
Savai’i South 300 39,793 4.9
Savai’i North 600 80,919 9.9
Upolu South 571 76,831 9.4
Upolu North 949 127,661 15.6
Tutuila 576 77,873 9.5
South Bank (Papatua Guyot) 33 4,481 0.6
East Bank (Tulaga Seamount) 3 448 0.1
Northeast Bank (Muli Guyot) 10 1,335 0.2
Manu’a Islands 186 25,182 3.1
Rose Atoll 12 1,564 0.2
Swains Island 16 2,133 0.3
Tokelau 350 45,644 5.6
Pukapuka and Nassau 187 24,507 3.0
Suwarrow Atoll 203 26,796 3.3
Palmerston Atoll 90 12,440 1.5
Total 6,077 817,010 100.00
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Archipelago, such connectivity patterns were not seen in the simulations. Swains is simply too far north in the 
SECC current field and there are simply too few larvae that can survive the long transport time necessary for 
current loops to carry them back to settlement sites. 

An important caveat to interpretation of matrix elements for islands close to the edges of the study area is that 
virtual larvae that hit the edge of the hydrodynamic model were lost to further transport.  In the real world, ed-
dies or current reversals may have eventually looped larvae back into the study area for possible settlement 
for larvae with longer PLDs. The importance of these lost trajectories is probably minor due to the compound-
ing of daily larval mortality. Islands at the edge of our study extent may also play important larval source or 
destination roles with adjacent islands just outside of our study region that were not characterized here (e.g. 
Fiji). For these reasons matrix elements for islands near the edge of the study area must be interpreted only 
in the context of the study extent. Findings for islands in the core of the study area, American Samoa and 
Samoa are the most robust.

Also important is that, whereas we tracked >800,000 virtual larvae, the real larval output of these marine 
systems is orders of magnitude higher. Blank cells in our matrices denote cases in which zero virtual larvae 
connected a source and destination, but had we used more virtual larvae in the simulation or in a real world 
spawning event involving many more larvae, some may have actually made the connection. For this reason, 
blank cells in our simulations should not be viewed as impossible connections but instead thought of as rela-
tively less probable.

The proportion of larvae traveling to a destination will be a function not only of source population locations, 
size, and ocean current patterns, but also of the size of the destination (specifically, the size of the destination 
island and its surrounding settlement zone). Since this is an inherent feature of the geography of the region, 
we do not standardize the connectivity values for size of the destination area, although this may be desirable 
for some population modeling purposes.

Influence of PLD and Daily Mortality Rate
Longer PLDs had three main effects on inter-island connectivity (Figure 3.12). First, the proportion of self 
seeding (fraction of larvae produced at a source location that settled at the same location) was reduced over-
all since larvae were not competent to settle until they had been transported farther from sources. Second, 
connectivity with islands farther downstream increased noticeably after PLDs of 10 days. This was especially 
noticeable in seeding of Wallis, Niuafo’ou (Tonga), Tafahi (Tonga), and the nearby seamounts with larvae 
from American Samoa. Third, larvae with PLDs of 50 or 100 days could be transported nearly any place in the 
study area although in very low abundance provided that the mortality rate was low enough. This widespread 
potential for transport at long PLDs suggests that the low amount of connectivity needed to prevent species 
divergence by genetic drift is easily possible throughout the study area. This is especially true considering 
that our study reflects cumulative connectivity over only a five year period, which is short relative to the gen-
eration time of many species in Samoan reef ecosystems.  This widespread transport could also promote 
rapid (re-) colonization of unoccupied reefs, although the likelihood of colonization actually occurring when 
larvae arrive in low density is influenced by a variety of life history features (Kinlan et al. 2005).  Widespread 
transport of organisms with longer PLDs could be important in understanding and predicting resilience to 
disturbance and responses to climate change of this regional ecosystem.

The fate of long-lived larvae is highly dependent on mortality rates. For low to moderate daily mortality rates 
at PLDs up to 30 days, the islands involved in predicted larval exchange changed little, but mortality and PLD 
did affect the strength of the connection (cell color changed but pattern of empty cells in the matrix did not) 
(Figure 3.12). In contrast, higher mortality rates affected both the strength of the connections (cell color) as 
well as the spatial pattern of island connections (many more blank cells), especially at longer PLDs.  At high 
levels of mortality only those islands that were large larval sources (e.g. Savai’i, Upolu, Wallis) or that were 
close together had any measureable connectivity. For the very longest PLDs and medium to high mortality 
rates considered, no larvae settled successfully at any islands (Figure 3.12; three matrices in lower right cor-
ner). They all simply died before the end of these very long PLDs.  This highlights the importance of better 
information on larval mortality, particularly for species with long PLDs.
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Influence of Interannual Variability
There was little difference in the drifter or 
current data among years, a pattern that 
was borne out in the simulations of larval 
transport. The one exception was in 2008, 
a year in which the SECC failed to devel-
op. This had only a small effect on trans-
port of larvae for most islands in the study 
region except for Swains, which lies in the 
middle of this current field.  In most model 
years, larvae from Swains were quickly car-
ried eastward in the SECC (Figure 3.13). In 
contrast, in 2008 the SEC persisted in its 
westward transport throughout the region 
and entrained Swains larvae in the opposite 
direction. 

Larval Connectivity: Islands/Seamounts 
within the Samoan Archipelago
Each of the islands and shallow seamounts 
in the Samoan Archipelago are character-
ized separately in the following sections. 
Moving from west to east along the archi-
pelago and ending with Swains Island, each 
site is the focus of a detailed set of analyses 
to characterize its role as a larval source 
and destination in the region. The north and 
south shores of Savai’i and Upolu are each 
characterized separately due to their large size and slightly different patterns of larval connectivity. The 
Manu’a Islands (Ofu, Olosega, and Ta'u) are combined due to their small size and close proximity relative to 
the scale of the hydrodynamic model. 
 

Figure 3.13. Transport of virtual larvae from Swains Island by model year. 
All PLDs shown as same color for each year.
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SAVAI’I (SOuTh COAST)

Figure 3.14. Position of virtual larvae from southern Savai’i for all model years by PLD. Upper and lower plots denote 3% and 18% 
daily mortality respectively.
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Destinations
Southern Savai’i has a moderate area of potential reef compared to other islands and was the source of 5% 
of the larvae for the region (Figure 3.11, Table 3.3). Most larvae from Savai’i’s south coast are transported to 
the southwest via the SEC and have reached Wallis and the northern islands and seamounts of the Tonga 
group (Niuafo’ou, Tafahi, etc.) after only 10 days (Figure 3.14). A smaller number of larvae are passed north-
ward and then entrained into the eastward flowing SECC which carries them between Swains Island and the 
rest of the Samoan Archipelago after 30 to 50 days. 

Figure 3.15. External larval supply and local larval retention at Savai’i-South as a function of PLD and mortality rate. Top panel: 
Percent of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced 
at this site that return here.
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Figure 3.16. Destinations (and sources) of simulated larvae originating from (arriving at) Savai’i-South for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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Nearly 25% of the larvae spawned from southern Savai’i are retained there for the low mortality scenario and 
10 day PLD (Figure 3.15). Much smaller fractions of local production are retained for longer PLDs and higher 
mortality. As PLD is lengthened, an increasingly large fraction of the settling larvae end up at destinations 
to the west such as Wallis and the islands and seamounts of northern Tonga (Figure 3.16). Higher mortality 
rates result in only a small proportion of the larvae produced at southern Savai’i successfully returning there 
(Figure 3.15), but very small proportions successfully settle anyplace else either (Figure 3.16). This highlights 
the point that most larvae produced at Savai’i die without reaching suitable settlement habitat.

Sources
Southern Savai’i is reliant on outside larval sources for a relatively consistent ~60-80% of its arriving larvae 
depending on PLD and daily mortality rate (Figure 3.15). Although many larvae that reach southern Savai’i 
come from southern Savai’i, large fractions also arrive from the northern and southern coasts of Upolu (Figure 
3.16). Notably, southern Savai’i receives over half of its larval supply from Upolu regardless of mortality rate 
and PLD. Were these major larval sources to be disturbed, recovery at Southern Savai’i could be relatively 
slow and reliant on the much smaller larval sources from Tutuila and the other islands of American Samoa. 
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SAVAI’I  (NOrTh COAST)

Figure 3.17. Position of virtual larvae from northern Savai’i for all model years by PLD. Upper and lower plots denote 3% and 18% 
daily mortality respectively.
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Destinations
Northern Savai’i has a large potential reef area and was among the larger larval sources in the study (Figure 
3.11, Table 3.3). Transport of larvae from Savai’i’s north coast is similar to the south shore described previ-
ously except the distribution is shifted northward (Figure 3.17). More larvae are transported westward toward 
Wallis and fewer are carried toward the southern part of the Tonga Chain compared to the larvae originating 
from the south shore. Also, many more larvae are entrained into the SECC and reach Swains after PLDs of 
20 to 50 days depending on the year. 

Figure 3.18. External larval supply and local larval retention at Savai’i-North as a function of PLD and mortality rate. Top panel: Per-
cent of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at 
this site that return here.
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Figure 3.19. Destinations (and sources) of simulated larvae originating from (arriving at) Savai’i-North for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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Over 40% of the larvae spawned off northern Savai’i end up settling there for the low mortality and 10 day 
PLD scenarios (Figure 3.18). Progressively smaller fractions of local production are returned there for longer 
PLDs and higher mortality rates. Much smaller fractions of larvae settle elsewhere in Samoa and at sites to 
the west as compared to Southern Savai’i (Figure 3.19). 

Sources
Northern Savai’i is reliant on outside larval sources for 40-70% of its arriving larvae depending on PLD and 
daily mortality rate (Figure 3.18). An increasing fraction of larvae come from elsewhere at longer PLDs. 
Larvae that reach northern Savai’i come primarily from the north sides of Savai’i and Upolu and to a lesser 
degree the south sides of these islands for all PLDs (Figure 3.19). Were the major larval sources disturbed, 
recovery of northern Savai’i would be reliant on the much smaller larval sources from Tutuila and the other 
islands of American Samoa.
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Figure 3.20. Position of virtual larvae from southern Upolu for all model years by PLD. Upper and lower plots denote 3% and 18% 
daily mortality respectively.

uPOLu (SOuTh COAST)
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Destinations
Upolu’s south coast is a large source of larvae for the region (Figure 3.11, Table 3.3). Most larvae are trans-
ported westward or southwestward in the SEC (Figure 3.20). Some larvae slip northward between Upolu and 
Savai’i or around Savai’i and are entrained in the SECC which can ultimately send them eastward between 
Swains Island to the north and the rest of the Samoan Archipelago to the south after 20-50 days. 

Over 20% of larvae spawned at southern Upolu are retained there for the low mortality and 10 day PLD sce-
nario (Figure 3.21). Much smaller fractions of local production are returned there for longer PLDs and higher 

Figure 3.21. External larval supply and local larval retention at Upolu-South as a function of PLD and mortality rate. Top panel: Per-
cent of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at 
this site that return here.
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Figure 3.22. Destinations (and sources) of simulated larvae originating from (arriving at) Upolu-South for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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mortality. A large proportion of the larvae from Upolu’s south coast settle back on the Islands of Samoa espe-
cially for short PLDs (Figure 3.22). Wallis and its neighboring seamounts as well as Niuafo’ou are significant 
destinations for PLDs of 20-50 days even under scenarios with moderate mortality. 

Sources
Southern Upolu is reliant on outside larval sources for 15-70% of its arriving larvae depending on PLD and 
daily mortality rate (Figure 3.21). At short PLDs the area is seeded primarily from local production whereas 
larvae with longer PLDs arrive from outside sources. The fraction of larvae arriving from northern Upolu and 
Tutuila increases with PLD for scenarios with low or moderate mortality and demonstrates the importance of 
these larval sources for southern Upolu (Figure 3.22).
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uPOLu (NOrTh COAST)

Figure 3.23. Position of virtual larvae from northern Upolu for all model years by PLD. Upper and lower plots denote 3% and 18% 
daily mortality respectively.
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Destinations
The northern coast of Upolu is the largest source of larvae in the Samoan Archipelago with more poten-
tial reef area than all the islands and seamounts of American Samoa combined (Figure 3.11, Table 3.3). 
The pattern of dispersal is similar to the southern coast described previously but the distribution is shifted 
northward with more larvae entrained into the SECC (Figure 3.23). Most larvae are trajected westward or 
southwestward in the SEC and have reached Wallis and northern Tonga after only 10 days. Larvae entrained 
in the SECC are ultimately sent eastward between Swains Island to the north and the rest of the Samoan 
Archipelago to the south after 20-50 days. Some in the 50 day range have reached as far as Pukapuka and 
Nassau in the Cook Islands. 

Figure 3.24. External larval supply and local larval retention at Upolu-North as a function of PLD and mortality rate. Top panel: Per-
cent of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at 
this site that return here.
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Figure 3.25. Destinations (and sources) of simulated larvae originating from (arriving at) Upolu-North for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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Over 40% of the larvae from Upolu’s north coast return there for the short PLD and low mortality scenarios 
(Figure 3.24). Smaller fractions of local production are returned to northern Upolu for longer PLDs and higher 
mortality scenarios. A large proportion of larvae from northern Upolu settle at Savai’i for all mortality sce-
narios (Figure 3.25). 

Sources
Northern Upolu is reliant on outside larval sources for only 10-35% of its arriving larvae depending on PLD 
and daily mortality rate (Figure 3.24). The site is among the least reliant on outside larval sources since most 
of the successfully settling larvae here are produced locally for PLDs up to 50 days and scenarios with low or 
moderate mortality. The next highest source of larvae for northern Upolu is Tutuila although the proportion of 
larval supply is relatively minor compared to self-seeding (Figure 3.25). Were northern Upolu’s larval produc-
tion to be disturbed, it would be reliant on the smaller sources of Tutuila and the other islands of American 
Samoa for recovery.
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TuTuILA

Figure 3.26. Position of virtual larvae from Tutuila for all model years by PLD. Upper and lower plots denote 3% and 18% daily mor-
tality respectively.
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Destinations
Tutuila has a large potential reef area relative to the other islands and seamounts in American Samoa but is 
comparatively small relative to Savai’i and Upolu as a source of larvae to the region (Figure 3.11, Table 3.3). 
Transport of larvae from Tutuila is westward in the SEC and splits into two groups along the north and south 
shores of Samoa (Figure 3.26). At PLDs of 10 days, larvae have just passed western Savai’i and begun to 
reach Tafahi in the northern end of the Tonga chain. By PLDs of 20-50 days larvae are well into Wallis and 
its neighboring seamounts farther west. Many larvae trajected south of Tutuila are entrained in the Tonga 
Trench Eddy. Larvae trajected north of Tutuila that are entrained into the SECC are quickly swept to the east 
and pass south of Swains Island with little settlement occurring there. 

Figure 3.27. External larval supply and local larval retention at Tutuila as a function of PLD and mortality rate. Top panel: Percent 
of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at this 
site that return here.



C
ha

pt
er

 3
 - 

C
ur

re
nt

s 
an

d 
La

rv
al

 C
on

ne
ct

iv
ity

 

page
64

Figure 3.28. Destinations (and sources) of simulated larvae originating from (arriving at) Tutuila for low, medium, and high larval 
mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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Nearly 40% of the larvae spawned at Tutuila settle back there for the 10 day PLD and low mortality scenario. 
Much smaller fractions of local production are returned there for longer PLDs and higher mortality scenarios 
(Figure 3.27). Larvae that are exported settle primarily at northern Upolu, and to a lesser extent southern 
Upolu, northern Savai’i, and Wallis and the northern Tongan Islands for longer PLDs (Figure 3.28).

Sources
Tutuila is reliant on outside larval sources for 10-65% of its arriving larvae depending on PLD and daily mor-
tality rate (Figure 3.27). Outside sources become proportionally more important at longer PLDs, especially 
when mortality is low. Larvae that reach Tutuila come primarily from Tutuila especially at short PLDs (Figure 
3.28). The Manu’a Islands, Upolu, and even Savai’i are the most notable sources of outside larvae and would 
be important to Tutuila’s recovery if local larval production were disrupted. 
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SOuTh BANk

Figure 3.29. Position of virtual larvae from South Bank for all model years by PLD. Upper and lower plots denote 3% and 18% daily 
mortality respectively.
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Destinations
South Bank (Papatua Guyot in Seamount Catalog, Koppers et al. 2010) is a relatively small guyot south of 
Tutuila and provides a very small contribution to the total larval pool of the region (Figure 3.11, Table 3.3). 
Most larvae are transported south and west from this site with very few slipping north between islands of 
the Samoan Archipelago (Figure 3.29). Transport is either westward in the SEC between Savai’i and Tafahi 
(Tonga), or southward into the Tonga Trench Eddy.

Figure 3.30. External larval supply and local larval retention at South Bank as a function of PLD and mortality rate. Top panel: Percent 
of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at this 
site that return here.
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Figure 3.31. Destinations (and sources) of simulated larvae originating from (arriving at) South Bank for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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In contrast to the other sites discussed so far, a very low proportion of larvae from South Bank are retained 
locally for any PLD or mortality scenario (Figure 3.30). Tutuila and Upolu receive a significant proportion of 
larvae in the 10-50 PLD ranges (Figure 3.31). Tafahi (Tonga), Wallis, and other sites near them receive a 
noticeable proportion of the larvae originating from South Bank at longer PLDs. Of note, recent field surveys 
of South Bank indicate that the seamount is relatively uncolonized by corals and reef fish (R. Brainard, NOAA 
CRED and D. Fenner, American Samoa DMWR pers. comm.), which could indicate recruitment limitation and 
is consistent with the chronically low larval supply predicted by our model runs. It also suggests that South 
Bank is even less of a larval source than estimated here based purely on the potential reef area inferred from 
bathymetry.

Sources
Unlike most other sites discussed thus far, South Bank is reliant on outside larval sources for a very large 
proportion, 80-95%, of its arriving larvae regardless of PLD or daily mortality rate (Figure 3.30). The major 
sources of larvae for South Bank are Tutuila and Manu’a (Figure 3.31). Were these primary sources dis-
turbed, South Bank would rely primarily on Upolu as a larval source.
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eAST BANk

Figure 3.32. Position of virtual larvae from East Bank for all model years by PLD. Upper and lower plots denote 3% and 18% daily 
mortality respectively.
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Destinations
East Bank (Tulaga seamount in Seamount Catalog, Koppers et al. 2010) is the shallow crest of a submerged 
ridge extending east from Tutuila. Due to its small reef area it is a very small contributor to the regional larval 
pool in this study (Figure 3.11, Table 3.3). Many larvae from East Bank are trajected westward in the SEC 
along the north and south shores of the Samoan Archipelago (Figure 3.32). Others are transported south-
ward toward Niue but few arrive due to the long transport distance, larval mortality, and the low number of 
starting larvae spawned in the simulation. 

Figure 3.33. External larval supply and local larval retention at East Bank as a function of PLD and mortality rate. Top panel: Percent 
of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at this 
site that return here.
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Figure 3.34. Destinations (and sources) of simulated larvae originating from (arriving at) East Bank for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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East Bank has virtually no retention of locally produced larvae (Figure 3.33). A high proportion of larvae settle 
at South Bank at the 10 day PLD, Tutuila and Upolu at 20 to 30 day PLDs and islands farther west for longer 
PLDs (Figure 3.34). Note that longer PLDs, high mortality, and few larvae to begin with result in few strong 
connections west of Savai’i despite prevailing currents. 

Sources
Similar to South Bank, East Bank is reliant on outside larval sources for a very large proportion, 95-100%, 
of its arriving larvae regardless of PLD or daily mortality rate (Figure 3.33). The majority of larvae settling at 
East Bank are from Manu’a for PLDs of 10-30 days (Figure 3.34). A large fraction of successful settlers come 
from Tutuila at 20 to 30 day PLDs especially at higher mortality rates given the relatively low number of larvae 
starting from Manu’a. Were these larval sources to be disturbed, East Bank would rely primarily on Upolu as 
a (much smaller) larval source. A small but measureable proportion of larvae are from Tokelau, well to the 
north, for the 100 day PLD with low mortality rate.
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NOrTheAST BANk

Figure 3.35. Position of virtual larvae from Northeast Bank for all model years by PLD. Upper and lower plots denote 3% and 18% 
daily mortality respectively.
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Destinations
Northeast Bank (Muli Guyot in Seamount Catalog, Koppers et al. 2010) is a small seamount between Tutuila 
and Manu’a. Due to its small size Northeast Bank is a very minor contributor to the total larval pool of the re-
gion (Figure 3.11, Table 3.3). Most larvae from Northeast Bank are trajected westward along the north side of 
the Samoan Archipelago (Figure 3.35). Many are quickly entrained in the eastward flowing SECC well south 
of Swains Island where they are largely dispersed and die in the open ocean between American Samoa and 
the Cook Islands. Many are also trajected south and expire in the region of the Tonga Trench Eddy prior to 
reaching Niue. 

Figure 3.36. External larval supply and local larval retention at Northeast Bank as a function of PLD and mortality rate. Top panel: 
Percent of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced 
at this site that return here.
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Figure 3.37. Destinations (and sources) of simulated larvae originating from (arriving at) Northeast Bank for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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Northeast Bank has virtually no retention of locally produced larvae (Figure 3.36). For short PLDs of 10-30 
days, most larvae from Northeast Bank end up at South Bank, Tutuila, and the north coasts of Upolu and 
Savai’i (Figure 3.37). Longer PLDs of 30-50 days result in a more even dispersal of larvae spread along the 
islands farther west all the way to Wallis and its associated seamounts. At high mortality rates, the few larvae 
starting from Northeast Bank are largely dead after the 10 day PLD and no connections among islands were 
detected.

Sources
Like the other seamounts of American Samoa, Northeast Bank is reliant on outside larval sources for 90-
100% of its arriving larvae regardless of PLD or daily mortality rate (Figure 3.36). The majority of larvae with a 
10 day PLD arrive at Northeast Bank from the Manu’a Islands (Figure 3.37). Interestingly, a significant source 
of larvae in the 30-50 day PLD range is northern Upolu. A large group of larvae from 2006 were quickly en-
trained in the SECC and arrived at Northeast Bank after 18-30 days. A small but measureable proportion of 
larvae are from Tokelau in the 100 day PLD with low mortality rate. 
 



C
ha

pt
er

 3
 - 

C
ur

re
nt

s 
an

d 
La

rv
al

 C
on

ne
ct

iv
ity

 

page
78

MANu’A ISLANdS

Figure 3.38. Position of virtual larvae from Manu’a for all model years by PLD. Upper and lower plots denote 3% and 18% daily 
mortality respectively.
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Destinations
The Manu’a Islands of Ta’u, Ofu, and Olosega represent the last moderately sized source of larvae in the Sa-
moan Archipelago (Figure 3.11, Table 3.3). Larvae from Manu’a split into two groups, one along the northern 
side of the Samoan Archipelago and another that is cast southwestward into the region of the Tonga Trench 
Eddy (Figure 3.38). Many in the northern trajectory are entrained in the SEC and transported well south of 
Swains where they mostly expire in the open ocean between the Samoan Archipelago and the Cook Islands. 
Over 20% of the larvae spawned at Manu’a are retained there for the 10 day PLD and low mortality scenario 
(Figure 3.39). Much smaller fractions of local production are retained locally for longer PLDs and higher mor-

Figure 3.39. External larval supply and local larval retention at Manu’a as a function of PLD and mortality rate. Top panel: Percent 
of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at this 
site that return here.
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Figure 3.40. Destinations (and sources) of simulated larvae originating from (arriving at) Manu’a for low, medium, and high larval 
mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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tality scenarios. Larvae settle along the archipelago on the seamounts, Tutuila, and the islands of Samoa 
in similar proportions (Figure 3.40). Larvae are then spread farther westward reaching Wallis and nearby 
islands and seamounts in the 50-100 day range in the low to moderate mortality scenarios. 

Sources
The Manu’a Islands are reliant on outside larval sources for a wide range, 0-90%, of their arriving larvae de-
pending on PLD and daily mortality rate (Figure 3.39). Nearly all larvae with a 100 day PLD are from outside 
sources whereas a high proportion of self seeding occurs for larvae in the 10-30 day PLD range. For longer 
PLDs, sources include Tutuila and Samoa with larvae entrained in the eastward flowing SECC and then fed 
back south along the Samoan Archipelago including Manu’a in the 50-100 day range (Figure 3.40). Small but 
measureable contributions to the larvae arriving at Manu’a in the low to moderate mortality rate scenarios are 
from Tokelau to the north and Pukapuka and Nassau, and Suwarrow to the east.
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rOSe ATOLL

Figure 3.41. Position of virtual larvae from Rose Atoll for all model years by PLD. Upper and lower plots denote 3% and 18% daily 
mortality respectively.
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Destinations
Rose Atoll (Motu O Manu or Muliāva by many locally) is a small island at the eastern tip of the Samoan Archi-
pelago. Due to its small size Rose is a very minor contributor to the total larval pool of the region (Figure 3.11, 
Table 3.3). Larvae from Rose split into two groups depending on the year, one is transported north for partial 
entrainment into the SECC and the other group is moved southwestward in the SEC and Tonga Trench Eddy 
(Figure 3.41). For such a small, isolated source, there is a moderate amount of retention of locally produced 
larvae for the short PLD, low mortality scenario (Figure 3.42). For the short PLDs of 10-20 days, larvae from 
Rose Atoll settle primarily locally or at the nearby Manu’a Islands (Figure 3.43). Longer PLDs of 30-100 days 

Figure 3.42. External larval supply and local larval retention at Rose Atoll as a function of PLD and mortality rate. Top panel: Percent 
of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced at this 
site that return here.
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Figure 3.43. Destinations (and sources) of simulated larvae originating from (arriving at) Rose Atoll for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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cast small proportions of larvae to all the seamounts and islands to the west via the SEC and can even reach 
Wallis in the scenario with low mortality. 

Sources
Similar to Manu’a, Rose Atoll is reliant on outside larval sources for a very wide range of larvae recruits, with 
0-100% of its larvae arriving from elsewhere depending on PLD and daily mortality rate (Figure 3.42). Nearly 
all larvae with 50-100 day PLDs are from outside sources, whereas Rose Atoll is heavily reliant on local larval 
production for PLDs of 10-20 days. For these short PLDs, Rose receives few larvae from elsewhere and then 
only in scenarios with low mortality. Pukapuka to the east and Tokelau to the north contribute measureable 
proportions of larvae to Rose but only in low to moderate mortality scenarios and for PLDs of 30-50 days 
(Figure 3.43). This highlights the isolation of Rose from the rest of the islands in the region since it is so far 
downstream in the SEC from the small larval sources provided by the Cook Islands and so far upstream rela-
tive to the large sources of larvae produced elsewhere in the Samoan Chain.

Of note, the locally used name “Muliāva” can be translated from Samoan to English as “end of the current”. 
This could refer to its position at one end of the Samoan Archipelago at the upstream end of the SEC.
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SwAINS ISLANd

Figure 3.44. Position of virtual larvae from Swains Island for all model years by PLD. Upper and lower plots denote 3% and 18% 
daily mortality respectively.
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Destinations
Swains Island is an isolated atoll in the northern part of the American Samoa EEZ and lies in a region of very 
different ocean currents relative to the Samoan Archipelago. The position of these currents isolates Swains 
even more as a larval source or destination than suggested by distance alone. Due to its small size, it is not a 
major larval source to the region (Figure 3.11, Table 3.3). Swains lies in the center of the SECC in most years 
(2004-2007) and consequently most of the larvae spawned there are entrained in currents flowing eastward 
toward Pukapuka and Nassau in the Cook Islands (Figure 3.44). 

Figure 3.45. External larval supply and local larval retention at Swains Island as a function of PLD and mortality rate.Top panel: 
Percent of simulated larvae settling at this site that were produced at other sites. Bottom panel: Percent of simulated larvae produced 
at this site that return here.
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Figure 3.46. Destinations (and sources) of simulated larvae originating from (arriving at) Swains Island for low, medium, and high 
larval mortality rates. Shading of labels indicates core island groups: red, American Samoa; green, Samoa. ND= no data.
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Virtually no larvae are retained locally at Swains for any PLD or mortality scenario (Figure 3.45). Due to the 
long distances that must be traveled and the low number of larvae starting from a small site like Swains, only 
larvae in the 20-50 day PLD can range make it to Pukapuka and Nassau successfully and only in the low to 
moderate mortality scenarios (Figure 3.46). In 2008 however, a dramatically different pattern emerged with 
the eastward flowing SECC not forming at all, a condition that affected Swains more than any other island 
considered. In 2008, all the larvae from Swains can be observed moving westward in the SEC with many 
reaching Pasco and Taufilemu seamounts after 20 days, and Wallis and nearby seamounts by 50-100 days 
(Figures 3.13, 3.44, 3.46). 

Sources
Swains Island is reliant on outside larval sources for virtually 100% of its arriving larvae regardless of PLD 
or daily mortality rate (Figure 3.45). Tokelau is the main source of larvae for Swains Island and practically 
the only source for larvae with a 10 day PLD (Figure 3.46). Swains receives many of its larvae in the 20-100 
day PLD range from the major larvae producers of Samoa and even Wallis and its seamounts. A significant 
proportion of the larvae from these sources are entrained in the eastward flowing SECC and due to the large 
numbers of larvae involved and position farther north and west relative to American Samoa, some larvae can 
arrive at far off Swains even before the moderate mortality rate eliminates them all. In contrast, none of the 
islands of American Samoa are a significant source of recruits for Swains. Most of the larvae entrained in the 
SECC from these islands are swept eastward towards the Cook Islands prior to reaching Swains.
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CONCLuSIONS
Our results indicate a high but variable degree of inter-island connectivity in the Samoan Archipelago and 
surrounding region, with substantial larval retention at most locations, but also substantial larval export and 
some degree of dependency of any individual reef on outside sources even at the shortest PLDs considered.  
The overall picture is of an inter-connected system in which no single location operates in isolation. Although 
some locations are isolated in the sense that they are not important sources for other reefs, these same loca-
tions are in general dependent on larval arrival from external sources (e.g. Swains).  Conversely, some sites 
that are not particularly common destinations can be significant sources to other reefs (e.g. Rose). These 
findings have important implications for the conservation and management of Samoan reef ecosystems 
(Craig and Brainard 2008). 

Most sites in the central portion of the study region are broadly connected to a wide variety of other sites as 
both sources and destinations, indicating that turbulent diffusion plays a significant role in spreading larvae 
widely despite the strong mean flow patterns in this region.  In fact, for longer PLDs and, when mortality is 
sufficiently low, virtually all sites in the region are interconnected by at least some small rate of larval ex-
change (Figure 3.12).  However, the predominant patterns of current flow are clearly evident in patterns of 
connectivity, particularly at shorter PLDs and high mortality rates. 

Current flow, and consequently larval transport, is primarily westward along the Samoan Archipelago via the 
SEC. In general, larvae produced at any given location in the Samoan Archipelago tend to seed their natal 
reefs and island neighbors to the west. An overall effect of this directional tendency is that the islands of 
American Samoa export much larval production to Samoa especially for organisms with shorter PLDs of 10-
30 days. That would be the extent of the connectivity pattern, and probably is for much of the year, were it not 
for the seasonally strong SECC. The north coasts of Samoa are far enough west and north that many larvae 
produced there are entrained in the east flowing SECC and can ultimately settle along the islands of Ameri-
can Samoa via the feedback loops connecting the SECC with the SEC at ~165-170º W longitude. These 
currents are often well developed throughout the PLDs of organisms spawned in late October or November 
as simulated here. These feedback currents make Samoa an important source of larvae for American Samoa 
especially for organisms with PLDs of 30-100 days. The connections established by this larval conveyor belt, 
while based on organisms with different PLDs, demonstrate the potential benefits of coordinated manage-
ment of marine resources and conservation planning between Samoa and American Samoa. The orientation 
of the dominant currents and the long distances downstream from any other large source of larvae suggest 
that much of the Samoan Archipelago is largely dependent on internal sources of larvae transported among 
islands and should be managed accordingly. This is reflected in the interconnected “core” of the connectivity 
matrices, especially evident at short PLDs and high mortality rates (Figure 3.12).

The islands of Samoa are probably the major source of larvae for the region overall given their very large 
potential reef area. Moving east along the Samoan Archipelago the islands are smaller, have less potential 
reef area, and therefore smaller potential spawning populations. Tutuila and the Manu’a Islands of American 
Samoa have moderate levels of larval production relative to Upolu and Savai’i. Swains Island and the sea-
mounts of American Samoa are almost entirely dependent on larvae from elsewhere and, due to their very 
small size, contribute relatively little to the larval pool of the Archipelago.

Despite the potential for circular transport in the current loops connecting the SEC and SECC as noted 
above, the simulations demonstrate that Swains Island is too far north in the SECC current field to function 
in this way and is thus largely disconnected from the rest of the Samoan Archipelago. Most larvae from Ar-
chipelago sources entrained in the SEC-SECC current system are quickly swept south of Swains and either 
loop back into American Samoa or expire in the open ocean between Rose Atoll and the Cook Islands at the 
end of their PLD. Only the large larval sources on the northern sides of Upolu and Savai’i reach Swains in the 
SECC under the right conditions. Larvae from Swains are largely lost to the open ocean and are not entrained 
quickly enough into the feedback loops connecting the SECC to the SEC for highly successful settlement in 
the Samoan Archipelago. It is important to note that the SECC is a strong, but highly seasonal current. Were 
spawning dates to occur at a different time of year, connectivity patterns in the region of the SECC would be 
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quite different. Additional simulation start dates are 
needed to evaluate larval transport during the rest 
of the year.

The larval sources upstream in the SEC from 
the Samoan Archipelago are in the Cook Islands 
group. These sites are quite far upstream and not 
well connected to islands in the Samoan chain.  Or-
ganisms with short PLDs fail to reach Samoa from 
Cook Islands sources due to the long distance that 
must be travelled. Even organisms with long PLDs 
from the Cook Islands are probably not very likely 
to reach Samoa due to larval mortality, the length 
of time it takes to get to the Samoan Archipelago, 
the turbulent diffusion that spreads larvae widely in 
the ocean, and because the Cook Islands are small 
larval sources to begin with. 

It is important to remember that larval dispersal is 
an inherently stochastic process because it is driv-
en by current fields of a turbulent ocean (Siegel et 
al. 2008). We have focused on cumulative patterns 
of connectivity over a recent and representative 5 year period, but individual dispersal events are impossible 
to predict, and the patterns we have described here represent an accumulation of connectivity over a par-
ticular time period. There is always the possibility that a single, rare, anomalous current pattern will result in 
unusual patterns of larval dispersal that deviate from those predicted here. Such events could transport large 
numbers of larvae even from small sources, if they are timed just right, and could connect cells that are blank 
in our simulated connectivity matrices under the right circumstances. Robustness to the inherent stochastic-
ity and variability in connectivity is another attractive feature of well-designed MPA networks.  

The patterns of connectivity documented here have important implications for the resilience of reef ecosys-
tems to disturbance events, whether anthropogenic or natural. Resilience refers to the rate of recovery of 
a population, community, or ecosystem following disturbances that could include storms, fishing, pollution, 
bleaching, predator outbreaks (e.g. crown-of-thorns starfish) or disease. Sites such as Rose Atoll and Swains 
Island are far upstream from any large larval sources and thus may be among the slowest to recover follow-
ing a disturbance due to a lack of recruits. One reason these two locations have a biogeographically distinct 
community structure relative to the rest of the archipelago (Tribollet et al. 2010, Williams et al. 2010, Chapter 
4) may be a preponderance of either species with no pelagic dispersal, or species with very long PLDs that 
are capable of making the trip from distant sources. For these two reasons (probable slower recovery poten-
tial following disturbance and biogeographic uniqueness/isolation) these sites are worthy of consideration for 
special protection status. In contrast to the isolation of Rose and Swains, Samoa is an important source of 
larvae for itself and the entire region. Recovery from localized disturbance elsewhere in the archipelago may 
depend on larvae from Upolu and Savai’i which make them important to consider when devising a resilient 
regional MPA network. Were these two sites disturbed, recovery would probably be slow due to their high self 
seeding and would depend primarily on the relatively more modest larval sources from Tutuila and Manu’a in 
American Samoa. The highly inter-connected pattern of larval connectivity in the Samoan Archipelago sug-
gests that a regional planning effort, aimed at the design of an integrated network of marine conservation and 
management areas, would be more likely to achieve management and conservation goals than any effort 
undertaken at a single location without considering linkages with other sites.  When connectivity is high, vari-
able, and asymmetric among locations, as is the case in this region, integrated spatial planning can improve 
realization of conservation, fisheries, and economic goals and can help to identify “win-win” strategies that 
reduce multiple use conflicts and provide benefits to multiple stakeholder groups (Gaines et al. 2007, Cowen 
and Sponaugle 2009, Costello et al. 2010).

Image 11. Satellite imagery of tiny Rose Atoll, approximately 3.6 
kilometers across, an isolated end-point along the SEC. 
Image Provided By: NCCOS.
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