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Abstract 

 

Despite decades of research, factors that drive population patterns and connectivity in the ocean are 

hotly debated and largely unknown. With a changing climate and an ever increasing anthropogenic 

strain, protecting our oceans for future generations is vital. Coral reefs are some of the most productive 

ecosystems on earth, and in order to protect them we need to gain a deeper understanding of the 

biological and physical dynamics that govern species distributions and survival.  

This dissertation aims to explore larval dispersal and population connectivity in the Hawaiian 

Archipelago. To effectively manage coral reef ecosystems, it is imperative to understand where the new 

generation comes from. To gain insight into the drivers behind observed larval distribution patterns I 

ground-truthed a biophysical model with in situ larval distributions obtained during midwater trawling 

off the coast of West Hawai‘i Island. I was able to show that a connectivity model explained observed 

larval abundances and distributions of the yellow tang, Zebrasoma flavescens, to a significant degree. 

The dispersal model also showed that successful larvae most likely inhabit the deeper waters around 

100 m for optimum settlement success and that larvae can travel from one end of the Main Hawaiian 

Islands to the other in 45 days.  

The groundtruthed model allowed me to explore modeled potential connectivity in the 

Hawaiian Archipelago and generate a comprehensive estimate of connectivity of passive particles for 

the region. Genetic population connectivity has been studied extensively in the Hawaiian Archipelago, 
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but to date no study has looked at large scale modeled larval connectivity patterns. By comparing 

genetic population connectivity patterns with modeled larval connectivity patterns driven by the 

physical environment we can begin to understand drivers of population connectivity. I found that 

modeled self-recruitment was high throughout the archipelago. This is important because being able to 

provide your own young makes a population less reliant on outside sources of genes and larvae. Results 

from the biophysical model indicate that connectivity in the NWHI is predominantly driven by physical 

factors e.g. ocean currents. Connectivity patterns in the Main Hawaiian Islands are not explained by the 

physical oceanographic environment, rather, biological and anthropogenic factors are likely important 

for dispersal. The biophysical model identified distinct breaks in the archipelago where larval exchange 

is limited, and I was able to describe the directionality and relative size of dispersal between the MHI 

and the NWHI. Understanding larval exchange between the MHI and NWHI is important because the 

MHI are heavily fished while the NWHI are protected as part of one of the largest marine protected 

areas in the world, Papahānaumokuākea Marine National Monument.  

In the final part of this work I investigate how El Nino Southern Oscillation (ENSO) change 

connectivity patterns in the Hawaiian Archipelago. Having a deeper understanding of changes in 

connectivity during relatively extreme events such as ENSO allows us to better plan for management in a 

changing climate. The study showed that unique connectivity pathways open up between the Hawaiian 

Archipelago and Johnston Atoll during El Niño events providing a pathway for larval exchange between 

the Hawaiian Archipelago and other islands in the Pacific Ocean. During La Niña years Johnston Atoll acts 

as an outpost, with modeled connectivity pathways opening up from Hawai‘i towards Johnston Atoll. El 

Niño years had longer mean dispersal distances, and more larvae that traveled further, compared with 

normal and La Niña years. These periodic long distance dispersal events may contribute to the exchange 

of genes between distant populations, and allowing greater genetic diversity and potentially building 

resilience towards changing environments.  
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CHAPTER 1 
 

Introduction 

 
With a changing climate and ever growing human population, the stress on our oceans is 

increasing. Currently, 44% of the world's 7.4 billion people live within 150 km of the ocean, and 

that number is increasing as populations are trending from inland rural areas to coastal cities. 

The world's oceans are an essential food source, providing more than 2.9 billion people with at 

least 15% of their animal protein intake (FAO 2014). Coral reefs are among the world's most 

valuable ecosystems, providing ecosystem services (e.g. coastal protection, food, recreation, 

cultural benefits) worth $797.4 billion (Cesar et al. 2003), and sustenance and survival for an 

estimated 500 million people (Wilkinson 2008, Hoegh-Guldberg 2011). However, in recent 

years, they have been experiencing severe stresses due to climate change. Warming ocean 

temperatures and ocean acidification affect both the coral animal and the reef structure, 

leaving people hungry and coastlines unprotected (Worm et al. 2006, Hoegh-Guldberg et al. 

2007, Knowlton & Jackson 2008, Cooley et al. 2009, Watson et al. 2015).  

 

https://paperpile.com/c/QoOOuA/ylvY
https://paperpile.com/c/QoOOuA/Nkv2
https://paperpile.com/c/QoOOuA/jH3T+WgH2
https://paperpile.com/c/QoOOuA/AWUF+7z5H+EE3z+M7kR+fkog
https://paperpile.com/c/QoOOuA/AWUF+7z5H+EE3z+M7kR+fkog
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1.1  Ecosystem based management 

With growing threats to our oceans and coral reefs, the need to create a framework of 

protections has garnered increased attention and support. Historically, marine resource management 

was focused on single-species protections and often failed in protecting the ecosystem as a whole 

(Slocombe 1993, Sharp 1995). In recent years, ecosystem based management (EBM) has largely replaced 

single-species approaches (Slocombe 1993, Browman et al. 2004, McLeod & Leslie 2009). EBM devises 

management strategies based on multiple stakeholder needs (e.g., cultural, commercial, recreational, 

and industrial)  toward an overall goal of preserving ecosystems and ecosystem services for the future 

(Foley et al. 2010).  Marine Spatial Planning (MSP) is a tool used to implement EBM, and Foley and 

colleagues (2010) identified connectivity as one of four guiding principles for effective MSP. 

1.2  Connectivity 

In the most general sense, connectivity is the exchange of individuals (young or adults) from 

geographically separate sub-populations (Cowen et al. 2007, Anadón et al. 2013, White et al. 2014). To 

understand connectivity in marine populations we need to first take a step back and first consider the 

life-cycle of marine organisms. The majority of marine animals have a biphasic life history strategy in 

which relatively sedentary adults produce tiny pelagic larval stages (Thorson 1950, Strathmann 1993, 

Raff 2008, Marshall et al. 2012). The larval stage and the adult stage differ greatly in biology and 

ecology. The larval stage is predominantly the dispersive stage for most benthic marine organisms and 

many reef fish. Adult reef fish show high site fidelity, and are not likely to move between islands or reefs 

(Meyer et al. 2010). The growth and survival of larvae in the plankton is dependent on a host of biotic 

and abiotic factors, e.g. temperature, food availability, predation, and ocean chemistry (Meekan et al. 

2003, O’Connor et al. 2007, Stumpp et al. 2011). Connectivity describes the scale of dispersal and helps 

https://paperpile.com/c/QoOOuA/9G9z+9je4
https://paperpile.com/c/QoOOuA/9je4+pNVe+fls0
https://paperpile.com/c/QoOOuA/7xCo
https://paperpile.com/c/QoOOuA/7xCo/?noauthor=1
https://paperpile.com/c/QoOOuA/nZAV+1kFV+qnqg
https://paperpile.com/c/QoOOuA/Jy2G+xwGk+9GUv+JSt2
https://paperpile.com/c/QoOOuA/Jy2G+xwGk+9GUv+JSt2
https://paperpile.com/c/QoOOuA/LmUQ
https://paperpile.com/c/QoOOuA/P2GV+JvfX+rPq2
https://paperpile.com/c/QoOOuA/P2GV+JvfX+rPq2
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define the ecosystem boundaries, and in extension, the boundaries of EBM. It aids us in determining 

how self-sufficient a population is, or if it is dependent on outside sources of larvae to persist (Jones et 

al. 2007, Burgess et al. 2014). Connectivity also helps us understand which populations are connected, 

and over what geographic scale exchange takes place (Cowen et al. 2006). Connectivity can be divided 

into two sub-categories. Potential connectivity is estimated from physical oceanographic attributes with 

limited biological input and only tracks the arrival of larvae (Calabrese & Fagan 2004), while realized 

connectivity takes into account the survival of larvae to reproduction (Burgess et al. 2012).  

1.3  Hawaiian Archipelago  

The Hawaiian Archipelago is a 2,600 km long chain of islands and atolls in the central north 

Pacific Ocean. The islands and atolls in the Hawaiian Archipelago are created from a stationary hotspot 

in the earth's mantle, and the chain is forged as the Earth’s crust moves over the hotspot (Clague & 

Dalrymple 1987). The Main Hawaiian Islands (MHI) are located in the southeast end of the chain and is 

made up of eight emergent islands. The MHI are densely populated with heavy anthropogenic 

influences both above and below the water. The Northwestern Hawaiian Islands (NWHI) make up 75% 

of the linear distance of the Hawaiian archipelago, and consist of low lying islands, atolls, and banks. 

They are uninhabited and due to their remoteness have some of the most pristine coral reef ecosystems 

in the world (Halpern et al. 2008, Selkoe et al. 2009). The NWHI are home to Papahānaumokuākea 

Marine National Monument (PMNM). First protected in 2000, and formally established in 2006, with its 

360,000 km2, PMNM was the largest marine reserve in the world at the time. Governing agencies in 

Hawaiʻi have adopted EBM, mainly through the creation of Marine protected areas (MPA’s) with varying 

levels of protection (Christie et al. 2007, Tissot et al. 2009). PMNM enjoys high levels of resource 

protection, and only Native Hawaiian cultural practices and limited research activities are allowed. The 

MHI are exploited with active fisheries, and current management strategies rely on the overabundance 

https://paperpile.com/c/QoOOuA/2h6F+sbu9
https://paperpile.com/c/QoOOuA/2h6F+sbu9
https://paperpile.com/c/QoOOuA/6NzW
https://paperpile.com/c/QoOOuA/uDOP
https://paperpile.com/c/QoOOuA/ilW0
https://paperpile.com/c/QoOOuA/L5mL
https://paperpile.com/c/QoOOuA/L5mL
https://paperpile.com/c/QoOOuA/VS6M+3Amj
https://paperpile.com/c/QoOOuA/2eB6+hKrr
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from the unfished stocks in PMNM to spill over and replenish the MHI. However, evaluation of the 

effectiveness of this strategy is lacking. Connectivity studies are ideal to evaluate the effectiveness of 

marine reserves, and if the spillover effect is boosting fish populations in the MHI. They can shed light on 

the geographic scale on which to manage resources, and evaluate the connection between the NWHI 

and the MHI. Additionally, because Hawaiʻi is isolated with high levels of endemism which makes it ideal 

to study population connectivity, since everything that has colonized the Hawaiian Archipelago originally 

came from somewhere else (Hourigan & Reese 1987). 

1.4  Methods to studying connectivity  

There are two main ways to study connectivity: directly or indirectly. Direct methods involve 

actively tagging clusters of eggs or individual females that incorporate isotopes signatures into their 

offspring (Thorrold et al. 2007, Almany et al. 2007) or to physically follow larvae around. These methods 

provide in situ data on dispersal of organisms but is labor intensive and costly (Cowen & Sponaugle 

2009). In addition, direct methods, while providing detailed data on individual’s movements, is limited 

to the geographic area or species studied. Interpolation to other geographic locations are often limited 

(Kool et al. 2012). Indirect methods involve examining already present ‘tags’, such as microchemistry in 

otoliths and genetic markers (Cowen & Sponaugle 2009). The benefits of indirect methods are that all 

individuals are already marked, so no tagging is needed. Genetic and otolith sampling still require 

collection of individual specimen, but compared to direct methods is less costly and labor intensive.  

 

In recent years, a third method to studying population connectivity has emerged: biophysical 

modeling. Using spatially explicit Individual based models, or other biophysical models, to study 

connectivity has been utilized for the past 20 years or more, but have been limited by computing speeds 

and lack of physical data. However, with increasing availability to high resolution physical datasets and 

https://paperpile.com/c/QoOOuA/QDR5
https://paperpile.com/c/QoOOuA/NYX3+gql1
https://paperpile.com/c/QoOOuA/I4eq
https://paperpile.com/c/QoOOuA/I4eq
https://paperpile.com/c/QoOOuA/Twks
https://paperpile.com/c/QoOOuA/I4eq
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increasing computer processing speeds this field is quickly growing (See reviews by Werner et al. 2001, 

2007). Biophysical individually based models incorporate realistic modeled ocean circulation with a 

varying degree of biological traits and behaviors, from highly parameterized (North et al. 2008, Liggins et 

al. 2015) to simplified physical transport models (Siegel et al. 2003, Wood et al. 2014) and all stages in 

between. One of the main benefits of biophysical models is the ability to quantitatively study population 

connectivity on a wide ranging temporal and geographic scales (Werner et al. 2007, Cowen & Sponaugle 

2009).  

1.5  Connectivity studies in Hawaiʻi to date  

In Hawaiʻi, all three methods have been used in efforts to understand population connectivity in 

the archipelago. Otolith studies conducted in the MHI for reef fish showed no discernable differences in 

microchemistry between islands and has not been pursued further (Ruttenberg et al. 2008) as a tool to 

study connectivity. Genetic connectivity has been studied extensively in the Hawaiian Archipelago for a 

suite of 60+ mammal, fish and invertebrate species (Toonen et al. 2011, Selkoe et al. 2016a). These 

studies have identified areas where connectivity is limited, and important pathways and stepping stones 

connecting the Hawaiian Archipelago with coral reef ecosystems to the south and west (see Bowen 

2016). With more efficient and cost-effective methods constantly developing, the factor limiting 

population genetic studies is not the laboratory/sequencing step, but rather, the ability to collect 

enough samples (Selkoe et al. 2016b). In Hawaiʻi, the remoteness of the NWHI and the permitting 

involved makes it difficult to access habitats and organisms for sampling. Modeling is one way to 

overcome that hurdle and answer questions that are otherwise difficult to investigate.  

 

While a handful of studies have used biophysical modeling to describe connectivity in Hawaiʻi all 

studies to date are limited to small geographic areas (Kobayashi & Polovina 2006, Vaz et al. 2013, 

https://paperpile.com/c/QoOOuA/KW4t+LfPj/?prefix=See%20reviews%20by,
https://paperpile.com/c/QoOOuA/KW4t+LfPj/?prefix=See%20reviews%20by,
https://paperpile.com/c/QoOOuA/d24w+CF9R
https://paperpile.com/c/QoOOuA/d24w+CF9R
https://paperpile.com/c/QoOOuA/2PoL+crAA
https://paperpile.com/c/QoOOuA/I4eq+LfPj
https://paperpile.com/c/QoOOuA/I4eq+LfPj
https://paperpile.com/c/QoOOuA/J1aG
https://paperpile.com/c/QoOOuA/l1mk+78C4
https://paperpile.com/c/QoOOuA/3cwR/?prefix=see
https://paperpile.com/c/QoOOuA/3cwR/?prefix=see
https://paperpile.com/c/QoOOuA/UpbU+MebD+tlk9
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DeMartini et al. 2013), short time periods (Kobayashi 2006, Friedlander et al. 2009), or are species 

specific (Polovina et al. 1999, Christie et al. 2010, Rivera et al. 2011). These modeling studies have 

explored the role of Johnston Atoll as a gateway to Hawaii, the effectiveness of marine reserves, and 

compared modeled connectivity with in situ recruitment data and genetic connectivity. However, do to 

their limited spatial and temporal scales, extrapolation of their results to the whole archipelago is 

limited.  

 

The aim of my dissertation work was to create a null model of potential connectivity for the 

entire Hawaiian Archipelago. I opted for a simple model with habitat and pelagic larval duration as 

biological factors, because information on population size, mortality rates and behavior is not available 

for most species of reef fish in Hawaiʻi. If we can accurately predict larval distributions or connections 

using physical forcing, it excludes the need for detailed and highly parameterized IBM’s. Once the null 

model was in place, I wanted to see how sensitive connectivity was to climate change. I accomplished 

this by determining if and how El Niño /Southern Oscillation (ENSO) changes connectivity patterns.  

1.6  Dissertation outline 

In this dissertation I explore potential connectivity in the Hawaiian Islands. Chapter 2 focuses on 

ground-truthing a Lagrangian dispersal model. Firstly, I conducted field surveys to document in situ 

larval abundances off west Hawaiʻi Island. These larval abundances were used to ground-truth the 

Lagrangian particle tracking model written by (Polovina et al. 1999). Because this model is the basis for 

my dissertation work, ground-truthing it was essential to understand the strengths and caveats of the 

model. I showed that a simple physics driven model was capable of recreating the observed larval 

distribution patterns off west Hawaiʻi. Building on the model, in Chapter 3 I expanded my study area in 

order to create a null model of reef fish connectivity in the Hawaiian Archipelago. By keeping the model 

https://paperpile.com/c/QoOOuA/UpbU+MebD+tlk9
https://paperpile.com/c/QoOOuA/h07S+HZ8W
https://paperpile.com/c/QoOOuA/M8MB+OMXP+xmlq
https://paperpile.com/c/QoOOuA/M8MB
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physics driven and including simple biological variables like reef fish habitat and larval duration, the 

resulting connectivity patterns would be a result of physical forcings. Comparing these connectivity 

patterns with published genetic connectivity for the Hawaiian Archipelago allowed me to find patterns 

of congruence, and determine that connectivity in the NWHI is mainly physics driven. In the MHI other 

factors determine connectivity patterns, such as habitat degradation, fishing pressure and 

anthropogenic loading (Selkoe et al. 2016a). I confirmed findings from previous genetic and modeling 

studies (Friedlander et al. 2009, Rivera et al. 2011) that dispersal in the Hawaiian archipelago was 

directional, with the prevailing currents to the northwest. Management scales should not exceed 150 

km for the archipelago, since islands separated by longer distances show little exchange of individuals. 

Climate change has and will continue to affect coral reef ecosystems, and I wanted to gain a better 

understanding of how climate change may likely impact larval dispersal and reef fish connectivity. ENSO 

phenomena occur every 2-7 years and affect marine and terrestrial ecosystems in the Pacific and across 

the globe. With climate change scientist predict more frequent and stronger ENSO events in the future. 

To that end, in Chapter 4 I explored how sensitive connectivity in Hawaiʻi is to ENSO by running a model 

study spanning 17-years. I identified connectivity pathways with Johnston Atoll that are only present 

during El Niño, and determined that self-recruitment is decreased and long distance dispersal increased 

during El Niño.  

 

https://paperpile.com/c/QoOOuA/78C4
https://paperpile.com/c/QoOOuA/xmlq+HZ8W
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CHAPTER 2 

 
Exploration of the larval pool: development and ground-truthing of a 

larval transport model off leeward Hawai‘i  

 
 
 
 
Most adult reef fish show site fidelity thus dispersal is limited to the mobile larval stage of the 
fish, and effective management of such species requires an understanding of the patterns of 
larval dispersal. In this study, we assess larval reef fish distributions in the waters west of the 
Big Island of Hawai`i using both in situ and model data. Catches from Cobb midwater trawls off 
west Hawai`i show that reef fish larvae are most numerous in offshore waters deeper than 
3,000 m and consist largely of pre-settlement Pomacanthids, Acanthurids and Chaetodontids. 
Utilizing a Lagrangian larval dispersal model, we were able to replicate the observed shore fish 
distributions from the trawl data and we identified the 100 m depth strata as the most likely 
depth of occupancy. Additionally, our model showed that for larval shore fish with a pelagic 
larval duration longer than 40 days there was no significant change in settlement success in our 
model. By creating a general additive model (GAM) incorporating lunar phase and angle we 
were able to explain 67.5% of the variance between modeled and in situ Acanthurid 
abundances. We took steps towards creating a predictive larval distribution model that will 
greatly aid in understanding the spatiotemporal nature of the larval pool in west Hawai`i, and 
the dispersal of larvae throughout the Hawaiian archipelago. 
 
 
 
 
 
 
Based on: Wren, J.L.K. and D.R. Kobayashi (2016) Exploration of the “larval pool”: development and ground-
truthing of a larval transport model off leeward Hawai‘i PeerJ 4:e1636; DOI 10.7717/peerj.1636 
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2.1  Introduction 

Population connectivity, defined as the exchange of individuals among geographically separate 

sub-populations (Cowen et al. 2007, Fogarty & Botsford 2007, Pineda et al. 2007, Cowen & Sponaugle 

2009) is widely recognized as important in effective marine conservation (e.g. Jones et al. 2007, Toonen 

et al. 2011, Treml et al. 2012). Because traditional maximum sustainable yield fisheries management has 

consistently failed (Sharp 1995, Hilborn 2011), there is a general movement towards Ecosystem Based 

Management (EBM) to replace single-species management approaches (Slocombe 1993, Panel 1999, 

Browman et al. 2004, Pikitch et al. 2004, Kappel et al. 2006, McLeod & Leslie 2009). A common approach 

in EBM is to establish networks of marine protected areas (MPAs) to protect breeding populations which 

can then “spill-over” into surrounding areas to enhance stocks in areas of heavy human exploitation 

(Gerber et al. 2005, Halpern et al. 2009, Lester et al. 2013). Management efforts focus on regulating the 

adult fish, but an effective management for healthy ecosystems and sustainable fisheries requires 

understanding of not only adult habitats and spawning areas, but also larval dispersal and population 

connectivity (Gaines et al. 2010, Toonen et al. 2011). 

The majority of marine organisms show a bi-phasic life style with a free-living, dispersive larval 

stage, that can last hours to weeks, and a more sessile or sedentary adult form (Thorson 1950, Thresher 

& Brothers 1985, Strathmann 1993, Raff 2008, Marshall et al. 2012). Although fish are mobile animals, 

most adult reef fish show strong site fidelity (Meyer et al. 2000, 2010, Wetherbee et al. 2004), thus 

dispersal is primarily limited to the egg and larval stages when the pelagic propagules can be 

transported across wide geographic areas depending upon the oceanographic regime. The importance 

of the larval life stage of marine fish and invertebrates in understanding population dynamics has long 

been recognized (Thorson 1950, Knight-Jones 1953, Scheltema 1971) yet little is still known about 

dispersal of marine larvae, and factors affecting dispersal and near shore retention (Levin 2006, Hellberg 

2009, Cowen & Sponaugle 2009). However, an important driver of horizontal dispersal is the vertical 
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strata occupied by these early life-history stages (Olivar & Sabate 1997, Muhling & Beckley 2007) since 

abiotic and biotic gradient vary greater on the vertical scale than the horizontal scale. 

The Hawaiian Archipelago is located in the central north Pacific gyre and ocean circulation 

patterns are primarily driven by prevailing easterly trade winds (Lumpkin 1998). The main surface flow 

along the island chain is from east to west: from the Main Hawaiian Islands (MHI) to the North Western 

Hawaiian Islands (NWHI) and westward into the Central and Western Pacific (Fig 1). The Hawaiian Lee 

Counter Current that flows along the southern perimeter of the islands is the main mode of surface flow 

towards the Hawaiian Island chain from the west to the east (Chavanne et al. 2002, Qiu & Durland 

2002). Cyclonic (cold core) and anti-cyclonic (warm core) wind-generated mesoscale eddies are 

consistently formed in the lee of the Hawaiian Islands (Patzert 1969, Lumpkin 1998, Jia et al. 2011). Cold 

core eddies travel northeast along the southern perimeter of the island chain, transporting water from 

the Island of Hawai‘i, henceforth referred to as Big Island, along the MHI chain (Seki et al. 2001). Warm 

core eddies are spun up off the Big Island and travel southwest, transporting water away from the island 

chain (Bidigare et al. 2003). These eddies have the potential to boost primary production as well as aid 

with water dispersal or retention within the islands themselves (Seki et al. 2002).  

The hydrodynamic environment around the Hawaiian Islands is complex making it difficult to 

generalize physical dispersal pathways for pelagic propagules (Friedlander et al. 2009). It has long been 

hypothesized that the mesoscale eddies that form in the lee of the Hawaiian Islands are responsible for 

retaining larval fish near the islands, preventing the larvae from being swept away from appropriate 

settlement habitat (Lobel & Robinson 1983, Lobel 1989, 2011). The majority of spawning in Hawaiian 

reef fishes takes place during spring and summer (February through June), although most reef fish are 

believed to have low levels of spawning year round (Watson & Leis 1974, Lobel 1989, Bushnell et al. 

2010). Reef fish spawning season in Hawai’i coincides with “eddy season” (Lobel & Robinson 1983, Lobel 

1989, 2011), that is, the time of year when eddies are more prevalent (Flament et al. 1996). Donahue et 
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al. (2015) showed that timing of spawning and the subsequent timing with the presence of near shore 

eddies is more important than the location of spawning for larval settlement success in the lane snapper 

(Lutjanus synagris) off Cuba. In Hawai‘i, the temporal and spatial dynamics of eddy entrainment of 

propagules is not well understood, and while mesoscale eddies are shown to have an effect on larval 

dispersal elsewhere (Baums et al. 2006, Harrison et al. 2013), the effects of mesoscale eddies in larval 

transport and settlement in Hawaiʻi has proven contradictory (Vaz et al. 2013), ranging from shown 

correlations between time of spawning and eddy activity (Lobel 1989) to no observed effect on 

recruitment (Fox et al. 2012). Spawning has also been linked with lunar cycles, and many reef fishes in 

Hawai‘i are shown to spawn on or near full moon (Walsh 1987, Bushnell et al. 2010). 

Studies on larval reef fish distributions suggest that larval abundances of insular marine fish that 

spawn pelagic eggs are more numerous off shore than near shore (see Leis & Miller 1976, Wren & 

Kobayashi pers. obs.). Many of the most common reef fish species in Hawai‘i fall into this category, and 

larvae of Pomacentrids, Chaetodontids and Acanthurdis are very rare in inshore plankton tows, but 

numerous in deeper, offshore tows (Leis & Miller 1976) although this does depend on the stages of the 

larvae sampled by the gear. Studying later stage larvae in situ is generally intractable, because most 

shorefish larvae are not easily captured/identified/enumerated, are found in low densities, and are 

spread over large geographical areas (Clarke 1991). One approach that could yield insights into the 

vertical and horizontal distributions of these elusive early life-history stages is using computer 

simulation coupled with field sampling (Botsford et al. 2009, Leis et al. 2011, 2013, Sponaugle et al. 

2012, Kough et al. 2013, Wood et al. 2014). 

Given the common spawning season and the presence of mesoscale eddies in the lee of the 

Hawaiian Islands, we wanted to test the hypothesis that there is a common “larval pool” in the lee of Big 

Island (Sale 1978). This was accomplished with field sampling and through numerical modeling. We use 

two different biophysical modeling approaches to investigate larval distributions. The first approach 
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uses a computer simulation to hindcast likely sites of propagule origin from midwater trawl samples and 

employs statistical tools to indicate the most likely vertical strata of propagule occupancy. This 

information will improve understanding of horizontal and vertical movements as well as be useful for 

targeted sampling of these elusive early life history stages. The second approach uses computer 

simulation to forecast field samples, in essence generating a virtual “larval pool”, and uses a similar 

comparative approach to identify the most likely vertical strata of propagule occupancy using observed 

and predicted patterns of relative larval abundance.  

2.2  Methods 

2.2.1  Field sampling 

Midwater trawl samples collected during the SE1104 research cruise aboard the NOAA ship 

Oscar Elton Sette July 1-July 14, 2011 were used in this analysis. Two replicate 2-hour dual-warp Cobb 

midwater trawls (see Baltz et al. 2002 for gear specifications) were conducted nightly, at ca. 2100 and 

0100 hrs, at a speed of 3 knots at 11 stations off the west coast of the Big Island (Fig 2). Maximum trawl 

depth targeted the shallow scattering layer, and was determined nightly from EK60 active acoustics 

identification of the lower boundary of the shallow scattering layer, which ranged between 150-250m. 

Each trawl sampled three depth strata evenly (stepped oblique) divided between 50m and the deepest 

bounds of the scattering layer. Tow time for each depth interval was 20 minutes following net 

equilibration at the deepest depth, for a minimum duration of 1h at depth and a total trawl time of 

approximately 2h. The trawl is constructed of graded nylon mesh (6",3", and a 1.5" liner terminated with 

a 1mm Nitex plankton net) and has a mouth area of approximately 690 m2 at the most forward position 

of the coarsest mesh.  

Trawl catch was quantified based on weight and volume, and the catch was sorted into six 
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categories: Myctophid fish, non-Myctophid fish, cephalopods, crustaceans, gelatinous zooplankton and 

miscellaneous zooplankton. From the non-Myctophid fish category, shore fish larvae were removed and 

preserved in 95% EtOH. Fish larvae from seven familial or similar groups, Chaetodontidae; Acanthuridae; 

Pomacanthidae; Labridae and Cirrhitidae; Muraenidae; Aulostomidae and Fistulariidae; and Mullidae, 

were measured and counted. These groupings were chosen because they are relatively easy to 

distinguish visually and their members are almost exclusively shore fish (Mundy 2005, Randall 2007). 

Identification to species level was not possible in the scope of this study due to time constraints and 

difficulty/impossibility of identification without genetic analysis (Mundy, pers. comm.) for many larval 

fish (e.g., Acanthurids, Pomacanthids). It is important to note that we used trawl catch data for the 

family of Acanthurids, not specifically for Zebrasoma flavescens.  

2.2.2  Dispersal modeling 

Larval dispersal simulations were performed using a two dimensional, Lagrangian advection 

diffusion model (Polovina et al. 1999, DeMartini et al. 2013). In the model, larvae are moved at each 

timestep by advective displacement caused by water flow combined with a random displacement 

caused by diffusion. Current velocities used by the model consist of daily snapshots of u (east) and v 

(north) velocities obtained from a regional implementation of the HYbrid Coordinate Ocean Model 

(HYCOM) for the Main Hawaiian Islands (MHI) [HYCOM described in the following section]. We used an 

eddy diffusivity of 250 m2/s, which is derived from drifters in the MHI (Jia pers comm, Rivera et al. 2011). 

Spawning habitat was defined in the model as a suite of 302 sites uniformly located every 5 km around 

the perimeter of each of the emergent MHI. The dispersal model is conventionally run forward in time, 

but is capable of running in reverse (backwards in time) for hindcasting purposes, facilitated by using 

off-line storage arrays of the daily currents. 

2.2.3  Ocean circulation data 
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The HYbrid Coordinate Ocean Model (HYCOM), a data-assimilative ocean circulation model 

developed by the multi-institution HYCOM Consortium, was the source of the modeled ocean circulation 

flow fields used in this study. Forcing and assimilation for HYCOM are accomplished using the Navy 

Operational Global Atmospheric Prediction System (NOGAPS) winds to drive the dynamics, and the Navy 

Coupled Ocean Data Assimilation (NCODA) system to incorporate external measurements of satellite 

altimetry, sea surface temperature, and in-situ vertical profiles of temperature and salinity. The NOGAPS 

and NCODA data can vary in temporal resolution from hours to weeks as well as be snapshot inputs 

from vessels, moorings, or profiling buoys; however, the standard temporal resolution of the HYCOM 

output data is daily, which is what was used in this study (Jia et al. 2011). The daily HYCOM data is a 

regional implementation of the University of Miami global model using K-Profile Parameterization for 

characterizing the mixed layer, and is made available at the Asia-Pacific Data-Research Center (APDRC) 

at the International Pacific Research Center (IPRC), School of Ocean and Earth Science and Technology 

(SOEST), University of Hawaiʻi (point of contact Dr. Yanli Jia). Daily HYCOM data covering the temporal 

domain of the calendar year 2011 and the spatial domain of 166°W to 150°W longitude and 16°N to 

26°N latitude were downloaded as NetCDF files using the APDRC/IPRC website as a data conduit.  

HYCOM is vertically structured with 32 layers ranging in thickness from 5-500m, with thinner 

layers in the upper portions of the water column and an average layer width of 10m in the upper 40m of 

the water column. For this exercise, several different vertical strata and averages of vertical strata of the 

HYCOM data were used: surface waters representing the upper 5m only, 50m depth only, 100m depth 

only, 0-50m average, and 0-100m average. Extraction and averaging was undertaken using R language 

subroutines (R Core Team 2012). The horizontal structure of the HYCOM is a variable width resolution 

averaging ~0.04 degree over both longitude and latitude. For ease of use, the daily variable resolution 

output was regridded to a daily uniform 0.04 degree coordinate system in latitude and longitude for the 

study domain using the mapping software Generic Mapping tools (GMT) subroutines named blockmean 
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and surface (Wessel & Smith 1991). 

2.2.4  Hindcast simulation 

Hindcasting simulations used the dispersal model (described above) run backwards in time with 

reversed currents (i.e., starting at the trawl site and extending up to 75 days prior to the trawl date). 

This approach was used to predict the likely origination site and depth strata of occupancy for larval 

shore fish caught at the 11 trawl sites by comparing the five different depth scenarios (depths=the 

upper 5m, 50m depth, 100m depth, 0-50m average, and 0-100m average) and by using a plausible range 

of pelagic larval durations (PLDs=15, 30, 45, 60, and 75 days). The averaged depth strata were used in an 

effort to emulate diel vertical migration (DVM) over 50m and 100m vertical horizons, realizing that this 

is only an approximation of what DVM would cause. For each trawl sample and PLD/depth combination, 

1000 simulated hindcast trajectories were generated for analysis. When a particle was within 5km of the 

302 pre-defined spawning sites on day 1 it was defined as originating from that spawning area.   

2.2.5  Forecast simulation 

 In the forecast simulation the dispersal model was run in conventional forward mode. This 

approach was intended to simulate a generic “larval pool” for shorefish (sensu Sale 1978), and 

specifically for the yellow tang, Zebrasoma flavescens. We used the HYCOM current vectors from the 

100m depth layer, based on results from our hindcast simulation (see results section) and the PLD was 

parameterized after the yellow tang and set to 54 days (Claisse et al. 2009b, Christie et al. 2010). Size at 

settlement for Z. flavescens is estimated at 30-55mm total length (Claisse et al. 2009b). Virtual larvae 

were released daily from the spawning habitat during 2011. For each of the 302 release sites and for 

each day, 1000 simulated forecast trajectories were generated for analysis. Pelagic abundance of older 

larvae (defined as ages >=50% of PLD) was tabulated into daily 0.1° x 0.1° bins for the trawl survey dates, 

and actual larval catch of Acanthurids was compared to simulated larval abundance at that point in time 
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and space. There are to our knowledge no published growth rates for larval yellow tang, thus the age of 

the Acanthurids used to parameterize our model are estimates. Based on the size at settlement (~30 

mm) and a 55 day PLD, we felt comfortable comparing trawl catch with data modeled using a 54 day PLD 

and estimating the larval pool using 50% of the PLD.  

2.2.6  Statistical methods 

A generalized additive model (GAM) was constructed in R using the mgcv package (Wood 2011), 

and used to characterize effects from vertical layering and PLD on the predicted origin. Operationally 

this was accomplished by using the GAM to predict hindcast settlement success. Smoother functions for 

the significant terms were plotted and examined. Degrees of freedom for the smoothing splines were 

scrutinized and intentionally kept as low as possible (1-2 inflection points) to minimize issues of 

overfitting the data.  

GAM was also used to characterize the relationships between actual larval catch and simulated 

larval abundance. We used in situ Acanthurid abundances from trawl catches and compared them to 

modeled abundances from the forecast simulation parameterized after Zebrasoma flavescens. A key 

linkage between larval abundance and larval catch involves efficiency of the sampling gear (e.g., Clarke 

1983), thus the GAM was parameterized with variables that have been known to impact visual 

avoidance such as moon phase and moon angle. Additionally, moon phase is known to affect biomass 

and abundance of mesophotic boundary layer communities in the study region (Drazen et al. 2011). 

Moon data was obtained from the open source astronomical package named PyEphem written in the 

programming language Python. Moon phase and moon angle were calculated for the individual trawls 

based on their position, date, and time of day/night. Because both the moon phase (amount of 

illumination) and moon angle (important scalar of the amount of illumination) could be independently 

or jointly important we entered them as a bivariate smoothing term in the GAM function. The k term for 
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the smoothers were set to k = 5 for simulated larval abundance and k=6 for the moon phase and moon 

angle smoothing term (to keep inflection points at a reasonable level), and a Poisson distribution was 

assumed for the GAM. While there are likely many other variables that could relate to the efficiency of 

the sampling gear, these were thought to be the most important because tow speed and weather 

conditions were relatively constant over the course of these surveys. 

2.3  Results 

2.3.1  Field sampling  

A strong cyclonic eddie was present off the west shore of Big Island during field sampling. 

Additionally, there was a weaker, anti-cyclonic eddie near shore, moving water southward along the 

coast south of Kailua-Kona. Mean circulation on the Kohala shelf was north-eastward until the 

ʻAlenuihāhā channel (between Maui and Big Island) pushed surface waters westward (Fig 3). Most of our 

stations were located in the smaller anti-cyclonic eddy near the Kona coast. Trawling took place 

between a new moon on June 30, 2011 and a full moon on July 14, 2011.   

Larval shore fish counts were highest in stations further offshore (Fig 4), consistent with the 

observations of Leis & Miller (1976) and Leis (1982).. Offshore stations had the greatest diversity of 

shore fish, with individuals from all seven familial groups present (Table 1). Acanthurids were present at 

8 of the 11 stations and mirrored total shorefish abundance patterns in the trawl catch (Fig 4). 

Variability between replicates was low relative to variability between stations. The average length of the 

collected Acanthurids was 26.1 mm pre-caudal length (PCL); near their size at recruitment (Claisse et al. 

2009a).  

2.3.2  Hindcasting simulation 
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A GAM was constructed to identify effects from vertical layering and PLD on the predicted origin 

by using these variables in a model predicting hindcast settlement success. PLD is highly significant 

(p<0.001) for dispersal in the model. The PLD function shows that shorter PLD’s coincide with higher 

hindcast settlement success, and that after 40 days there is little change in the probability of originating 

from a suitable adult habitat (Fig 5a). After 40 days of dispersal the effect PLD has on dispersal ability 

remains stable, indicating that fish with PLD’s longer than 40 days have the same potential for dispersal 

based on PLD alone. Thus, a 45 day PLD can be representative for longer PLD’s, which has implications 

for future dispersal modeling as well as predicting dispersal ability based on PLD alone.   

The vertical function from the GAM suggests that the depth layer that is most optimal for larval 

shore fish in order to have originated from a suitable adult habitat is 100m (p<0.001) followed by the 

50m depth layer (p<0.05) (Fig 5b). There is no statistically significant difference between the effect of 

the surface strata or the two averaged (0-50m and 0-100m) strata on origin sites according to the GAM, 

indicating that the surface layer is disproportionally influencing the averaged depth scenarios.  

2.3.3  Forecasting simulation 

The forecast simulations showed that actual larval catch was significantly related to simulated 

larval abundance (p<0.05) with the moon phase and moon angle surface (p<0.001) explaining 67.5% of 

the deviance (Fig 6). The relationship between the larval catch and simulated larval abundance was 

positive and the moon variables were incorporated with lower larval catch associated with higher moon 

angle (moon higher in the sky) and higher moon phase (brighter moon). There was indication of an 

intermediate moon phase corresponding to higher larval catch visualized by the hump on the surface in 

Figure 6. 
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2.4  Discussion 

We corroborated the larval dispersal model for July 2011 by field sampling, showing that the 

predicted larval densities are found to significantly feed into a plausible model of abundance. While 

treating larvae as passive particles in the dispersal simulation, and accounting for larval behavior and 

gear catchability through the lunar phase and angle variable in the GAM, we were able to account for 

nearly 68 percent of the variance when modeling Acanthurids. Furthermore, all seven familial categories 

of larval fish showed the same distribution pattern in trawl data with higher abundances off shore 

compared to near shore, lending further evidence of the presence of a common larval pool in the water 

off Kona (Sale 1978).  

There is ample evidence that larval fish undergo both ontogenic and diel vertical migration and 

that incorporating these behaviors into a biophysical model can increase the predictive power of the 

model (Drake et al. 2011, 2013, Sponaugle et al. 2012, Sundelöf & Jonsson 2012, Robins et al. 2013, 

Bidegain et al. 2013). However, little is known about the behavior of larval Acanthurids in general and Z. 

flavescens in particular. There are published swimming speeds for Acanthurids in the field and they 

illustrate a highly variable behavior and swimming speeds of late stage larvae (Sancho et al. 1997, Leis & 

Carson-Ewart 2000). Our model is parameterized for larvae approximately half way through their larval 

period (compared with in situ larvae that range between 10 and 30 mm in standard length). With such 

variable size and range of developmental stages, we could not venture a guess as to the swimming 

speed of the larvae, thus we opted for a conservative approach. Keeping the modeled larvae passive 

seemed appropriate in this initial evaluation of the performance of the model. Keeping larvae passive 

can also yield information about possible drivers of the observed distribution; achieving a high 

congruence between in situ and modeled distributions when modeled larvae were not attributed any 

behavior and were treated as passive drifters, indicates that the observed larval distribution is forced by 

physical oceanographic drivers. For example, Kough and colleagues (2013) identified an area in the 
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Caribbean where lobster larvae aggregated, referred to as ‘nursery areas’ in the study, and hypothesized 

that this might be a physical oceanography-driven aggregation area for lobster larvae that could play an 

important role in the management of the lobster stock.  

The presence of a mesoscale eddie during field sampling may have helped retain larvae near the 

trawl sites, driving the pattern of observed as well as modeled larval distributions. It has long been 

hypothesized that the eddies that form along the Kona coast are responsible for retaining larvae 

nearshore (Sale 1970, Leis & Miller 1976, Lobel 1989, 2011, Vaz et al. 2013), thus increasing he chance of 

settlement success and self-recruitment. Eddies form off Kona mainly during summer when the trade 

winds are stronger, which coincides with the major spawning season of most Hawaiian reef fish (Walsh 

1987, Bushnell et al. 2010). The eddies develop 10-15 days after a strong wind event and last for 55-70 

days (Patzert 1969, Lobel & Robinson 1986). The majority of eddies move northwest at approximately 6 

cm/s which may aid in transporting larvae away from the Big Island and along the south perimeter of the 

Main Hawaiian Island chain (Patzert 1969, Vaz et al. 2013). However, some eddies remain stationary in 

the lee of Big Island, and have been observed to remain in that location for 70 days (Lobel & Robinson 

1986), making it possible for larvae spawned on reefs along the leeward coast of the Big Island to be 

entrained in eddies and remain near the coast for the duration of their pelagic larval stage.  

The larger 'off shore' eddie present during our field sampling (Fig 3) spun up on or near June 1, 

2011 and was present throughout sampling, whereas the smaller eddie located close to shore during 

field sampling spun up on or near July 3, 2011 and lasted the duration of field sampling. Considering that 

Z. flavescens spawns at full moon (Bushnell et al. 2010) and the PLD is estimated at 55 days (Claisse et al. 

2009b, Christie et al. 2010), it is likely that larvae we caught during trawling were spawned near the full 

moon on either May 17 or June 16, 2011 and possibly entrained in the eddie shortly thereafter. Genetic 

analysis of the Acanthurid larvae can be done to verify the origin location of the larvae against published 

genetic connectivity data (Eble et al. 2009, Christie et al. 2010).  
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The hindcast simulation showed that larvae can reach the full extent of the Main Hawaiian 

Islands (MHI) in 40-45 days, which is important for future dispersal modeling studies. Connectivity 

patterns in the MHI will not change significantly if PLD is increased past 45 days, thus connectivity 

studies using a 45 day PLD can be representative of fish species with a longer PLD in Hawai‘i. The results 

from the hindcasting simulation suggest that the larvae should primarily occupy the 100m depth layer if 

settlement success is the primary driver. Little is known about larval shore fish depth distributions 

around the Hawaiian Islands, however Acanthurid larvae have been found as deep as 575m in the 

Caribbean, with the highest concentrations at or slightly above the chlorophyll a maximum (Oxenford et 

al. 2006) which in the study was at 100 m. Boehlert & Mundy (1996) reported that Acanthurids are 

found in the upper 80 m in waters off Oʻahu (mean mixed layer depth at Station ALOHA north of Oʻahu 

(22° 45'N, 158° 00'W) is 60.1m [http://hahana.soest.hawaii.edu/hot/hot-dogs/mldepth.html]). The 

chlorophyll maximum at Station ALOHA is located near 110 m depth and the salinity maximum near 100 

m (http://hahana.soest.hawaii.edu/hot/methods/chl.html;  

http://hahana.soest.hawaii.edu/hot/methods/salinity.html), making our hypothesis derived from model 

results that larvae should occupy the 100m depth layer plausible.  

By identifying both physical and biological features, such as preferred depth strata and the 

effect of PLD on dispersal ability, we can better understand and evaluate population dynamics in fish or 

invertebrate populations. Essential Fish Habitat (EFH) mapping is used in determining areas of high 

importance for a variety of commercially important fish species, but little to no consideration is taken to 

the larval stage of the fishes (Kobayashi pers. comm., Warner et al. 2000). Additionally, creating an 

archipelago-wide larval hotspot map will aid in identifying important larval fish habitat and this study 

lays the groundwork for that effort. The approach of generating a baseline population of organisms and 

applying a simulated capture process to allow comparison with actual catch data is similar to 

approaches used in stock assessment methodologies. The methodological approach called stock 

http://hahana.soest.hawaii.edu/hot/methods/salinity.html
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synthesis (Methot 1990) is an example of such an inverse type approach (Murray-Smith 2000). This 

approach is of value for identifying complex yet important drivers of the system under study when an 

observed value is the synergistic result of layered and interacting processes. In such instances the 

parameters cannot be simply incorporated in conventional linear approaches modeling observed values 

against a suite of predictor variables. The insights into the capture process presented here might be 

useful for future inverse modeling of insular fish stocks and their recruitment dynamics.  

As more detailed abundance, behavior and growth data become available for Zebrasoma 

flavescens, the modeling approach can be better tuned to model both patterns of connectivity and the 

spatiotemporal nature of the “larval pool”. Future trawl surveys can test the hypothesis of the 100 m 

depth occupancy, as well as target areas that are predicted to have high larval abundance if specimen 

acquisition is prioritized. Similarly, such areas of high larval abundance can potentially be protected from 

deleterious effects in an effort to preserve essential fish habitat and areas of particular concern, ideas 

that have received national attention in both the public and scientific communities (Warner et al. 2000, 

Kough et al. 2013). If species are recruitment-limited and/or the propagules are localized and vulnerable 

in time and space, pelagic areas might be warranted for management scrutiny.  

Computer simulation modeling proved to be a powerful tool for furthering our understanding of 

larval transport in the Hawaiian Islands region. Even though the parameterization of the model was kept 

conservative with respect to larval behavior and life history traits (e.g. we did not include mortality, 

ontogenic or diel vertical migrations, or swimming behavior) we were able to reproduce in situ larval 

distributions and account for two thirds of the variance in the model. By ground-truthing the dispersal 

model with field sampling, we took steps towards making predictions about the spatiotemporal 

dynamics of the larval pool in west Hawaiʻi. Future projects will incorporate additional years of in situ 

trawl catches so that we can make the biophysical model predictive, thus rendering it a valuable tool in 

management efforts of important commercial fish, not only the reef associated yellow tang (Zebrasoma 
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flavescens) but for commercially important bottomfish in Hawai‘i such as eteline snappers. 
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Figure 1. Main surface currents around the Main Hawaiian Islands (after Lumpkin 1998). 
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Figure 2. Location of Cobb trawl stations off the Kona coast of Hawaiʻi Island used in this stud 

and visited by the SE1104 cruise. 
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Figure 3. Mean HYCOM currents between July 2 and July13, 2011, for Big Island of Hawai‘i. Red 

circles show trawl sites during field sampling.   
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Figure 4. Summary of larval shorefish catch from Cobb trawl samples used in this study. Bar 

graphs show average counts of larval shore fish for each station caught during the SE1104 

cruise. The graphs are placed in the location of the trawl.   
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a)  

b)  

Figure 5. Generalized additive model output showing relationships between modeled 

settlement success and a) PLD and b) depth strata used in biophysical model. Higher values 

denote higher modeled settlement success. Gray area shows +/- two standard errors.  



Chapter 2 – Development and ground-truthing of a larval transport model in Hawai‘i   

29 

 

a)  

b)  

Figure 6. Generalized additive model output showing relationship between trawled larval 

abundance of Acanthurids and a) simulated larval Acanthurid abundance and b) a moon phase 

and moon angle surface. The linear predictor is the observed and modeled abundance from 

figure a). Higher values denote higher values of modeled larval catch and gray area in a) shows 

+- two standard errors.   
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Table 1.  Summarizing larval shore fish counts from seven familial groups, as well as latitude, longitude and moon phase for all 

stations visited during SE1104 cruise from July1 to July 14th, 2011. Trawl 6 and 8 has no data on larval shore fish abundance because 

the cod end of the trawl was compromised by cookie cutter sharks (Isistius brasiliensis) and trawl catch lost. 

Trawl 

number 

Station 

number 
Longitude Latitude 

Moon 

Phase 

Moon 

Angle 
Pomacanthidae Acanthuridae Chaetodontidae 

Labridae 

& 

Cirrhitidae 

Muraenidae Fistulariidae Mullidae 

1 1 203.50 19.65 4.5 36.8 24 5 2 3 1 2 15 

2 1 203.47 19.63 5.4 58.2 28 10 5 1 0 4 0 

3 2 203.87 19.67 10.4 25.0 14 1 1 1 1 0 0 

4 2 203.87 19.67 11.9 52.9 1 0 0 0 0 0 0 

5 3 203.80 19.98 18.4 12.7 2 0 0 0 0 0 0 

7 4 204.03 20.01 28.0 0.7 7 1 1 0 0 1 0 

9 5 203.85 19.30 38.9 0.0 1 7 5 0 0 1 0 

10 5 203.86 19.30 40.8 24.8 5 5 22 5 1 2 0 

11 6 203.49 19.35 50.4 0.0 5 4 4 4 2 2 17 

12 6 203.47 19.34 52.3 13.6 7 8 15 0 6 0 3 

13 7 203.54 19.50 61.8 0.0 3 6 12 1 4 4 6 

14 7 203.51 19.45 63.6 2.5 8 4 15 0 2 2 0 

15 8 204.17 19.33 72.9 0.0 4 2 0 1 0 0 0 

16 8 204.08 19.33 74.2 0.0 6 0 0 0 0 0 0 

17 9 203.98 19.53 82.0 0.0 4 0 0 0 1 0 0 

18 9 203.98 19.53 83.4 0.0 8 2 0 0 0 0 0 

19 10 203.81 19.86 89.8 0.0 1 0 0 0 0 0 0 

20 10 203.83 19.83 90.9 0.0 7 0 0 0 0 0 0 

21 11 203.64 19.99 95.5 0.0 1 0 0 1 0 0 0 

22 11 203.64 19.99 96.2 0.0 5 0 0 0 0 0 0 
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CHAPTER 3 

 
Modeled population connectivity across the Hawaiian Archipelago  

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

Based on: Wren, J.L.K. , D.R Kobayashi, Y Jia and R.J. Toonen (in revision) Modeled population connectivity across 
the Hawaiian Archpelago. PLoS ONE.   
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3.1  Introduction 

Determining levels and patterns of connectivity is vital for understanding metapopulation 

dynamics and persistence, and is essential for effective resource management (see Mora and Sale 2002; 

Swearer et al. 2002; Kritzer and Sale 2004; Lipcius et al. 2008; Botsford et al. 2009). Over ecological time 

scales population persistence depends on either the ability to retain locally produced larvae, i.e. self-

recruitment, or the ability to import larvae from nearby areas, i.e. connectivity (Cowen et al. 2000; Jones 

et al. 2009; Burgess et al. 2014). Self-recruitment is a metric describing how open or closed a population 

is, which in turn describes its resilience (Hastings and Botsford 2006; Jones et al. 2009). Open 

populations receive an influx of larvae from outside sources, making them more resilient to local 

disturbances but limited in potential for local adaptation (Roughgarden et al. 1988; Hughes 1990). 

Closed populations are more sensitive to local disturbances and possess a greater potential for local 

adaptation since they are dependent on locally produced offspring and have a more direct link between 

local production and recruitment. Marine population studies have historically worked under the 

assumption that marine fish populations are open - that is, they receive larvae from other populations 

some distance away (Roughgarden et al. 1985) due to the dispersal ability and relatively long larval 

duration of marine fish larvae. However, studies in recent years have challenged this notion, showing 

that despite a strong larval dispersal ability many marine reef populations are closed, with larvae staying 

“close to home” (Swearer et al. 1999; Cowen et al. 2000; Jones et al. 2005; Concepcion et al. 2014). We 

no longer assume all marine populations to be open, and the focus is now on determining the extent to 

which marine populations exchange larvae (see Mora and Sale 2002; Swearer et al. 2002). Knowing the 

connectedness of a population is vital in effectively managing the population and designing functioning 

marine reserves.  

Most coastal marine species have a biphasic life cycle, in which dispersal takes place 

https://paperpile.com/c/O0ZiT8/z6p51+wlWyG+fjCZ+DnHP+RH4a/?prefix=see,,,,
https://paperpile.com/c/O0ZiT8/z6p51+wlWyG+fjCZ+DnHP+RH4a/?prefix=see,,,,
https://paperpile.com/c/O0ZiT8/JDqJ+guYT+eLTR9
https://paperpile.com/c/O0ZiT8/JDqJ+guYT+eLTR9
https://paperpile.com/c/O0ZiT8/guYT+2tJL
https://paperpile.com/c/O0ZiT8/XOpdg+UaC0d
https://paperpile.com/c/O0ZiT8/bhl4v
https://paperpile.com/c/O0ZiT8/JDqJ+SV5AF+WwfiU+mg0Z
https://paperpile.com/c/O0ZiT8/z6p51+wlWyG/?prefix=see,
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predominantly during the pelagic larval stage of the life cycle (Thorson 1950). Some species lay benthic 

eggs that develop into pelagic larvae, whereas others spawn gametes directly into the water column, 

where they drift as passive particles until they develop swimming abilities similar to benthic hatchlings. 

Larvae can be feeding or non-feeding in the water column, and the pelagic larval phase may last for 

minutes to months in the pelagos before they return to the benthos to settle. Each of these life-history 

differences has predictable impacts on observed population genetic structure (Bradbury et al. 2008; 

Riginos et al. 2011), but the biological and physical factors driving dispersal in the sea are not well 

understood and difficult to generalize. Factors controlling successful dispersal can be species specific 

(Toonen et al. 2011; Concepcion et al. 2014; Holstein et al. 2014; Selkoe et al. 2014), depend on timing 

of spawning events (Carson et al. 2010; Donahue et al. 2015) and vary among locations (Baums et al. 

2006; White et al. 2010; Selkoe et al. 2010; Liggins et al. 2015; Treml et al. 2015). 

The Hawaiian Archipelago, located in the subtropical North Pacific Ocean, is a 2,500 km long 

chain of volcanic islands and atolls, stretching from 19°N in the MHI to 30°N in the NWHI. The Hawaiian 

Archipelago is one of the most isolated on the planet, and home to one of the largest marine reserves in 

the world, Papahānaumokuākea Marine National Monument (PMNM). There is a high level of 

endemism in the Hawaiian Archipelago (Hourigan and Reese 1987; Kay and Palumbi 1987), and due to 

its remote location, has unique management needs (Kittinger et al. 2011; Toonen et al. 2013). While the 

MHI are populated with active fisheries and heavy anthropogenic loading, the NWHI are uninhabited 

and fully protected with little anthropogenic influence (Selkoe et al. 2009). One of the hopes for 

establishing PMNM, which was the largest MPA on the planet at that time, was a spillover effect where 

the protected fish populations in PMNM would replenish fish stock in the MHI. Unfortunately, this hope 

has been little supported among studies to date of both invertebrates and fishes (Bird et al. 2007; 

Friedlander et al. 2009; Rivera et al. 2011; Skillings et al. 2011). The lack of spillover from PMNM to the 

MHI has been attributed to the prevailing surface currents moving larvae up the island chain from the 

https://paperpile.com/c/O0ZiT8/3Ggef
https://paperpile.com/c/O0ZiT8/uVS1t+TbLe3
https://paperpile.com/c/O0ZiT8/uVS1t+TbLe3
https://paperpile.com/c/O0ZiT8/ZmrT+mg0Z+qErV+68ap
https://paperpile.com/c/O0ZiT8/UsCd+uIX1
https://paperpile.com/c/O0ZiT8/Jn5T+NVH1+8foO+hykj+OiPV
https://paperpile.com/c/O0ZiT8/Jn5T+NVH1+8foO+hykj+OiPV
https://paperpile.com/c/O0ZiT8/9C8iD+TwSCh
https://paperpile.com/c/O0ZiT8/uXLLQ+vJtmY
https://paperpile.com/c/O0ZiT8/iSmwF
https://paperpile.com/c/O0ZiT8/TlLc+FEtX+P6LS+Sk2Q
https://paperpile.com/c/O0ZiT8/TlLc+FEtX+P6LS+Sk2Q
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MHI towards the NWHI (Kobayashi and Polovina 2006; Rivera et al. 2011). 

Because management needs vary greatly between the heavily populated MHI and the 

uninhabited PMNM, it is vital that we understand the population dynamics between these areas as well 

as within them. Well-connected populations with numerous dispersal pathways among sites are more 

resilient, that is, more likely to recover from disturbance. Conversely, isolated populations that are 

highly dependent on self-recruitment for population maintenance, are less likely to recover after a 

disturbance and face a greater risk of extinction (Kritzer and Sale 2004; Lipcius et al. 2008; Botsford et al. 

2009; Jones et al. 2009).  

Extensive population genetic work has been done to characterize population structure for fish 

and invertebrates to infer exchange among sites throughout the Hawaiian Archipelago (reviewed by 

Toonen et al. 2011; Selkoe et al. 2014) but only a handful of studies have focused on estimating 

dispersal during the larval stage (Polovina et al. 1999; Kobayashi and Polovina 2006; Kobayashi 2006; 

Friedlander et al. 2009; Christie et al. 2010; Rivera et al. 2011; Vaz et al. 2013; DeMartini et al. 2013; 

Wren and Kobayashi 2016). To date, all such studies focus on either a single species of interest, a small 

region of the archipelago or a very limited time period. Here, we present the first comprehensive 

dataset describing modeled potential connectivity among sites throughout the entire Hawaiian 

Archipelago using a biophysical model coupled with eddy resolving ocean currents. We use a purely 

physical model with passive particles to determine likely patterns of potential connections within the 

archipelago and Johnston Atoll because detailed information on larval behavior, mortality rates, and 

population sizes are not currently available for the vast majority of species in Hawai‘i. The results from 

this study will set the groundwork for future studies to use more realistic biophysical models that 

incorporate such factors as larval behavior as they become available.  

https://paperpile.com/c/O0ZiT8/TlLc+E47y
https://paperpile.com/c/O0ZiT8/guYT+DnHP+RH4a+fjCZ
https://paperpile.com/c/O0ZiT8/guYT+DnHP+RH4a+fjCZ
https://paperpile.com/c/O0ZiT8/ZmrT+68ap/?prefix=reviewed%20by,
https://paperpile.com/c/O0ZiT8/ZmrT+68ap/?prefix=reviewed%20by,
https://paperpile.com/c/O0ZiT8/d7CA+9Y6W+E47y+v8Bz+s7u9+FEtX+OVIj+TlLc+9ONF
https://paperpile.com/c/O0ZiT8/d7CA+9Y6W+E47y+v8Bz+s7u9+FEtX+OVIj+TlLc+9ONF
https://paperpile.com/c/O0ZiT8/d7CA+9Y6W+E47y+v8Bz+s7u9+FEtX+OVIj+TlLc+9ONF


Chapter 3 – Larval connectivity in Hawai‘i  

 
 

36 
 

 

3.2  Methods 

3.2.1  Dispersal Model 

3.2.1.1  MITgcm 

The Massachusetts Institute of Technology general circulation model (MITgcm) solves the 

incompressible Navier-Stokes equations on a sphere in discretized forms employing a finite-volume 

technique (Marshall et al. 1997). The regional MITgcm implementation for the Hawaiian Archipelago 

extends from 175°E to 150°W and from 15°N to 35°N at a 0.04° (~4km in the region) resolution. In the 

vertical direction, the water depth is divided into 50 layers with a thickness ranging from 5 m near the 

surface to 510 m near the bottom. It is forced at the surface by winds derived from the Advanced 

Scatterometer (ASCAT) observations with a 0.25° resolution, and heat and freshwater fluxes were 

obtained from European Center for Medium-Range Weather Forecast (ECMWF) Interim Reanalysis at a 

1.5° resolution. The ocean state as estimated by the global HYCOM prediction system at a 0.08° 

resolution (Chassignet et al. 2009) is used to define the initial and open boundary conditions. The 

simulation period runs from May 2009 to May 2014. We use the flow fields in the 100 m model layer to 

disperse particles in our Lagrangian tracking experiments (see below), as this layer has shown to be the 

best predictor of settlement in the region (Vaz et al. 2013; Wren and Kobayashi 2016). 

3.2.1.2  Habitat 

For this study we included all available coral reef habitat in the Hawaiian archipelago and 

Johnston Atoll. Johnston Atoll is the nearest reef to the Hawaiian Archipelago, located 1390 km 

southwest of the Island of Hawai‘i. We chose to include Johnston Atoll in the habitat definition because 

there are shown biogeographic ties between Johnston Atoll and the Hawaiian Archipelago (Grigg 1981; 

https://paperpile.com/c/O0ZiT8/EME5
https://paperpile.com/c/O0ZiT8/UVeZ
https://paperpile.com/c/O0ZiT8/s7u9+v8Bz
https://paperpile.com/c/O0ZiT8/25SX+yi8q+c4lP+9Y6W+RssZ
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Maragos and Jokiel 1986; Kosaki et al. 1991; Kobayashi 2006; Timmers et al. 2011). To generate our 

habitat map, we used habitat defined as ‘coral reef’ in IKONOS-derived data for the Northwest Hawaiian 

Islands (Battista et al. 2007; Weiss et al. 2009) and the data set presented in (Franklin et al. 2013) for the 

MHI, and created a 4-km2 grid of that habitat, totaling 687 habitat pixels. The habitat pixels were 

additionally grouped into 31 different islands/banks/atolls (hereafter referred to as islands) to allow for 

island scale comparisons (Fig 1).  

3.2.1.3  Model initialization 

To investigate the exchange of particles among locations in the Hawaiian Archipelago we used a 

Lagrangian bio-physical particle tracking model (Polovina et al. 1999; Wren and Kobayashi 2016) coupled 

with the flow fields from the MITgcm simulation described above. Eddy diffusivity was set to 250 m2/sec 

consistent with drifters in Hawaiian waters (following Rivera et al. 2011). We released 50 particles 

(virtual larvae) daily from May 2, 2009, until April 10, 2014, from 687 coral reef habitat pixels totaling 

just over 62 million released particles for each model run. We used a pelagic larval duration (PLD) of 45 

days, representative for most reef fish (Shanks 2009) and previous studies show that PLD’s longer than 

45 days do not significantly alter settlement probabilities in the MHI (Wren and Kobayashi 2016). For a 

particle to be considered “settled” it had to be within a 5 km radius of the center of a habitat pixel on 

the last day of its PLD (on day 45). The dispersal model was run three times and the output averaged for 

consistency.  

To test the robustness of the model with respect to ocean circulation model resolution (Putman 

and He 2013) we ran identical biophysical model runs, forcing the model with current velocities from the 

global HYCOM at a 0.08° resolution and a regional implementation of HYCOM at 0.04° (available for the 

MHI only) resolution in addition to the MITgcm (see supplemental).  

https://paperpile.com/c/O0ZiT8/25SX+yi8q+c4lP+9Y6W+RssZ
https://paperpile.com/c/O0ZiT8/EJFt+0V5y
https://paperpile.com/c/O0ZiT8/DTGn
https://paperpile.com/c/O0ZiT8/d7CA+v8Bz
https://paperpile.com/c/O0ZiT8/TlLc/?prefix=following
https://paperpile.com/c/O0ZiT8/ByuU
https://paperpile.com/c/O0ZiT8/v8Bz
https://paperpile.com/c/O0ZiT8/ucPp
https://paperpile.com/c/O0ZiT8/ucPp


Chapter 3 – Larval connectivity in Hawai‘i  

 
 

38 
 

 

3.2.2  Statistical analysis 

We are focusing on potential connectivity in this study, which estimates the connectivity of a 

site using physical oceanographic attributes and limited biological factors influencing dispersal ability (in 

our case PLD and habitat) (Calabrese and Fagan 2004; Burgess et al. 2012). To evaluate patterns of 

potential connectivity in the Hawaiian Archipelago, we created a connectivity matrix that measures the 

likelihood of particle exchange by currents among sites. The model generates a 687 x 687 settlement 

matrix Sij containing the number of particles released from habitat i (source site) that successfully 

reached habitat j (receiving site) for the full run of the model (five years). To create the rearward 

probability matrix, we scaled Sij to island specific total released particles. Rearward probability matrices 

report origin sites of particles arriving at the receiving site and can be written: 

Pij (rearward) = Sij/∑Sj 

We then binned the 687 habitat sites used in the dispersal model by island, resulting in a 31 x 31 

island matrix, to allow for a more meaningful comparison of potential connectivity. The resulting 

probability matrix (Pij) shows the origin island of successfully transported particles at each island. The 

number in each cell of the Pij matrix is the probability of a particle transported to island j having 

originated from island i for the five years the model was run, and each row in the matrix adds up to one.  

The diagonal of the probability matrix shows the self-recruitment for each island. Forward probability 

matrices were also generated and are described in the supplemental material. Since the majority of 

coral reef fish spawn during May-June (Lobel 1989; Bushnell et al. 2010), we calculated all metrics on 

both year-round releases and releases restricted to May-June of each year. All matrices were plotted 

using the software program Generic Mapping Tools (GMT) 4.5.11 (Wessel and Smith 1991).  

Subtraction matrices were generated by subtracting the probability matrix for year round 

releases from the matrix for May-June releases using the subroutine grdmath in GMT 4.5.11. The 

https://paperpile.com/c/O0ZiT8/RAoP+l9fv
https://paperpile.com/c/O0ZiT8/leia+C80z
https://paperpile.com/c/O0ZiT8/vvSHK
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resulting subtraction matrix shows where the two connectivity matrices differ. Only “forward” matrices 

were compared with each other, and “rearward” matrices with each other. We used mantel tests for 

each pair of connectivity matrices using function mantel in the Vegan package version 2.2-1 in the 

statistical software R (Oksanen et al. 2015) to calculate the correlation between the probability 

matrices.  

Successful transport, defined as any particle within 5km of the center of a habitat pixel on day 

45 after release, was calculated by tallying the daily number of successfully transported particles for all 

islands and dividing it by the total number of daily particles released for the five-year model run, 

allowing us to determine annual and seasonal variability. Additionally, we calculated island specific 

“settlement” success over five years.  

Dispersal distance, the geographic distance between the release site and receiving site for a 

successfully transported particle at the receiving site, was determined by first calculating distances 

between all 687 settle habitat pixels using the distance matrix function distm with the Haversine formula 

in the R-package geosphere (Hijmans 2015). The distm function calculates the great circle distance 

(Haversine formula) between two points using their latitudes and longitudes in degrees and creates a 

687 x 687 distance matrix (Dij) with the release sites (i) on the x-axis (rows) and receiving sites (j) on the 

y-axis (columns). We multiplied the settlement matrix (Sij) generated by the biophysical model (see 

above) with the distance matrix (Dij) to generate a product matrix (Pij). Because there is more than one 

spawning and settlement site (henceforth habitat site) per island (for example, Big Island has 129 

habitat sites, Oʻahu has 62 and Kure Atoll has 13) we added all the distances for all the habitat sites in 

the product matrix belonging to each island, generating a 31x31 matrix containing the sum of all the 

distances of all the particles for each island called the island product matrix (PIij). The same procedure 

was followed to generate an island settlement matrix (SIij); a square 31x31 matrix containing the total 

number of successful settlers for each island. We then divided the column sums from the island product 

https://paperpile.com/c/O0ZiT8/Ph2C6
https://paperpile.com/c/O0ZiT8/DIuz
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matrix with the column sums of the island settlement matrix to obtain the mean dispersal distance for 

successfully settled particle at each island. These calculations were performed for year-round releases, 

as well as for particle releases confined to May and June of each year to allow us to explore seasonal 

patterns.  

Self-recruitment, defined as the proportion of successfully transported particles at each island 

that originated from that same island, is an important metric when evaluating the persistence of a 

population (Wood et al. 2014; Burgess et al. 2014). We calculated self-recruitment for the duration of 

the model run for each island by dividing the number of released particles from an island that was 

transported back to the same island by the total number of “settlers” at that island. This allows us to 

determine how dependent an island is on recruitment from outside locations to maintain the 

population.  

Source-sink dynamics were assessed by calculating a source-sink index following Holstein et al. 

(2014). We define a source as an island that exports (outgoing) more particles than it imports 

(incoming), and a sink island imports more particles than it exports (Wood et al. 2014; Holstein et al. 

2014). The source-sink index is a ratio of the difference between successful transport out of the island 

(export) and successful transport into the island (import), divided by the total of all successfully 

transported particles in and out of the island (Wood et al. 2014; Holstein et al. 2014). Because the index 

looks at the difference in the total flux of particles into and out of each island, it allows us to compare 

islands with varying amount of habitat and islands that have total numbers of transported particles that 

differ by orders of magnitude. The index spans from -1 to 1, and a positive index implies a source site 

and a negative index imply a sink site. The stronger the index the more likely the site is to be a persistent 

source or sink site. A zero index indicates that the flux of particles that are successfully transported onto 

the island and out of the islands are the same. This index allows us to compare islands in the 

archipelago, and evaluates source-sink dynamics on a regionals scale, whereas self-recruitment allows 

https://paperpile.com/c/O0ZiT8/SeZ8+eLTR9
https://paperpile.com/c/O0ZiT8/qErV/?noauthor=1
https://paperpile.com/c/O0ZiT8/SeZ8+qErV
https://paperpile.com/c/O0ZiT8/SeZ8+qErV
https://paperpile.com/c/O0ZiT8/SeZ8+qErV
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us to characterize islands as sources or sinks on a local scale.  

3.3  Results  

3.3.1  Potential connectivity  

The probability matrix shows an isolation by distance pattern with sites far away from each 

other having little or no potential connectivity (Fig. 2). Restricting particle release to the typical May-

June spawning season minimally alters the overall potential connectivity patterns [r=0.932](Fig. 2b and 

A1, A2). During spawning season O‘ahu and Maro Reef shows stronger connections with neighboring 

islands while Ni‘ihau and Kauaʻi become less connected. Self-recruitment is more important for Kure and 

Midway Atolls (Fig. 2) during spawning season whereas Raita is more dependent on self-recruitment 

year round (Fig. 2). 

There is limited potential connectivity between the NWHI and the MHI, and the direction of 

dispersal is predominantly from the MHI to the NWHI. Particles originating in the MHI form 37 unique 

connections with sites in the NWHI, while particles originating from the NWHI only form 24 unique 

connections with sites in the MHI (marked areas in the upper right and bottom left in Fig 2a). Four times 

as many particles are successfully transported from the MHI to the NWHI than vice versa (3.1% from 

MHI to NWHI and 0.77% from NWHI to the MHI of the total successfully settled larvae). The MHI do not 

export any particles northwest of Necker and islands located between Kaula and Nihoa in the center of 

the archipelago are the only islands in the NWHI to contribute particles to the MHI. Most particles 

released from Nihoa are lost to the system, indicated by the low self-recruitment (< 1%) and low 

contribution (6.067E-4% - 0.72%) to the “settlement” at nearby islands (Fig 2).  

While transport between the MHI and the NWHI is predominantly northwestward, total 

transport between all islands in the archipelago is reversed, with 37% of the successfully transported 
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particles arrive at islands to the south (islands below the diagonal in Fig 2a), while 32% of particles are 

transported to islands to the north (islands above the diagonal in Fig 2a). However, 96.3% of the 

successfully transported particles originating in the MHI end up settling within the MHI and 3.73% are 

successfully transported to the NWHI, while 95.1% of successfully transported particles originating in the 

NWHI are successfully transported to sites within the NWHI and 4.87% of particles are successfully 

transported to the MHI.   

There are three breaks in the connectivity matrix present both for year-round and seasonal 

particle release. Very few particles successfully cross these breaks. These breaks are more pronounced 

during spawning season releases (Fig 2b) and are more distinct in the forward matrices (Fig A1, A3). The 

southernmost break located between Nihoa and Necker is the most pronounced. No particles cross this 

break into or out of the MHI, effectively cutting the MHI off from the NWHI. The central break at 

Gardner Pinnacles and Maro Reef is traversed only by particles to and from Raita Bank. The northern 

break between Lisianski and Pearl & Hermes Atoll effectively isolates Kure Atoll and Midway Islands, 

resulting in high self-recruitment for the northernmost islands in the archipelago.  

Using flow fields from different oceanographic circulation models at different spatial resolutions 

allows us to elucidate how robust the potential connectivity patterns are. There is a strong correlation 

between the potential connectivity described above and the connectivity matrix generated from a 

dispersal model run that used current velocities from the coarser global HYCOM [r=0.9291](Fig A4). For 

the MHI we compared connectivity matrices generated from three dispersal model runs that used 

current velocities from the 0.04° MITgcm (Fig A5a), 0.04° regional HYCOM (Fig A5b), and 0.08° global 

HYCOM (Fig A5c). Potential connectivity for the MHI generated from the model run using different 

resolutions of the HYCOM currents showed the strongest correlation (r=0.974)(Fig A6a) followed by 

connectivity matrices generated from the model runs with the same spatial resolution of the flow field, 

MITgcm and 0.04 regional HYCOM (r=0.9533)(Fig A6b). We observed the largest difference between 
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potential connectivity generated from model runs using MITgcm and the 0.08 km HYCOM flow fields 

(r=0.9305(Fig A6c).  

3.3.2  Total “settlement” 

Successful transport across all islands is highly variable with a mean of 1.416 % (SE 7.708e-5) of 

all released particles successfully arriving at a receiving site over the five-year model run. The lowest 

total successful transport was seen on July 6, 2011 (0.682 %) and the highest total successful transport 

on November 2, 2012 (2.405 %). There is no discernible seasonal pattern in total arrivals observed for 

the archipelago as a whole (Fig. 3). The highest rates of successful transport in 2009 (2.27%) and 2010 

(2.22%) coincided with particles released during peak spawning season (marked by green bars in Fig. 3), 

however the following three years had some of the lowest rates of successful transport for particles 

released in May-June (0.68%, 0.95%, and 0.96%).  

The MHI have overall larger relative successful arrivals while islands near connectivity breaks 

have the lowest relative successful arrivals. Johnston Atoll has the lowest relative successful arrival value 

of all at 0.0637% for year-round release and 0.0337% for peak spawning season releases (Fig. 4). At 

Kaula, the relative arrival success is almost two orders of magnitude larger compared with Johnston 

Atoll, with 3.574% for year-round spawning. We see the largest relative arrivals for seasonal release at 

Lānaʻi with 2.713%. Hawaiʻi Island is the only MHI to show higher arrival success for particles released 

during spawning season (2.523%) compared to year-round releases (2.298%).  

3.3.3  Distance traveled 

The spatially averaged mean distance traveled is 112.32 km (SE=1.705) for year-round particle 

release. Particles released during peak spawning season travel further, having a mean distance of 124.37 

km (SE=2.372). Median distances are shorter, 101.39 km and 110.80 km for year-round and May-June 
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release respectively, indicating that a few particles disperse significantly longer distances driving up the 

mean. This is also evident from the long right tail on the density kernel (Fig. 5). 

Particles arriving at islands in the center of the archipelago have the longest mean distances 

traveled while Johnston atoll has the shortest (100% self-recruitment) (Fig. 6). Particles successfully 

transported to the bank just south of Nihoa dispersed on average 341.4 km during May-June release, 

and 277.2 km during year-round release, more than two times the mean distance for the archipelago. 

Consistent with total dispersal distances for all islands, island specific dispersal distances are greater for 

particles released during spawning season, for 23 out of 31 islands (Fig. 6). In the MHI, dispersal 

distances are consistent throughout the year except for Kauaʻi which has a much longer dispersal 

distance during May-June particle release. Kauaʻi had dispersal distances more similar to islands located 

in the center of the archipelago, likely due to the predominantly northwest direction of dispersal (Fig. 2) 

and the longer distances between habitats in the Northwestern Hawaiian Islands. The island located 

northwest of the connectivity breaks (Pearl and Hermes Atoll, Maro Reef and Necker Island) have 

shorter dispersal distances compared to the island just southeast of the break (Lisianski Island, Gardner 

Pinnacles, and Nihoa Island) with 45.6%, 63.4%, and 73.9% respectively.  

3.3.4  Self-recruitment 

The mean self-recruitment for the archipelago is 25.2% (SE=0.0414) but varies greatly from 

island to island. Johnston Atoll relies solely on self-recruitment (100%) for population persistence while 

at Nihoa Island self-recruitment accounts for less than 1% of total settlement (Fig. 7). During peak 

spawning season Nihoa, along with Gardner Pinnacles, import all their particles. Island specific self-

recruitment (Fig. 7, and diagonal in the connectivity matrix [Fig. 2]) is strongest at Kure (year-round 

50.5%), Pearl & Hermes Atoll (year-round 80.67%, May-June 87.10%), Raita Bank (year-round 49.52%), 

Maro Reef (May-June 56.22%), French Frigate Shoals (year-round 49.46%, May-June 47.04%), Hawaiʻi 
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Island (year-round 46.93%, May-June 42.44%) and Johnston Atoll (year-round and May-June 100%). 

These highest self-recruitment islands are located either to the north of connectivity breaks or at the 

edges of the archipelago.  

3.3.5  Source-Sink dynamics 

The Source-Sink Index weighs the successful “settlers” from an island against the successful 

“settlers” to that same island and gives a good indication on what role an island plays within the 

archipelago. A positive index indicates that a site exports more particles than it imports, and is thus 

considered an important source site. Conversely, a negative index means a site imports more particles 

than it exports, and should be classified as a sink. For year-round releases, 16 islands had a negative 

index and 13 islands had positive indexes; Kure and Johnston Atolls each had an index of zero (Fig. 8). 

Gardner Pinnacles had the strongest positive index, followed by Maro Reef and Necker Island, indicating 

that they are persistent source sites. The middle of the archipelago, from Niʻihau to St. Rogatien are 

predominantly sink islands, with Kaula having the strongest negative index. Because the source-sink 

index is a ratio between particle flux into and out of an island, an island with low self-recruitment can 

have a positive index (net source) if it exports more successful particles than it imports. All islands but 

three kept their source or sink assignment when comparing year-round releases to May-June releases. 

Pioneer Bank and Laysan Island act as weak source sites for year-round releases, but for summer 

releases they act as sink sites. The bank west of St. Rogatien Bank is a sink during year-round releases 

but a source of particles during summer.  

3.4  Discussion 

Our passive particle dispersal model identified three predicted connectivity breaks in the 
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Hawaiian Archipelago, and these regions of limited connectivity match observed patterns of genetic 

structure reported for coral reef species in the Northwestern Hawaiian Islands (NWHI). But, multiple 

genetic breaks observed in the inhabited MHI are not explained by passive dispersal, rather our model 

show the MHI as well mixed.  It is always desirable to parameterize a model with as much accurate 

biological data as possible (Leis 2007), but in the absence of reliable data, a simple physics driven model 

can still provide important information on the interaction of particles with the physical environment 

(Siegel et al. 2003, 2008; Mitarai et al. 2008, 2016). We have not incorporated any ontogeny, behavior 

or mortality into the model because such data is scarce for local fish and invertebrate species. Wren & 

Kobayashi (2016) groundtruthed the dispersal model using trawl surveys off Big Island, which showed 

that a simple physics driven dispersal model is able to predict observed larval fish distributions for the 

region. The predominant effect of incorporating realistic larval behaviors into oceanographic models to 

date is reduced passive dispersal and enhanced self-seeding (Staaterman et al. 2012; Drake et al. 2013; 

Paris et al. 2013; Rasmuson and Shanks 2014; reviewed by Morgan 2014; Wolanski and Kingsford 2014). 

Even without larval behavior, our results show a surprising predominance of self-recruitment for the 

Hawaiian Islands, with more limited exchange than by conventional wisdom, so we predict that explicit 

incorporation of larval behaviors in future iterations of the model will only enhance that trend for 

islands throughout the Hawaiian Archipelago. 

3.4.1  Potential connectivity 

Isolation by distance (IBD), where genetic differentiation increases with increasing geographic 

distance (Wright 1943), is often considered the norm in marine population genetics, especially for linear 

coastlines or chains of islands (Rousset 1997; Pogson et al. 2001; Bradbury and Bentzen 2007). The 

Hawaiian Archipelago, a linear string of islands far removed from outside genetic influences, is the ideal 

place to study IBD due to its stepping stone configuration (Polato et al. 2010). Indeed, we observed an 

https://paperpile.com/c/O0ZiT8/cS6X
https://paperpile.com/c/O0ZiT8/HICS+yoHp+pn25+CIxr
https://paperpile.com/c/O0ZiT8/v8Bz/?noauthor=1
https://paperpile.com/c/O0ZiT8/tOpz+xdvF+oFwu+10ig+RJxd+0513/?prefix=,,,,,reviewed%20by%20
https://paperpile.com/c/O0ZiT8/tOpz+xdvF+oFwu+10ig+RJxd+0513/?prefix=,,,,,reviewed%20by%20
https://paperpile.com/c/O0ZiT8/AAz4
https://paperpile.com/c/O0ZiT8/Jd8p+DMuO+BTgv
https://paperpile.com/c/O0ZiT8/xqxz
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IBD pattern of particle exchange in this study, indicated by the decrease in potential connectivity with 

increasing distance (Fig. 2). It is also striking the degree of self-recruitment driven entirely by physics of 

passive particles in this system, with the vast majority of potential connectivity in the matrix falling along 

the diagonal. However, researchers focusing on genetic studies have failed to recover an IBD pattern 

from Fst in a majority of species, rather a regional pattern of differentiation between the MHI and NWHI 

is more evident (Selkoe et al. 2014). The primary breaks in the potential connectivity model correspond 

well to breaks in genetic structure, particularly the split between the MHI and NWHI and the far 

northwestern islands of the Archipelago (Toonen et al. 2011). However, we find no indication of major 

obstacles to the exchange of particles between islands within the MHI where genetic approaches reveal 

consistent barriers to exchange among neighboring islands (Toonen et al. 2011). This may indicate that 

physical oceanographic drivers of dispersal are trumped by other, most likely biological, drivers (Selkoe 

et al. 2016a), or that more sensitive techniques are required to recover a significant IBD signal from data 

with regional structure (e.g., Crandall et al. 2012). The congruence between our modeling results and 

genetic analysis in the NWHI, but not MHI begs the question of what ultimately controls connectivity in 

this system? Does the lack of congruence in the MHI have to do with the imprecision of the 

oceanographic model, the lack of biological realism and larval behavior in the model, the differences 

between the high main Hawaiian Islands and the low-lying atolls of the NWHI, or the strong ecological 

differences and anthropogenic impacts that differentiate the MHI and NWHI?  

The current management strategy for the MHI is based in part on the unfished stock in 

Papahānaumokuākea Marine National Monument that is expected to spill over and replenish fished 

stocks in the MHI. Our results, coupled with previous genetic work, do not support this expectation, 

warranting revision of stock boundaries and resource management plans.  A growing number of studies 

support directional dispersal in the Hawaiian Islands for corals (Treml et al. 2008; Friedlander et al. 2009; 

Concepcion et al. 2014), limpets (Bird et al. 2007), cucumbers (Skillings et al. 2011), and fish (Rivera et al. 

https://paperpile.com/c/O0ZiT8/68ap
https://paperpile.com/c/O0ZiT8/ZmrT
https://paperpile.com/c/O0ZiT8/ZmrT
https://paperpile.com/c/O0ZiT8/j31a
https://paperpile.com/c/O0ZiT8/j31a
https://paperpile.com/c/O0ZiT8/PCKc/?prefix=e.g.%2C
https://paperpile.com/c/O0ZiT8/Ae8B+FEtX+mg0Z
https://paperpile.com/c/O0ZiT8/Ae8B+FEtX+mg0Z
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2011). These studies use Eulerian and Lagrangian dispersal modeling, population genetic techniques, or 

both. Congruence between different study methods and approaches lends credence to the emerging 

idea that dispersal in the Hawaiian Archipelago is primarily directional, from the MHI to the NWHI. While 

the number of unique connections from the MHI to the NWHI were 65% higher than from the NWHI to 

the MHI, and 60% of the habitat is located in the MHI, the shallow reef fish biomass in the NWHI is 260% 

greater than in the MHI (Friedlander & DeMartini 2002). Although the probability of larval transport is 

greater from the MHI to the NWHI and not the other way around, the total amount of larvae 

transported may be greater to the MHI from the NWHI when accounting for the larger standing stock 

biomass in the NWHI.   

The predominant surface currents (Fig 1) in the Hawaiian Archipelago, the Hawaiʻi Lee Current 

(HLC) and the North Hawaiian Ridge Current (NHRC), flow along the flanks of the MHI then continue 

westward. A possible barrier preventing transport between the MHI and the NWHI is the NHRC/HLC 

Extension that parts from the Hawaiian Islands just north of Kauaʻi, near 22°N, diverting waters west 

across the pacific (Qiu et al. 1997). The location of this current extension coincides with the location of 

the potential connectivity breaks suggested here between the MHI and the NWHI between Necker and 

Nihoa.  

The presence of zonal flows in the Pacific (Maximenko et al. 2005) might influence transport and 

potential connectivity patterns. The regional implementation of the MITgcm shows two locations with 

zonal flows near 25°N and 27°N (Fig. 9). Water is moving eastward in these areas and may pose a barrier 

to particle transport. The connectivity breaks in the NWHI are located between Raita and Gardner near 

25°N and between Lisianski and Pearl and Hermes near 27°N. The zonal flows seen in the MITgcm flow 

field are not present in the global HYCOM flow fields (Fig A8) but the breaks are still present in the 

probability matrix from the model run using global HYCOM currents (Fig A4).  

https://paperpile.com/c/O0ZiT8/TlLc
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3.4.2  Total “Settlement” 

Mesoscale eddies that form in the lee of the Big Island during summer have long been 

hypothesized to retain larval near the island, thus increasing the regional settlement probability for 

those larvae (Lobel and Robinson 1983; Lobel 1989, 2011; Seki et al. 2002). If this hypothesis is correct, 

we would expect to see increased settlement success and higher self-recruitment for the Big Island 

during summer month particle releases when mesoscale eddies are common. Our results do not support 

this hypothesis however, as self-recruitment for BI was lower for particles released during May-June, 

indicating that the eddies are not retaining particles released from the Big Island and transporting them 

back to the Big Island. Our findings are congruent with recent studies conducted by Fox et al. (2012) and 

Vaz et al. (2013) who found no relationship between eddy activity and recruitment on the Big Island and 

calling into question the longstanding hypothesis that eddies increase regional settlement on the Big 

Island. Both Fox et al. (2012) and Vaz et al. (2013) focused solely on the Big Island and did not 

investigate recruitment or connectivity between BI and other islands. While self-recruitment at BI wasn’t 

enhanced during summer, our model shows that successful transport was higher for particles released 

from the Big Island during May-June. This stands in contrast to other islands throughout the archipelago 

where total successful transport is higher for particles released year-round. While the eddies don’t 

appear to increase retention and self-recruitment of larvae on the Big Island, they may facilitate 

transport and increase settlement of BI larvae on other islands in the archipelago by capturing particles 

released on Big Island and moving them up the island chain.  

3.4.3  Distance traveled 

Average dispersal distances for a 45 day PLD are just over 110 km, equal to the width of the 

Kaʻieʻie Waho channel separating the islands of Oʻahu and Kauaʻi. Dispersal distances increase for 

https://paperpile.com/c/O0ZiT8/KQ3k+3vfg+gsEQ+leia
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summer released particles, in part, because self-recruitment is lower so the mean distance traveled by 

successful settlers tends to be longer. For an archipelago that spans roughly 2,500 km, such relatively 

short dispersal distances indicate that most exchange will be among neighbor islands and it would take 

many generations for genes to make it from one end of the archipelago to the other. However, the 

seasonal analysis indicates that summer months may play a disproportionately important role in long-

range dispersal, and the majority of spawning in coral reef fish populations take place during these 

months. There is less information about spawning seasons of invertebrates, but coral spawning is clearly 

more variable, with some species spawning year-round and other species having peak release between 

the months of April through September (Stimson 1978; Krupp 1983; Richmond and Hunter 1990; Baird 

et al. 2009; Padilla-Gamiño and Gates 2012). Our distances are likely over-estimates of realized dispersal 

distances achieved by larvae in the Hawaiian Archipelago. The inclusion of realistic larval behavior in the 

model is expected to shorten mean dispersal distances given the wealth of studies showing that larvae 

tend to minimize passive dispersal and orient and swim towards settlement habitat (reviewed by Leis 

2007; Paris et al. 2013; Robins et al. 2013; Kough et al. 2013; Leis et al. 2014; Staaterman and Paris 2014; 

Cowen et al. 2015; Kool et al. 2015). The greatest management unit scale for the archipelago should be 

limited to less than 150 km because connectivity at greater distances is not only highly limited but 

typically driven by few individuals transported disproportionately long distances. Individuals in the long 

tail of a dispersal kernel may influence gene flow but are not expected to contribute anything to the 

persistence or demography of populations for management (Botsford et al. 2009; Burgess et al. 2014). 

One such example is the connection between Johnston Atoll and the central Hawaiian Archipelago. 

Although exchange including Johnston is exceedingly rare, it is none-the-less present, and a few particles 

traveling the 1300 km between the Hawaiian Archipelago and Johnston Atoll drastically increases the 

average dispersal distance calculated from these simulations. The connection with Johnston Atoll is 

important as it provides a stepping stone ‘gateway’ into and out of Hawaiʻi for marine organisms 

https://paperpile.com/c/O0ZiT8/YNvz+xl5Z+xs0i+4fMl+wJM8
https://paperpile.com/c/O0ZiT8/YNvz+xl5Z+xs0i+4fMl+wJM8
https://paperpile.com/c/O0ZiT8/cS6X+j58G+Ygso+f97U+tOpz+wD2V+z1FY+oBnF/?prefix=reviewed%20by,,,,,,,
https://paperpile.com/c/O0ZiT8/cS6X+j58G+Ygso+f97U+tOpz+wD2V+z1FY+oBnF/?prefix=reviewed%20by,,,,,,,
https://paperpile.com/c/O0ZiT8/cS6X+j58G+Ygso+f97U+tOpz+wD2V+z1FY+oBnF/?prefix=reviewed%20by,,,,,,,
https://paperpile.com/c/O0ZiT8/eLTR9+RH4a
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(Kobayashi 2006; Skillings et al. 2011; Eble et al. 2011; Wood et al. 2014), but does not represent a 

relevant source of propagules and should be excluded when evaluating the scale of management units 

for the Hawaiian Archipelago.  

3.4.4  Self-recruitment and source-sink dynamics 

Pearl and Hermes, Kure Atoll, French Frigate Shoals, Big Island, and Johnston Atoll all have high 

self-recruitment (i.e., more than 40% of particles that “settle” at each of those islands were released 

from that same island). High self-recruitment suggests that they can persist without propagule input 

from other islands and implies that these islands are less sensitive to regional disturbances. Conversely, 

they are at greater risk from local disturbances, and if local extinction occurs, they are not able to 

recover without external sources of larvae. At the other end of the spectrum, Gardner Pinnacles, 

Necker, and Nihoa Islands all have very low self-recruitment and low recruitment overall, making them 

much more sensitive to fluctuations in population size and larval supply. The low self-recruitment makes 

these sites less sensitive to local disturbances because population persistence appears primarily reliant 

on outside sources of recruits.  

Self-recruitment describes population dynamics on each island, but to get a better idea of 

population dynamics on a regional scale, and make informed management decisions, the source-sink 

index can be informative (Holstein et al. 2014). In the simplest terms, source sites are net exporters of 

larvae whereas sinks sites are net importers. A sink site needs nearby areas to provide propagules in 

order to persist, and thus management strategies for source and sink islands will be very different. An 

island with a lot of available habitat, such as Big Island which accounts for roughly 1/6th of all available 

coral reef habitat in the archipelago, will contribute many particles, but also has many receiving habitat; 

thus, Big Island can import a large number of particles, and actually exceed its output. The source-sink 

index is useful when comparing islands with varying amount of habitat since the ratio looks at both 

https://paperpile.com/c/O0ZiT8/9Y6W+Sk2Q+KLZI+SeZ8
https://paperpile.com/c/O0ZiT8/qErV
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import into and export out of an island. It is also important to note that self-recruitment and the source-

sink index are not mutually exclusive: an island with high self-recruitment can still serve as a source site 

for nearby islands, as is the case with Kure Atoll, Maro Reef, and French Frigate Shoals. In contrast, the 

Big Island, Laysan Pinnacles, and Midway Atoll have high self-recruitment but are also sink sites. These 

latter three islands warrant special consideration to maintain the high level of self-recruitment while 

also relying on the protection of nearby islands because recruitment subsidy is still important for 

population persistence.  

3.4.5  Connectivity breaks 

We should take caution against broadly applying connectivity findings to all species as larval 

biology and ecology varies greatly for marine animals and those differences likely influence ocean 

transport. For example, our model results show that Nihoa Island strongly depends on importation of 

larvae to persist, however, among intertidal limpets (Cellana sp.), an invertebrate with a negatively 

buoyant and shorter lived veliger larva, estimates of self-recruitment are far higher [>90%] (Bird, pers. 

comm. 2016). In our efforts to examine the potential connectivity patterns in the Hawaiian Archipelago, 

we parameterized our model after a generic broadcast spawning reef fish with an “average” PLD of 45 

days. It is important to recall that this generic fish is not representative of everything on the reef, and 

population genetic studies show some dramatic differences among species studied to date (Toonen et 

al. 2011). We are reporting potential population connectivity, and there are many biotic and abiotic 

factors influencing realized population connectivity (mortality, time to competency, metamorphosis, 

settlement, recruitment etc.) that may cause a mismatch between realized and potential connectivity 

(Neuheimer and Taggart 2007; Toonen and Tyre 2007; Burgess et al. 2012).  

In the Hawaiian Archipelago we can identify three breaks in potential connectivity throughout 

the archipelago: a southern break between the MHI and NWHI by Nihoa and Necker, a central break 

https://paperpile.com/c/O0ZiT8/ZmrT
https://paperpile.com/c/O0ZiT8/ZmrT
https://paperpile.com/c/O0ZiT8/l9fv+eEcoj+wuO6Y
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between Raita and Gardner Pinnacles, and a northern break between Lisianski and Pearl and Hermes 

Atoll. The NWHI breaks generated by our passive particle transport model are congruent with 

population genetic breaks observed for fish species (Toonen et al. 2011). Interestingly, the major 

differences between the modeled potential connectivity and genetics are seen in the inhabited MHI, 

where modeled potential connectivity is not able to resolve observed genetic breaks.  

One main difference between the MHI and NWHI is the amount and quality of available habitat. 

The banks, pinnacles, and atolls in the NWHI are small, the largest being Midway Atoll at 6.2 km2, and 

north of Gardner Pinnacles are sandy and low lying. Close to 60% of the coral reef habitat used in this 

study is located in the MHI (402 out of 687 pixels). In addition, the MHI have a more complex geology, 

large channels with strong currents, like the ʻAlenuihāhā channel that passes between Big Island and 

Maui, and mountain-wind interactions that change surface circulation, features mostly lacking in the 

NWHI.  The regional implementation of MITgcm at 0.04° resolution does not resolve nearshore flow. It 

produces the typical subtropical gyre circulation in the NWHI, with zonal jets associated with 

propagating mesoscale eddies (Maximenko et al. 2005); whereas in the MHI, interactions between the 

high mountains and the northeasterly trade winds generate strong eddies (Jia et al. 2011) and a highly 

variable flow field overall (Fig to create).   Recent studies have shown that mesoscale circulation 

features like eddies can create physical barriers to dispersal (Baums et al. 2006), and although MITgcm is 

eddy-resolving, there may be oceanographic features, especially in the MHI, causing genetic breaks in 

the MHI that are not well resolved in the circulation model. In addition to physical and oceanographic 

differences, behavior, selection, ecological and anthropogenic differences, (e.g. Puritz and Toonen 2011) 

among the MHI may explain the mismatch between the realized (genetic) and potential (modeled) 

connectivity, but are not necessary to account for the NWHI breaks. It is likely that there is a physical 

barrier to dispersal in the areas where population genetics and our dispersal modeling show 

congruence, whether it be channels, lack of suitable habitat or oceanographic features (Baums et al. 

https://paperpile.com/c/O0ZiT8/ZmrT
https://paperpile.com/c/O0ZiT8/YCoE
https://paperpile.com/c/O0ZiT8/wGqz
https://paperpile.com/c/O0ZiT8/NVH1
https://paperpile.com/c/O0ZiT8/Q0Gs/?prefix=e.g.
https://paperpile.com/c/O0ZiT8/xg1T+NVH1/?prefix=reviewed%20by,
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2006; reviewed by Riginos and Liggins 2013). Expanding the biophysical model parameterization to 

include life history parameters and larval behavior will enhance self-recruitment and may resolve some 

of the genetic breaks observed in the MHI not caused by seascape features. 
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Fig 1: Top panel showing the Hawaiian Archipelago domain of the dispersal model with the 

major surface currents (in green) identified (after Lumpkin 1998). Bathymetry lines denote 1000 

and 50 m isobaths. Bottom panels show coral reef habitat pixels for the Northwestern Hawaiian 

Islands and Main Hawaiian Islands respectively, with each island's habitat pixels shown as a 

separate color. Bathymetry lines in NWHI denote 50 m depth isobath.  
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Fig 2. Potential Connectivity matrix for the Hawaiian Archipelago. (A) The values in each cell are 

“settlement” probabilities scaled to the receiving site for year-round particle release. Arrows 

indicated the breaks mentioned in the text. Each row in the matrix adds up to 1. High values 

(red) indicate high connectivity and low numbers (blue) indicate low connectivity, and white 

cells denote no connectivity. (B) Difference matrix showing the difference in connectivity 

between year-round and May-June particle release. The May-June release matrix is subtracted 

from the year-round release matrix (in A above). Positive values (red) denote a higher 
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connectivity value for year-round releases and a negative number (blue) denotes higher 

connectivity for May-June released particles.  
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Fig 3. Total percent successful settlement for all sites in the Hawaiian Archipelago for the five-

year model run. The green bars represent particles spawned during peak spawning season May-

June each year.  
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Fig 4. Total percent successful settlement at each island for the five-year model run. Green bars 

show settlement for particles spawned during May-June, gray bars show settlement for year-

round spawning. 
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Fig. 5. Density kernel for dispersal distance from source site for all islands May 2009-May 2014. 

Green kernel denotes May-June spawning and gray kernel year-round spawning.  
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Fig. 6. Island specific mean particle dispersal distances from the source island. Green color 

denotes particles released during May-June and gray denotes distances for year-round release.  
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Fig 7. Island specific self-recruitment for the five-year model run. Green bars show settlement 

for particles spawned during May-June, gray bars show settlement for year-round spawning 
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Fig 8: Source-Sink index for all islands in the Hawaiian Archipelago for the 5-year model run. 

Positive numbers indicate a net source location, and negative numbers indicate a sink location. 

Green color denotes particles released during May-June of each year and gray denotes 

distances for year-round releases.  
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Figure 9. Modeled flow fields produced by the regional Hawaiʻi MITgcm for May 2009-May 

2014. The eastward zonal flows are visible near 25°N and 27°N and major surface currents are 

marked.  
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CHAPTER 4 

 
Extreme dispersal events? How ENSO events affect coral reef 

population connectivity in the Hawaiian Islands 

 
Climate change is predicted to cause changes in the strength and frequency of El Niño/Southern 
Oscillation events. These events in the Central Equatorial Pacific cause increased sea surface 
temperatures (SST), a depressed thermocline, and decreased primary production. The oceanographic 
effects in the Hawaiian Archipelago are not well understood, and have shown both increased and 
decreased SST and primary production. Understanding oceanographic changes caused by El Niño is the 
first step towards examining how larval dispersal patterns and regional connectivity throughout the 
Hawaiian Archipelago will be affected. Larval developmental rates are influenced by food availability and 
temperature, and coral reef fish have shown increased recruitment in Hawai‘i during El Niño years, but 
the underlying drivers of that increase remain unknown. Here, we examine annual settlement 
probabilities and the degree of self-recruitment using a two dimensional Lagrangian particle dispersal 
model coupled with Hybrid Coordinate Ocean Model (HYCOM) currents for the Hawaiian Archipelago. 
Comparing potential dispersal among sites in each year from 1997-2014, we see a decrease in total 
settlement during El Niño years. Additionally, self-recruitment was lower during El Niño and the average 
distance the successful settlers traveled was greater, indicating that El Niño years may be playing an 
important role in long distance dispersal and genetic exchange among islands that are not otherwise 
connected. We see much greater potential for connectivity between the Hawaiian Archipelago and 
Johnston Atoll during the El Niño years, with a significant increase of larval exchange from Johnston to 
the Hawaiian Archipelago. Because these highly variable and at times extreme events can have a 
disproportionate influence, it is important to understand how connectivity is affected by ENSO events, 
the implications of this variability under global climate change, and the role of rare events in 
determining species distributions and gene flow among sites in order to manage for diverse coral reefs 
in the future.  
 
 

Based on: Wren, J.L.K. A.B. Neuheimer and R.J. Toonen (in preparation) Extreme dispersal events? How ENSO 
events affect coral reef population connectivity in the Hawaiian Islands. Limnology and Oceanography  
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4.1  Introduction 

El Niño/Southern Oscillation (ENSO) events, centered around the Equatorial Pacific, occur when 

there is a shift in the pressure gradient across the equatorial pacific, due to a westerly wind bursts and a 

buildup of equatorial heat content (Wyrtki 1975; Cane 1983). ENSO consists of two phases, a warm 

phase termed El Niño and an opposite cold phase termed La Niña. ENSO events vary in strength and 

duration, but there are two main El Niño types: a canonical or eastern Pacific (EP) El Niño, and a warm 

pool, Modoki or central Pacific (CP) El Niño (Capotondi et al. 2015). During EP El Niño the warm pool 

normally located in the equatorial west pacific moves eastward, bringing with it warm moist air. The 

thermocline in the eastern pacific deepens and the equatorial and coastal upwelling weakens, causing 

warm equatorial water to move poleward along the coast of the Americas. With the relaxation of the 

upwelling of cold nutrient rich waters along the west coast of the US, central, and south America follows 

a decrease in primary production that cascades through these very productive ecosystems (Stenseth et 

al. 2002). While the EP El Niño shows the largest SST anomaly along the western coast of South America, 

the CP El Niño, as the name implies, is centered further west with the highest SST anomalies found near 

the dateline and little warming of the east Pacific cold tongue region (Capotondi et al. 2015). During La 

Niña, which is the opposite cold phase of El Niño, the thermocline shoals in the eastern Pacific, caused 

by an increased upwelling along the American coast and along the equator and warm water moving 

eastward across the equator, pooling up in the western Pacific (and Cane 1986; see Collins et al. 2010).  

Each ENSO event is different in both strength and duration, so temperature anomalies will vary 

year by year (Wyrtki 1975). The 2015/16 ENSO event is among the strongest on record with 

temperature anomalies rivaling those of the 1997/98 El Niño event (National Weather Service Climate 

Prediction Center). ENSO events seriously impact coral reef ecosystems throughout the Pacific Ocean, 

with mass coral bleaching and mortality events along with changes in fish distributions. For example, in 

https://paperpile.com/c/fG241s/X1HIP
https://paperpile.com/c/fG241s/CVHx
https://paperpile.com/c/fG241s/CVHx
https://paperpile.com/c/fG241s/X1HIP
https://paperpile.com/c/fG241s/idcm+IzgV/?prefix=see,and
https://paperpile.com/c/fG241s/1lEW
https://paperpile.com/c/fG241s/1lEW
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Hawaiʻi there has been extensive coral bleaching events during August-September of the year prior 

(1996, 2014) to large El Niño events (Jokiel and Brown 2004; Bahr et al. 2015). Effects of ENSO events on 

corals throughout the Pacific Ocean are well documented (Glynn et al. 2001; Wellington et al. 2001), but 

implications of ENSO events on reef fish are not as apparent (Victor et al. 2001). Further, there is little 

understanding of how oceanographic changes caused by ENSO impact larval dispersal patterns and 

regional connectivity. Larval developmental rates are influenced by food availability and temperature, 

and these are predicted to have major implications for magnitude and patterns of larval dispersal under 

future climate change scenarios (O’Connor et al. 2007; Munday et al. 2009). Whether ENOS events will 

increase or decrease in strength and frequency due to climate change is still uncertain (Collins et al. 

2010). Some climate models predict both stronger, more frequent ENSO events (e.g., Cai et al. 2014), as 

well as a five-fold increase in the frequency of CP El Niño events to EP El Niño (Yeh et al. 2009), while 

others show no change or a dampening in occurrence of ENSO (Collins et al. 2010; Xie et al. 2015). 

Despite the difficulty to predict ENSO, understanding the effects of ENSO events on coral reef 

ecosystems and implications for larval dispersal that underlies the potential for resilience and recovery 

of coral reefs under ENSO conditions is becoming increasingly important.  

The Hawaiian Archipelago is located in the central North Pacific and stretches over 2,500 km 

from 180°-155°W and 19°-30°N. Due to the location of the island chain north of the El Niño 3.4 region, 

the Hawaiian archipelago does not show such a drastic oceanographic response as does the equatorial 

Pacific, and the responses are not always uniform across the archipelago. For example, during the 1998 

El Niño, Jokiel et al. (2004) recorded decreased sea surface temperatures (SST) for Oʻahu, but increased 

SST at Midway. The 2015/16 El Niño shows the opposite pattern with a +1°C SST anomaly in the Main 

Hawaiian Islands, and a -0.5°C SST anomaly at the northern extent of the NWHI.  In addition to 

temperature anomalies, Chu and Wang (1997) also showed that cyclones are more frequent near 

Hawaiʻi during El Niño years, and their paths are different from non-El Niño year cyclones. Likewise, 

https://paperpile.com/c/fG241s/3l9I+MXuv
https://paperpile.com/c/fG241s/JAbk+xFSp
https://paperpile.com/c/fG241s/GSF3
https://paperpile.com/c/fG241s/6tNq+eXpi
https://paperpile.com/c/fG241s/idcm
https://paperpile.com/c/fG241s/idcm
https://paperpile.com/c/fG241s/PfkM/?prefix=e.g.%2C
https://paperpile.com/c/fG241s/jXUa
https://paperpile.com/c/fG241s/idcm+5NJT
https://paperpile.com/c/fG241s/aWf6/?noauthor=1
https://paperpile.com/c/fG241s/k5yc/?noauthor=1
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because of the shift in the warm pool to the central equatorial Pacific during El Niño, there is increased 

rainfall preceding and decreased rainfall following El Niño (Chu 1995). These atmospheric and 

oceanographic changes in the central Pacific have biological consequences. In addition to the coral 

bleaching events mentioned previously, researchers have documented a change in phytoplankton 

composition and an increase in primary production attributed to El Niño with a more stable mixed layer 

(Karl et al. 1996; Campbell et al. 1997). The highly variable nature of ENSO events, both in strength and 

location of SST anomalies, makes biological responses highly variable as well and are often only 

documented during one ENSO event and cannot be considered the norm.  

Despite what is known about the causes and consequences of ENSO events on the central 

Pacific, there is little known about changes, if any, in circulation patterns around Hawaiʻi during ENSO. 

Oceanographic changes caused by ENSO can potentially alter larval dispersal patterns throughout the 

Hawaiian archipelago, affecting regional population connectivity. For example, Treml et al. (2008) show 

an increased modeled connectivity during El Niño years in the Western Pacific, with unique dispersal 

pathways occurring during both El Niño and La Niña conditions. However, studies suggest that the effect 

ENSO events have on larval fish recruitment is site and species specific. For example, Cheal et al. (2007) 

showed a positive correlation between reef fish recruitment and environmental factors (increased SST 

and decreased wind) associated with ENSO, with an increased recruitment in years following El Niño on 

the Great Barrier Reef, while in French Polynesia, Lo-Yat et al. (2011) showed a decrease in recruitment. 

In Hawaiʻi persistent mesoscale circulation features have long been implicated as a major driver of coral 

reef fish recruitment (Lobel and Robinson 1988; Lobel 1989, 2011). However, recent studies suggest that 

longer term climate oscillations such as El Niño, rather than mesoscale eddies, influence reef fish 

recruitment. Fox et al. (2012) reported increased recruitment of the yellow tang, Zebrasoma flavescens, 

along the Kona coast during El Niño years, but the authors could not identify the underlying drivers of 

this recruitment success.  

https://paperpile.com/c/fG241s/GBAI
https://paperpile.com/c/fG241s/2AwC+1cnc
https://paperpile.com/c/fG241s/49qm/?noauthor=1
https://paperpile.com/c/fG241s/qnWE/?noauthor=1
https://paperpile.com/c/fG241s/cTCZ/?noauthor=1
https://paperpile.com/c/fG241s/VErw+QKF7+0jFG
https://paperpile.com/c/fG241s/bBER/?noauthor=1
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ENSO events can have a disproportionate influence on patterns of larval exchange (Treml et al. 

2008). It is therefore important to understand the underlying drivers of connectivity, and how those 

patterns can change through time, especially in the face of predicted climate change, to manage for 

diverse coral reefs in the future. This study seeks to document the effects of ENSO on potential 

connectivity throughout the Hawaiian Archipelago using a two dimensional Lagrangian particle dispersal 

model coupled with high resolution Hybrid Coordinate Ocean Model (HYCOM) currents. Using simple 

biological input such as habitat range and PLD in simulations, we calculate annual settlement 

probabilities and self-recruitment values, important metrics for understanding population dynamics and 

more effectively managing natural resources (Calabrese and Fagan 2004; Burgess et al. 2012, 2014).  

 

4.2  Methods  

Potential connectivity was simulated using a 2-dimensional Lagrangian particle tracking model 

(Polovina et al. 1999; Wren and Kobayashi 2016) coupled off-line with global 1/12° (~8 km for the 

region) resolution HYbrid Coordinate Ocean Model (HYCOM) u and v velocities (Chassignet et al. 2009). 

HYCOM has 32 vertical layers, varying in thickness from 5 m to 500 m. We used u and v velocities from 

the 100 m depth layer in this study because larval reef fish are found in the upper 100 m of the water 

column (Boehlert and Mundy 1996) and model studies showed that 100 m layer favored local retention 

and was the most likely dispersal depth (Vaz et al. 2013; Wren and Kobayashi 2016). We ran the model 

for 17 years, from July 1, 1997, to June 30, 2014, and the geographic domain encompassed the Hawaiian 

Archipelago region and Johnston Atoll (15°N-35°N, 175°E-210°E) (Figure 1).  

Available coral reef habitat for particle release and receiving sites was obtained from IKONOS-

derived data for the NWHI (Battista et al. 2007; Friedlander et al. 2009) and from Franklin et al. (2013) 

https://paperpile.com/c/fG241s/49qm
https://paperpile.com/c/fG241s/49qm
https://paperpile.com/c/fG241s/sCLo+WS8W+XCNg
https://paperpile.com/c/fG241s/irZY+Rab0
https://paperpile.com/c/fG241s/oL9B
https://paperpile.com/c/fG241s/lEEu
https://paperpile.com/c/fG241s/Rab0+m7ju
https://paperpile.com/c/fG241s/o7Ng+sxHW
https://paperpile.com/c/fG241s/J5sn/?noauthor=1
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for the MHI, and included all shallow (<30m) coral reef in the archipelago. The habitat was binned into 4 

km x 4 km pixels, resulting in 687 habitat pixels. From each habitat pixel, 25 particles were released 

every six hours for the duration of the model run (17 years). We set a pre-competency period of 45 days, 

before which particles were not allowed to “settle”, and a settlement window of 10 days during which 

time particles would recruit if they came within 5km of the center of a suitable habitat pixel. After day 

55 any particles remaining in the water column were considered “dead” and removed from the 

transport model.  

Because El Niño usually peaks in December, we defined a year as spanning from July 1 to June 

31. We used the same definition as Yu et al. (2012) to identify El Niño and La Niña years, based on the 

Oceanic Niño Index (ONI) (National Weather Service Climate Prediction Center), which is a three month 

running mean of sea surface temperature (SST) anomaly in the Niño 3.4 region. If the ONI was 0.5 or 

higher for more than five consecutive months, we classified it as an El Niño year, and if the ONI was -0.5 

or lower for five or more consecutive months we classified it a La Niña year. All other years were 

considered “Normal State” years. This grouping resulted in six Normal State years, six La Niña years, and 

five El Niño years (Table 1).  

Total settlement was calculated by tallying all successfully transported particles from all sites 

each day and dividing that by the total released particles that same day. We built a generalized additive 

model (GAM) to allow us to identify seasonal and interannual changes in settlement, as well as identify 

differences in settlement between El Niño, La Niña and normal state years. We used total settled 

particles as our response variable, and ENSO state and date (as cumulative month) as predictor variables 

with a Poisson regression and log link function using the gam function in the mgcv package in the 

statistical software R (Wood 2011). K was increased to 40 to catch seasonality in the data. 

We averaged the annual number of particles exchanged between sites in a transport matrix, Tij, 

where each cell shows the number of particles released from site i and received at site j. The diagonal in 

https://paperpile.com/c/fG241s/Ig7A/?noauthor=1
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the Tij shows the self-recruitment (source and receiving site is the same). We generated transport 

matrices for each of the three categories hereafter referred to as the following ENSO states: Normal, El 

Niño and La Niña. We used the Tij matrix for analysis of dispersal distances by multiplying it with a 

distance matrix, Dij where we recorded the great circle distance on a sphere between each release site i 

and each receiving site j. We then calculated the sum at each receiving site j and divided that with total 

number of particles transported to site j. The resulting site-specific dispersal distances show the mean 

distance a particle traveled that “settled” at each site, and we refer to this as the upstream dispersal 

distance. To understand the potential connectivity between islands we constructed a matrix, Cij, by 

scaling number particles transported from site i to site j to total received particles at site j. Each column 

in Cij adds up to one, and we call this upstream connectivity.   

To compare transport between the three different ENSO states we calculated difference 

matrices by subtracting one Tij from another in a factorial design, resulting in three difference matrices. 

To quantify the differences between matrices we built a generalized linear model (GLM), allowing us to 

determine potential drivers behind the changes in transport patterns. We set total transported particles 

between each site as our response variable and ENSO state as the predictor with a log link function 

using a Poisson regression in the function glm in the stats package in R (R Core Team 2012). 

For regional analyses, we grouped the 687 sites from the Tij and Dij matrices into 24 regions, 

representing emergent islands, atolls, and banks throughout the Hawaiian Archipelago and including 

Johnston Atoll. We tabulated potential connectivity matrices, difference matrices, and dispersal 

distances on a regional scale using the same methods as described above.  
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4.3  Results 

Total settlement was highly variable for the 17-year model run (Fig. 2) and the effect of ENSO 

state and seasonality are highly significant (R2=0.55, p < 0.001). Among ENSO states, normal years had 

the highest transport success with 8.2%, followed by 7.5% for La Niña years and 7.1% during El Niño 

years. The probability of a particle to successfully “settle” in 45 days was 50% higher during Normal 

years compared with El Niño years (Fig 3.).  However, the probability of successful transport was 

consistently higher for shorter PLDs under all three ENSO scenarios, shown by the more than a fivefold 

decrease in transport probability from 45-day to 55-day larval durations. This results in Normal years 

having an average time to “settlement” of 48.71 days, (SE=0.0009), shorter than either El Niño or La 

Niña years which have a mean transport time of 49.0 days (SE=0.001). 

Transport matrices (Tij) for Normal, El Niño and La Niña years are shown in Figure 4. The Main 

Hawaiian Islands (MHI) are well connected but show limited exchange of particles with the Northwest 

Hawaiian Islands (NWHI) for all ENSO states, consistent with findings in Wren et al. (in revision). The 

largest difference between the ENSO states were seen at Johnston Atoll and Molokaʻi. Particle transport 

decreases to Moloka‘i during El Niño and La Niña years (Fig 4), however downstream connectivity 

(particles traveling from Moloka‘i) remains largely the same for all three ENSO states. During El Niño and 

La Niña years Moloka‘i only received particles at four of its 42 habitat sites, compared with 32 sites 

during Normal years (Fig 4). Downstream potential connectivity was reduced by 68.6% during El Niño 

and 72.9% during La Niña years. Only habitat sites located on the northeast and northwest corners of 

the island received particles during El Niño and La Niña years.  

The relationship between successful transport and ENSO was significantly for all ENSO states (p 

<0.0001). El Niño years had fewer successfully transported particles in the MHI (except for most of 

Moloka‘i) compared with Normal years, but had more particles traveling further in the NWHI, indicated 
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by the blue fields further from the diagonal in Figure 5a. Comparing Normal and La Niña years we saw a 

similar pattern, with La Niña years showing fewer number of particles in the MHI and more particles 

traveling further in the NWHI. Curiously, during La Niña years the MHI sites had more particles 

dispersing towards the NWHI (blue colors below the diagonal in the MHI in Figure 5b). During Normal 

years for the MHI more particles were successfully transported against the prevailing currents, from 

northwest towards southeast (red colors above diagonal in MHI in fig 5b). El Niño years had a higher 

numbers of self-recruits compared with La Niña years, especially in the NWHI, but La Niña years had 

more transported particles overall (Fig. 5c).  

The regional potential upstream connectivity (Cij) showed that during the 17-year model run 

Johnston Atoll received particles from 19 of the 24 islands, while only contributing particles to 11 islands 

(including self-recruitment) (Fig 6). Johnston Atoll always relied heavily on self-recruitment with self-

recruitment rates of 96.2%, 90.6% and 87.7% for Normal, La Niña and El Niño years respectively. During 

Normal years Johnston Atoll only contributed particles to two islands: French Frigate Shoals and Necker 

Island (bottom row in Fig 6a). During La Niña years St. Rogatien and its banks were added (Fig 6c). 

However, during El Niño years Johnston Atoll contributed particles to 10 islands, spanning from Niʻihau 

to Laysan except for the bank NW of the MHI (Fig 6b). During Normal and La Niña years Johnston Atoll 

received particles from an area stretching from the Big Island (BI) to Laysan (excluding Nihoa Island and 

Gardner Pinnacles), however during El Niño years Johnston was cut off from the majority of the MHI (BI 

and Maui Nui) and received particles only from the middle of the archipelago. Local scale connectivity 

matrices showing all sites can be found in the supplemental material (Fig A1).  

The mean upstream travel distance for particles varied between ENSO states. Normal years 

showed a bimodal distribution of upstream distance with a mean distance of 159.9 km (SE=1.7) (Fig 7). 

Particles traveled the furthest on average during El Niño years, 174.8 km (SE=2.1), followed by La Niña 

years with mean distances of 174.0 km (SE=2.4). The longer right-hand tail on the density kernel in 
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Figure 7 show that few particles dispersing long distances skews the mean upward. This is especially 

evident during La Niña years when median dispersal distance was 167.1 km, almost 7 km shorter than 

the mean distance. For Normal and El Niño years, the difference between median and mean distance fall 

within the standard error (157.2 km for Normal and 173.7 km for El Niño years).  

The number of downstream connections were greater during Normal years compared with El 

Niño and La Niña years (Fig 8). During Normal years the average number of connections in the MHI 

increased with ~ 55%. Release sites located on Johnston Atoll were the only ones that had a higher 

number of upstream connections during El Niño years. Self-recruitment, defined here as a particle 

returning to the island it was released from, was highest during Normal years for 11 out of the 24 

islands. The majority of these islands are located in the center of the archipelago. Mean self-recruitment 

for all islands was 23.5% during Normal years, and 22.5% for El Niño and La Niña years.  

4.4  Discussion 

El Niño/Southern Oscillation events repeat every 2-7 years, are highly variable in strength and 

duration. Strong ENSO events and have profound impacts on marine ecosystem in the Pacific Ocean 

(Stenseth et al. 2002; Capotondi et al. 2015). In coral reef ecosystems, the effect of ENSO on corals 

themselves are well documented, but the effects ENSO has on reef fish has garnered little attention and 

remains mostly unknown (Stone et al. 1999; Glynn et al. 2001; Hughes et al. 2003). This study seeks to 

describe differences in modeled potential connectivity between Normal, El Niño, and La Niña years 

across the Hawaiian Archipelago to better inform the role of such events in the connectivity and 

conservation of coral reef species. Our model identifies unique connectivity pathways that are present 

only during El Niño, and highlight areas of reduced connectivity during ENSO events.  

We recognize that larval dispersal is complex, and influenced by many biological and physical 

https://paperpile.com/c/fG241s/CVHx+X1HIP
https://paperpile.com/c/fG241s/JAbk+meMB+naLK
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factors that are difficult to enumerate or are unknown (Leis 2007). Our aim is to estimate connectivity 

across large geographic and temporal scales, and in order to do that we simplified our study system. By 

focusing on the physical drivers behind dispersal patterns and keeping the biological parameters 

minimal, we aim to identify islands in the archipelago that experience significant changes in potential 

connectivity. Recent studies indicate that potential connectivity is driven primarily by physical 

oceanographic features in some parts of the Hawaiian Archipelago: Wren et al. (in revision) showed that 

a Lagrangian dispersal model with minimal biological input matched important connectivity breaks 

observed in population genetic studies in the Northwestern Hawaiian Islands (NWHI), and the same 

model could explain much of the distribution of larval Acanthurid fishes off the west coast of Hawaiʻi 

Island (Wren and Kobayashi 2016). Strong El Niño events, which are ecologically rare, can have a 

disproportionate influence on larval dispersal. 

We found that total successful transport is lower during El Niño compared with Normal and La 

Niña years, but the differences in successful transport are small. It is important to make a distinction 

between potential and realized connectivity; the former indicates the possibility of dispersal given a set 

of physical factors and few biological influences, while the latter incorporates complex biological 

interactions during dispersal and post-settlement processes (Burgess et al. 2014). Potential connectivity 

likely overestimates connectivity and long distance dispersal while underestimating self-recruitment 

(Paris et al. 2013; Staaterman and Paris 2014; Wolanski and Kingsford 2014). Thus, the reduced 

connectivity seen during ENSO events in this study are probably overestimates of the realized transport, 

and should be considered the upper bounds of exchange among sites. 

We chose to classify ENSO periods by calendar years running from July 1-June 30. In doing so we 

recognize that we are blending ENSO states within one year potentially weakening the effects of ENSO. 

However, if we classify ENSO periods by month June has six times as many Normal states years (13) as it 

does El Niño states (2) years, compounding the ENSO pattern with seasonal differences in circulation. 

https://paperpile.com/c/fG241s/n7HR
https://paperpile.com/c/fG241s/Rab0
https://paperpile.com/c/fG241s/XCNg
https://paperpile.com/c/fG241s/JgUpA+1I8hP+4im0o
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Blending of several ENSO states within one years will weaken the signal and decrease power to detect 

differences in connectivity due to ENSO states, however the GAM showed significant differences in 

connectivity between ENSO states when they were defined by year.  

Potential coral reef organism connectivity in Hawaiʻi shows a strong isolation by distance (IBD) 

pattern (Wren et al. in revision), which is seen in this study as well. While these large scale connectivity 

patterns remain consistent throughout the ENSO cycle, local differences in connectivity are observed. 

Moloka‘i and Johnston Atoll experience the largest differences in larval transport between the three 

different ENSO states. For particles released from Johnston Atoll, new connections with the center of 

the Hawaiian Island chain open up during El Niño years that are not present any other time (Fig. 6). 

Modeling and genetic studies (Bird 2006; Kobayashi 2006; Rivera et al. 2011; Skillings et al. 2011; 

Timmers et al. 2011; Wood et al. 2014) show Johnston Atoll acting as either an outpost of Hawaiian 

biodiversity, or a stepping stone into Hawaiʻi, providing the main pathway for larvae to enter the 

Hawaiian Archipelago. The results presented here are consistent with both conclusions but the 

likelihood of exchange and directionality varies with ENSO state. If the connection with Johnston Atoll 

increases with more frequent El Niño events, new species (gene) introductions into the Hawaiian 

Archipelago may result, and changes in this dispersal pathway may have profound implications for 

Hawaiian reef ecosystems in the future. Conversely, Johnston Atoll imports particles from fewer sites in 

the MHI during El Niño years. During Normal and La Niña years Johnston receives particles from sites 

located on 18 different islands in the archipelago. During El Niño, it is reduced to 10 islands. These 

changes among years by ENSO state have increased importance under future climate change scenarios, 

and especially under the proposed expansion of PMNM to include Johnston Atoll.  

Within the MHI, Molokaʻi shows a reduction in connectivity during both El Niño and La Niña 

years, with merely four of its 29 sites receiving particles. Only sites in the northeast and northwest 

corners of the island receive particles. Moloka‘i is nestled close to its southern and eastern neighbor 

https://paperpile.com/c/fG241s/AExX+clRc+p89G+fkFA+Utvp+fAlx
https://paperpile.com/c/fG241s/AExX+clRc+p89G+fkFA+Utvp+fAlx
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islands as part of the Maui Nui complex, made up by the islands of Maui, Kahoʻolawe, Lānaʻi, and 

Molokaʻi. Because of the 8 km resolution of the HYCOM model and the relative narrowness of the 

channels in Maui Nui, circulation in the HYCOM model is not well resolved there and the observed 

patterns are potentially artifacts of the coarse model resolution. However, this model caveat remains 

consistent throughout the 17 year run and should not influence the comparisons between the ENSO 

states. To determine if the changes in connectivity patterns are model artifacts, further study of the 

Maui Nui region at a much finer resolution using models that can better resolve the nearshore 

circulation around Molokaʻi are needed.  

Here we show that for a region that does not show dramatic oceanographic changes from ENSO 

events and where large scale connectivity patterns remain consistent between Normal and ENSO years, 

connectivity is still affected on a regional scale. Overall, during El Niño, particles travel further, spend 

more time in the plankton, and have fewer downstream connections. For individual regions El Niño 

causes drastic changes in connectivity, opening up new transport pathways or reducing total potential 

connectivity by more than 65%. If the affected regions are important stepping stones or harbor 

vulnerable species, changes in connectivity due to El Niño have a real potential of cascading through 

larger geographic areas, affecting ecosystems far outside the region of direct influence. Understanding 

how connectivity is affected on different geographic scales by ENSO events becomes particularly 

important in the light of climate change when major changes in connectivity are compounded by 

changes in temperature, food availability and other biological factors.  
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Table 1: A list of years uses for each ENSO state. We defined a year July 1 – June 30 to minimize 

effects of seasonality and capture the peak ENSO phase in the winter. 

 

 Normal State El Nino La Nina 

Years 2001-2002 1997-1998 1998-1999 

2003-2004 2002-2003 1999-2000 

2005-2006 2004-2005 2000-2001 

2008-2009 2006-2007 2007-2008 

2012-2013 2009-2010 2010-2011 

2013-2014  2011-2012 

Total days 2191 1825 2193 
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Figure 1. Modeled region of the Pacific Ocean showing the Hawaiian Archipelago. Bathymetry 

lines show 50 m and 1000 m. Papahānaumokuākea Marine National Monument is located in 

the Northwestern Hawaiian Islands.  
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Figure 2. Daily total successful transport for the 17-year model run. Gray colors represent 

Normal years, red are El Niño years and blue are La Niña years. Smooth line is the GAM model 

fit line, generated using the mgcv package in R.  
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Figure 3. Transport probability as a function of pelagic larval duration (PLD) for all three ENSO 

states.   
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Figure 4. Total transport matrices (Tij) for Normal (a), El Niño (b) and La Niña (c) years for all 

sites. White areas show a zero exchange of particles. Gray lines delineate the 24 regional island 

groupings seen in Figure 6. Self-recruitment falls along the diagonal. 
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Figure 5. Difference matrix for total number of particles transported (Tij) at all sites for (a) 

Normal - El Niño, (b) Normal - La Niña, and (c) El Niño - La Niña. Red colors indicate the first 

listed state having more particles transported, blue indicate the second state having more 

particles transported. White denotes no difference between the two matrices. Gray lines 

delineate the 24 regional groupings seen in Figure 6. Please note the difference in scales 
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Figure 6. Regional potential upstream probability matrices (Cij) for a) Normal, b) El Niño, and c) 

La Niña years. White numbers indicate a zero connectivity. Diagonal of matrix represent self-

recruitment and columns add up to one.  
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Figure 7. Dispersal distance density kernels for all sites during the three different ENSO states. 

Brown color shows where all three ENSO states overlap.  
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Figure 8. Number of downstream connections for particles released from the 687 habitat sites 

for each of the three ENSO states. Gray lines delineate the 24 regional island groupings seen in 

Figure 6. 
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CHAPTER 5 

 
Synopsis 

 

5.1 Background and dissertation goal 

Despite decades of research, the factors that drive larval dispersal and population connectivity 

remain hotly debated (Weersing & Toonen 2009, White et al. 2010, Rivera et al. 2011, Selkoe & Toonen 

2011, Selkoe et al. 2016a; Selkoe et al. 2016b). It has long been assumed that larval stages of marine 

organisms act as passive particles that are moved by ocean currents and thus the pelagic larval duration 

(PLD) determines the dispersal ability or range size of marine organisms. The assumption that larvae 

acted as passive particles at the mercy of ocean currents resulted in a universal belief that all marine 

populations were open. Around the turn of the century we started reevaluating that hypothesis as a 

growing number of studies proved that assumption false (Lester et al. 2007, Leis 2007, Selkoe & Toonen 

2011, Mora et al. 2012, Selkoe et al. 2016a). Scientists showed that dispersal takes place over much 

smaller scales than previously thought, and self-recruitment is much more common (Swearer et al. 

2002, Jones et al. 2005, Concepcion et al. 2014). Behavior was thought to play a large role in these 

findings, and when behavior was incorporated into biophysical dispersal models, they showed self-

https://paperpile.com/c/nVrvRI/Dxqk+COok+5PCb+xogZ+9hDn/?suffix=,,,,%3B%20Selkoe%20et%20al.%20in%20review
https://paperpile.com/c/nVrvRI/Dxqk+COok+5PCb+xogZ+9hDn/?suffix=,,,,%3B%20Selkoe%20et%20al.%20in%20review
https://paperpile.com/c/nVrvRI/JT9m+FJKx+xogZ+pYSP+9hDn
https://paperpile.com/c/nVrvRI/JT9m+FJKx+xogZ+pYSP+9hDn
https://paperpile.com/c/nVrvRI/yTfS+OuvD+cSO9
https://paperpile.com/c/nVrvRI/yTfS+OuvD+cSO9
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recruitment rates similar to ones observed in the field. We can all agree that population connectivity is 

complex with many physical and biological factors determine dispersal range and connectivity patterns. 

Compounding the complexity of identifying underlying drivers of connectivity is the variable nature of 

the seascape, and studies showing that drivers are highly site and species specific (López-Duarte et al. 

2012, Holstein et al. 2014, Liggins et al. 2015).  

In some systems physical oceanographic factors (seascape) determine dispersal patterns (Baums 

et al. 2006, White et al. 2010, Liggins et al. 2015), while in others it is timing of spawning events 

(Donahue et al. 2015) or behavior (Huebert & Sponaugle 2009, Drake et al. 2011, 2013, Sundelöf & 

Jonsson 2012, Robins et al. 2013, Bidegain et al. 2013). In Hawai‘i, modeled connectivity studies have 

shown directional dispersal towards the northwest with limited dispersal from the NWHI into the MHI 

(Friedlander et al. 2009) and that Johnston acts as a gateway to Hawai‘i (Kobayashi 2006, Friedlander et 

al. 2009). However, these studies used only a few years’ worth of realistic currents, making 

generalizations difficult.  

The aim of this dissertation was to characterize modeled potential connectivity in Hawaiʻi. 

Firstly, I wanted to ground-truth an existing particle tracking model using in situ larval distribution data 

for use throughout this dissertation. Secondly, I wanted to create a comprehensive map over larval 

connectivity in the Hawaiian Archipelago, and thirdly, I wanted to see if and how connectivity patterns 

change during ENSO events.  

5.2  Complete connectivity map 

Comparing larval distributions obtained during field surveys with modeled larval distributions 

for the same period of time, I showed that a simple biophysical model with no behavior can predict 

larval distributions to a high degree when corrected for simple variables like gear avoidance (i.e. moon 

https://paperpile.com/c/nVrvRI/uaDC+oohB+yEp0
https://paperpile.com/c/nVrvRI/uaDC+oohB+yEp0
https://paperpile.com/c/nVrvRI/9HBF+yEp0+COok
https://paperpile.com/c/nVrvRI/9HBF+yEp0+COok
https://paperpile.com/c/nVrvRI/frE5
https://paperpile.com/c/nVrvRI/XLyV+qhSh+tfxZ+D7zB+gJ6S+R0Ni
https://paperpile.com/c/nVrvRI/XLyV+qhSh+tfxZ+D7zB+gJ6S+R0Ni
https://paperpile.com/c/nVrvRI/BbMe
https://paperpile.com/c/nVrvRI/BbMe+9FCr
https://paperpile.com/c/nVrvRI/BbMe+9FCr
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illumination). Being able to ground-truth the model is imperative in interpreting the model output, thus 

this was an important first step that laid the groundwork for the remainder of the dissertation. 

Connectivity in the northwestern Hawaiian Islands (NWHI) is predominantly physics driven and 

we see connectivity breaks (regions of limited dispersal) in regions of strong flows that correspond with 

observed genetic breaks (Toonen et al. 2011). Dispersal was predominantly towards the northwest, 

indicating that the MHI contribute larvae to the NWHI, but reciprocal connections are less likely. The 

connectivity map allowed me to determine that the upper limit on geographic distance of dispersal was 

150 km, important information for managers when determining the geographic scale for Marine Spatial 

Planning (MSP) efforts. Agreement in dispersal and connectivity patterns and geographic scales over 

which connectivity operates for the NWHI have emerged from studies using vastly different methods: 

Lagrangian particle tracking models (Chapter 3), Eulerian spatially explicit individual based model 

(Friedlander et al. 2009) and population genetics (Toonen et al. 2011, Selkoe et al. 2014), and lends 

confidence in our findings.  

While modeled potential connectivity showed congruence with genetic connectivity in the 

NWHI, our simplistic model could not reconcile the genetic patterns in the MHI. This may be due to 

discrepancies in the timescale over which the genetic studies and transport modeling determined 

connectivity (evolutionary vs. ecological), or indicate a mismatch between potential and realized 

connectivity. Because complex interactions between the larvae and its fluid environment determine 

realized population connectivity, it is likely that behavioral factors, mortality or growth and 

development rates trump seascape influences in the MHI. The MHI are heavily populated and human 

impacts on marine habitats through pollution and habitat degradation (Puritz & Toonen 2011, Selkoe et 

al. 2016a) have explained genetic structure and are strong contenders in explaining the discrepancies 

between the well-connected MHI in our model and observed genetic structure.   

https://paperpile.com/c/nVrvRI/HiZv
https://paperpile.com/c/nVrvRI/BbMe
https://paperpile.com/c/nVrvRI/HiZv+LebT
https://paperpile.com/c/nVrvRI/IOK4+9hDn
https://paperpile.com/c/nVrvRI/IOK4+9hDn
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5.3  Robustness of connectivity patterns 

 Connectivity patterns for the Hawaiian Archipelago proved robust with respect to the 

type and resolution of circulation model used to move particles. A strong isolation by distance pattern 

was observed for both Archipelago wide simulations, and general connectivity patterns for the MHI 

remained robust throughout (Chapter 3; Appendix A). Higher resolution models showed an increase in 

number of connections, but with low dispersal probabilities. The MHI showed more sensitive to the type 

of model used than the resolution of the current model, however these differences were minimal. Vaz 

(2012) reported similar patterns of dispersal for different spatial resolutions of the same current mode 

around Hawaiʻi, lending confidence to our findings.  

The availability of high resolution models that also have a long temporal domain are limited, 

thus knowing that the connectivity patterns described in chapter 3 are robust with respect to current 

model resolution allowed me to utilize a longer time series from a coarser resolution circulation model 

to look at longer term climate oscillations.  

5.4 El Niño changes patterns of exchange 

I show that changes in the frequency of El Niño events will affect potential connectivity in 

Hawai‘i (Chapter 4). During El Niño, new dispersal pathways open up with distant habitat sites, while 

connectivity it islands in the well-connected MHI are reduced. Connections between Molokaʻi and 

islands in the archipelago are drastically reduced during El Niño years, potentially rendering Molokaʻi the 

most sensitive island to climate change in the MHI. If connectivity is reduced to the extent that is argued 

here, a special management plan focused on building resilience for Molokaʻi is warranted.   

Kobayashi (2006) showed that Johnston acted as a gateway to Hawai‘i, however during his study 

https://paperpile.com/c/nVrvRI/2xka/?noauthor=1
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only one year of currents were available (2003), thus generalizations of patterns were difficult. 

Kobayashi (2006) identified a connection between Johnston Atoll and Hawai‘i, but that connection was 

only present during winter months. The year of currents he had available spanned Jan 2003-Jan 2004, 

which was (by our definition) straddle an El Niño year and a Normal state year. Kobayashi only observed 

the connection with Hawai‘i during winter of 2003, which was the El Niño state year. The results 

discussed in chapter 4 confirmed Kobayashi’s (2006) findings, and importantly, showed that the 

connection with Johnston is not constant. Rather, the connection with the MHI only exists during El Niño 

years, which is important in the light of climate change when El Niño might become more common.  

Additionally, I showed that during normal state years Johnston acts as an outpost, something 

that had not previously been shown in modeling studies, but was known through population genetic 

studies (Skillings et al. 2011). During Normal years Johnston Atoll receives larvae from all of the MHI and 

islands in the center of the archipelago, while during El Niño years the connection with the Big Island, 

Maui Nui and Oʻahu is not present. With the possible expansion of PMNM to include Johnston Atoll 

these dispersal pathways are important when devising an effective management plan. 

5.5  Management implications and future directions 

To better understand drivers on the island level conducting finer scale studies in areas of 

concern, such as Molokaʻi and throughout the MHI, are warranted. Indeed, efforts are underway to 

characterize connectivity in Kāne‘ohe Bay, Oʻahu (by Jerolmon, McManus, Powell, et al.), off west 

Hawaiʻi (by Wong-Ala, Neuheimer, Powell, et al.), around Maui (by Storlazzi et al.) and on Molokaʻi (by 

Wren, Toonen, Jia, et al.) using high resolution current models and highly parameterized 3D spatially 

explicit individual based models (IBMs). Hopefully these higher resolution studies allow us to determine 

island scale drivers of connectivity in the Main Hawaiian Islands that a simplistic physics driven model 

https://paperpile.com/c/nVrvRI/9FCr/?noauthor=1
https://paperpile.com/c/nVrvRI/vV6e
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was not able to resolve.  

However, the more complex the IBM doesn’t necessarily mean the more accurate it is. Since 

most biophysical models lack the spatial resolution needed to identify temporally short mesoscale 

features in the ocean, such as thin layers (Woodson et al. 2012), we are not capable of modeling 

resulting larval behaviors. Multidisciplinary studies that incorporate modeled connectivity along with 

seascape genetics/genomics and physical and biological factors can tell us more than the individual 

pieces alone of what drives connectivity in the ocean (Selkoe et al. 2016a). In recent studies combining 

seascape genetics/genomics and dispersal modeling with seascape features and demographic 

parameters, seascape factors such as ocean currents and habitat availability have shown to be 

important drivers of genetic connectivity. For example, in Hawai‘i, a recent study comparing allelic 

richness for 47 different species across the archipelago showed that the amount and quality of available 

habitat was a determining factor of genetic structure (Selkoe et al. 2016a).  

For regions with persistent and dominating hydrological features, such as strong currents and 

jets, large scale patterns of connectivity can be inferred from simplistic biophysical models. I showed 

that modeled connectivity in the NWHI were consistent with genetic patterns of connectivity, and 

breaks were located in regions with strong zonal flows (Chapter 3). Similarly, Abesamis et al. (2016) 

showed that in the Philippines, the Bohol Jet is the primary driver in shaping the spatial structuring of 

reef fish assemblages. They compared connectivity patterns from a simplistic biophysical dispersal with 

species assemblages and habitat variables. They attributed the Bohol Jet with connecting sites upstream 

of the jet as well as creating a barrier to dispersal with sites outside the influence of the jet. For Hawaii, 

the observed regions with limited exchange in the NWHI created by zonal jets, suggest that 

Papahānaumokuākea Marine National Monument (PMNM) is best managed in multiple units and not as 

a whole. I suggest that management units should not exceed 150 km in length because connectivity past 

that distance is limited in a single generation. Studies both in Hawaiʻi and in the Caribbean have 

https://paperpile.com/c/nVrvRI/9hDn
https://paperpile.com/c/nVrvRI/XiAs/?noauthor=1
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demonstrated similar distances to dispersal (Cowen et al. 2006, Friedlander et al. 2009). 

Biophysical models are powerful tools to study population connectivity and gain a deeper 

understanding of population dynamics and transport of marine larvae (Metaxas & Saunders 2009, Kough 

et al. 2013). The need for accurate biophysical models in marine conservation is constantly growing. 

With a changing climate and ever growing human population, the strain on our oceans is increasing, and 

an ecosystem based management (EBM) approach is needed to replace a more traditional single-species 

management approaches (Christie et al. 2007). Creating networks of marine reserves spaced apart 

enough that larval exchange is still possible is one approach in ensure healthy marine populations in the 

future (Gerber et al. 2005). We know that the larval stage of many marine organisms will be affected by 

climate change (Stumpp et al. 2011, Rosa et al. 2012, Byrne et al. 2013), and recent studies utilize 

biophysical dispersal models and parameterized them using results from research on larvae in future 

ocean conditions (Lett et al. 2010). Although this can give us valuable insight into future population 

connectivity patterns, it is important to be cautious when interpreting output from such models 

(Brander et al. 2013). Thus, identifying drivers of diversity on various scales (both regional scale like the 

Hawaiian Archipelago, and smaller, island scale) allows us to best manage our resources, and ensure 

that our reefs have a continued high biodiversity and resilience to withstand stressors from human use 

and climate change.  
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APPENDIX A 
 

Hawai‘i connectivity circulation model comparisons 
 

A.1  Methods 

A.1.1  HYCOM 

The HYbrid Coordinate Ocean Model (HYCOM) is a global primitive equation ocean circulation 

model run by the HYCOM consortium (Bleck 2002; Chassignet et al. 2009). The Hybrid coordinate refers 

to the model's vertical coordinate system which varies based on the vertical structure on the ocean. It is 

density following (isopycnic) in the stratified ocean, pressure following (level) in the surface mixed layer 

and terrain-following (sigma) in coastal areas and on shelf seas.  

A.1.2  Connectivity Matrices 

Connectivity matrices were generated for the 8km global HYCOM driven dispersal simulation, as 

well as for the 4km regional Hawaiʻi HYCOM driven simulation. For the full archipelago simulations we 

used the habitat definitions in the main manuscript and released 50 particles from 687 sites each day for 

five years (May 1, 2009-May 2014). For the MHI domain we used a subset of the coral reef habitat for 

https://paperpile.com/c/xE5HWy/ftvD+JYyD
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the smaller geographic domain, releasing 50 particles from each of the 406 habitat pixels every day from 

May 2, 2009-May 25, 2014.  

Forward matrices report the final locations of particles released at a given island, as measured 

by the percent of successfully settled particles released from the source site (i) that “settled” at the 

receiving site (j) and can be written in the following equation:  

Pij (forward) = Sij/∑ Si 

A.2  Results 

Archipelago wide simulation yielded similar probability matrixes for model runs using 0.08 

HYCOM (Fig A4) and regional MITgcm, despite having different resolutions. The global HYCOM for the 

Hawaii region showed a greater connectivity between more distant islands than did MITgcm. Johnston 

atoll showed consistently high levels of self-recruitment (close to 100%) with no discernible influx of 

propagules from Hawai‘i.  

A.2.1  Difference Matrices for the Hawaiian Archipelago 

Comparing the differences between transport model runs using 0.08° HYCOM vs. regional 

(0.04°) MITgcm currents, the rearward probability matrix (Fig A5b) show a stronger correlation 

(r=0.9259) than the forward matrix (Fig. A5a) (r=0.9123). Within the matrices, the forward transport 

probabilities are more different in the MHI indicated by the larger values in the difference matrix (Fig 

A5a), whereas rearward probabilities show greater differences in the NWHI. In the forward matrix, 0.08° 

HYCOM overestimates probabilities for the whole archipelago, except for the center of the archipelago 

where MITgcm shows higher probabilities or transport. This is most apparent around St. Rogatien and its 

banks, but also in Moloka‘i, and somewhat around Laysan and Raita. In the rearward matrix (Fig. A5b), 
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0.08° HYCOM show higher probability between more distant locations, and show distant connections 

that are not present in the regional MITgcm runs.  

A.2.2  Difference Matrices for the Main Hawaiian Islands 

The forward potential connectivity matrix comparing MITgcm and 0.04° HYCOM for the Main 

Hawaiian Islands (MHI) are most similar (r=0.9102) (Fig A7A1). Curiously, 0.08° HYCOM and 0.04° 

MITgcm forward matrices (r=0.8584) (Fig A7B1) are slightly more similar than the 0.08° and 0.04° 

HYCOM (r=0.8315) (Fig A7C1). The 0.08° HYCOM seems to overestimate connectivity compared to 0.04° 

HYCOM and 0.04° MITgcm throughout the MHI, except for Moloka‘i and Lāna‘i in the 0.04° HYCOM 

comparison. 

 Rearward connectivity differs in patterns of correlation strength between models compared to 

forward connectivity. Rearward difference matrices show that the two resolutions of HYCOM have the 

strongest correlation (r=0.974)(Fig A7C2).  The 0.04° MITgcm and 0.04° HYCOM show slightly less 

agreement (r=0.9533) (Fig A7A2) than 0.08° HYCOM and 0.04° MITgcm (r=0.9305) (Fig A7B2). 

Disagreements between models in rearward matrices vary more than the forward matrices; there is not 

one model that overestimates potential connectivity for the whole MHI. 
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Figure A1. Difference matrices comparing (A) forward and (B) rearward “settlement” 

probabilities between year round particle releases and releases during May - June only. Red 

indicated year round probabilities were higher and blue colors indicate releases during May -

June only had higher probability of transport. White indicate no probability of transport. 
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Figure A2. Forward probability matrix for the model run using MITgcm currents. Colored tiles 
represent probability of transport from source sites to receiving sites. White areas indicate no 
probability of transport between source and receiving sites 
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Figure A3. Potential connectivity matrices for particle tracking model run using 0.08° HYCOM 

currents for (A) forward probabilities and (B) rearward probabilities. Colored tiles represent 

probability of transport from source sites to receiving sites, scaled after receiving site with each 

row adding up to zero. White represents a zero probability of connectivity.  
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Figure A4. Difference matrices comparing (A) forward and (B) rearward transport probabilities 

between year round releases in the dispersal model run using 0.08° HYCOM and regional (0.04°) 

MITgcm. Red indicated HYCOM driven probabilities were higher and blue colors indicate the 

MITgcm driven model run had higher probability of transport. White indicate no probability of 

transport. 
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Figure A5. Probability matrices for forward (A1, B1, C1) and rearward (A2. B2, C2) potential 

connectivity for the Main Hawaiian Islands for three transport model runs. (A) is a subset of Fig 

2a for the MHI, (B) shows probabilities from a model run using regional 0.04° HYCOM currents, 

and (C) is a MHI subset of figure A4. Colored tiles represent probability of transport from source 

sites to receiving sites. Forward matrices are scaled after receiving site with each row adding up 

to zero. White represents a zero probability of connectivity.  
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Figure A6. Difference matrices for the Main Hawaiian Islands for forward (A1, B1, C1) and 

rearward (A2, B2, C2) transport probabilities for year round releases in the dispersal model run 

between the regional MITgcm and 0.04 HYCOM (A), between 0.08° HYCOM and regional (0.04°) 

MITgcm (B) and between the two resolutions of HYCOM (C). Red colors indicated 0.08° HYCOM 

driven probabilities were higher in (B) and (C) and MITgcm in (A). Blue colors indicate the 

MITgcm driven model run had higher probability of transport in (B) and 0.04 HYCOM in (A) and 

(C). White represents no probability of transport. 
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Figure A7. Map showing averaged surface circulation from global 0.08 HYCOM generated data 

for the Hawaiian Archipelago. Major surface currents are marked. Zonal flows in the NWHI are 

not present in this dataset.  
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Figure A8. Map showing averaged surface circulation from the regional 0.04 HYCOM generated 

data for the Main Hawaiian Islands. Major surface currents are marked. 
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Fig B1. Potential upstream probability matrices (Cij) for Normal (a), El Niño (b) and La Niña (c) 

years. White areas show a zero probability of connections. Gray lines delineate the 24 regional 

groupings. Self-recruitment falls along the diagonal.  
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