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ABSTRACT 

 

Humanity’s prosperity currently relies on sustainably exploiting natural resources. In marine 

environments, marine managed areas (MMA) are an effective and efficient conservation 

strategy, especially when they are based on ecological processes and balancing between 

biological goals and socio-economic constraints. Including connectivity data in the design and 

assessment of MMA networks has proven crucial for reaching conservation and socio-economic 

goals, but it is infrequently used in network design. It is imperative to develop pragmatic 

methods for determining population connectivity dynamics and posteriorly incorporating the 

information in the design and assessment of MMA.  

In this dissertation, we estimated the genetic connectivity patterns of an ecologically, 

culturally, and economically important shellfish species, Cellana exarata, endemic to the 

Hawaiian archipelago. The study was focused within Maui, estimating genetic connectivity at a 

fine (~6.5km, ~25 km) and small (whole island) spatial scales. The sampling design included two 

sampling years (2014, 2017), adults and juveniles, three classes of management (open areas, 

government enforced no take areas, and community managed voluntary no take Rest Areas). The 

connectivity patterns were inferred from analyses of genetic structure, relatedness, and 

assignment tests using >1000 single-nucleotide polymorphisms.  

There was high connectivity at fine spatial scales within 6.5-25 km of coastline, a low 

level of chaotic genetic patchiness, and an impact of Rest Areas on increased levels of 

relatedness after 2.5 years within and up to 100m from their boundaries. Spatio-temporal 

variation in the connectivity patterns were likely driven by ecological and oceanographic 

stochasticity as well as management activities. On the island scale, there was significant, but 
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slight, genetic structure between North and South shore samples with differences in the 

probability of assignment to one of two genetic clusters. Assignments of juveniles back to adult 

samples indicated net dispersal from the South to the North shore of Maui, with North-South 

mixing along the East tip of the island. Deeper analysis of genetic identity revealed that the 

genetic clusters exhibited substantial reproductive isolation (FST = 0.03-0.10) and 93.5% of 

individuals were either pure or F1 hybrids, indicative of two diverging, locally adapted 

populations. Further, the locations of MMA result in a bias towards the protection of one of the 

genetic clusters (South region cluster), highlighting the importance of establishing managed 

areas on North shores to protect the genetic diversity of C. exarata and promote higher 

sustainable yields.  
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1 

CHAPTER I:   THE ROLE OF POPULATION CONNECTIVITY IN MARINE 

SPATIAL EXPLICIT CONSERVATION 

I.1 Mankind and the Conservation of Natural Resources 

Our quality of life, as humans, depends upon mitigating the negative effects of anthropogenic 

activities on ecosystems. Our well-being relies on ecosystem services [benefits such as food 

(provisioning), water quality (regulating), recreation (cultural) and nutrient cycling (supporting), 

Bertzky et al., 2012; Lester et al., 2013], which have been increasingly compromised by human 

activities (van Dyke, 2008). Anthropogenic activities are estimated to affect 95% of the Earth’s 

surface (Mora & Sale, 2011). The negative consequences of ecosystem deterioration, such as 

rising food costs (Schmidhuber & Tubiello, 2007; Wheeler & von Braun, 2013) and health issues 

due to pollution (Bai et al., 2016; Fleming, 2006; Kampa & Castanas, 2008; Shuval, 2003), has 

affected the majority of contemporary human populations. Consequently, conserving ecosystems 

and facilitating their proper function is critical for the persistence of society. 

Modern society views the conservation of natural resources as a current development; 

however, humans have attempted conservation since early civilization (Gómez-Pompa & Kaus, 

1999; Possingham et al., 2006; van Dyke, 2008). Ancient Egyptians (3000 B.C.-1000 B.C.) 

practiced sustainable agriculture for millennia (Hughes, 1992). In America, the Mayan empire 

practiced a mosaic land use management that permitted, for thousands of years, the sustainability 

of a densely populated civilization (greater than present day human density in the same area) 

without a significant loss of flora (Gómez-Pompa & Kaus, 1999). In the Pacific Ocean, the early 

Hawaiian culture regulated the exploitation of certain resources through the kapu system (a code 

of behavior), for example by prohibiting fishing during spawning seasons (Burrows, 1989). The 

establishment of protected areas is also an old and highly practiced conservation strategy, dating 
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to around 2000 years ago, and popular during the Middle Ages when it was common for the royal 

and wealthy to maintain hunting grounds (Eagles et al., 2002). Today, societies are heavily reliant 

on protected areas to preserve and restore biodiversity (Agardy et al., 2003; Lubchenco et al., 2003; 

van Dyke 2008). 

Protected areas (PAs) are a practical tool to counteract the high rates of biodiversity loss 

and ecosystem deterioration. By setting aside a specific area where anthropogenic activities are 

minimized, it is possible to diminish multiple threats and protect multiple species and habitats at 

the same time (Possingham et al., 2006). Well-designed and properly managed PAs can provide 

goods and services, such as food security and support of nutrient and water cycles, that exceed the 

costs involved in their establishment and management (Bertzky et al., 2012). The benefits offered 

by PAs have made them an important element in international environmental agreements (e.g. 

Convention on Biological Diversity Aichi biodiversity targets, United Nations Agenda for 

Sustainable Development, World Heritage Convention) and therefore a highly practiced 

conservation strategy in the past decades (Bertzky et al., 2012; Juffe-Bignoli et al., 2014; 

Possingham et al., 2006). 

Developing efficient systems of PAs is a primary international conservation goal. 

International conventions and treaties are fundamental to reach biodiversity conservation since 

species and ecosystem processes do not follow political boundaries. The Convention on Biological 

Diversity (CBD) is one of the major international agreements focusing on sustainable development 

(currently including 196 parties www.cbd.int/information/parties.shtml). The Aichi biodiversity 

targets established by the CBD in 2010 seek to reinforce the conservation plans of nations around 

the World through 20 targets (www.cbd.int/sp/targets/). Several of these targets can be directly or 

partially addressed by creating and reinforcing well-managed protected areas. Target 11 
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specifically focuses on PAs, stating that “by 2020, at least 17% of terrestrial and inland water and 

10% of coastal and marine areas are conserved through effectively and equitably managed, 

ecologically representative and well-connected systems of protected areas and other effective area-

based conservation measures…”. A few years later, in 2016, the International Union for 

Conservation of Nature (IUCN) set the goal of protecting at least 30% all marine ecosystems by 

2030 (IUCN, 2016). Progress towards fulfilling these goals has been evidenced by the 

improvement of the global network of protected areas, with a rapid increase in the number of PAs 

(Figure 1) as well as the representation of the 1055 World’s ecoregions (Bertzky et al., 2012; 

Deguignet et al., 2014; Juffe-Bignoli et al., 2014). However, by the end of 2019 7.63% of marine 

habitats were protected (IUCN, 2019), close to the initial 10% target but significantly behind of 

the 30% goal. The reinforcement of the global network of marine protected areas (MPAs) is crucial 

for marine conservation, where MPAs have been identified by numerous researchers as the best 

tool to preserve ecosystem processes in marine systems (Agardy, 1997; Kelleher & Kenchington, 

1991). 

 

I.2 Conserving Marine Resources Through Marine Protected Areas 

Sustainable usage and exploitation of marine resources is most easily achieved when 

employing MPAs (Agardy, 1997). Long-term sustainable use can only be achieved by 

guaranteeing ecosystem functionality, a goal that is easier to attain by protecting multiple species 

and habitats at the same time. Classic fishery management (catch regulations), for example, is 

mainly focused on determining a maximum sustainable yield of a specific species, a process in 

which interactions with other species are hardly taken into account (Crowder et al., 2000). The 

protection of ecosystem processes is therefore not directly addressed, potentially decreasing the 
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probability of success of the strategy. On the other hand, MPAs have a multispecies scope, since 

their ultimate goal is to preserve ecological processes to promote the perpetuation of goods and 

services produced by marine ecosystems (Agardy et al., 2003; Kenchington, 1990; Lubchenco et 

al., 2003). By reducing the exploitation of natural resources and coastal habitat deterioration to a 

minimum, MPAs impact all living organisms and ecosystem processes from the specific area that 

is being managed (Norse & Crowder, 2005). MPAs hence address the interconnected nature of 

marine systems (Agardy, 1997), which makes them capable of sustaining and/or restoring 

biodiversity as well as enhancing fisheries through spillover (i.e. exportation of individuals to 

non-protected areas, Pomeroy et al., 2005). Although fisheries management has contributed to 

enhancing fisheries, MPAs are expected to be more effective in protecting marine biodiversity 

(Roberts et al., 2005; Stefansson & Rosenberg, 2005).  

The effectiveness of MPAs is determined by the extent to which their specific objectives 

are being fulfilled under certain cost limitation and time frame (Pomeroy et al., 2005). These 

specific objectives can vary widely, from strictly ecological (e.g. protect a percentage of certain 

habitat, Bohnsack et al., 2002), to cultural (e.g. practice of native cultures, Stevens’ 1997) or 

economical (e.g. enhancing a specific fishery species or tourism, Meester et al., 2004). 

Performing effectiveness assessments of MPAs (also known as follow-up) is as important as 

their establishment, since the results will guide managers on how to improve the performance of 

the MPA (Bertzky et al., 2012). The results of effectiveness assessments around the World have 

been variable, with encouraging outcomes in most of the cases (Bertzky et al., 2012; Juffe-

Bignoli et al., 2014). 

 Positive results of MPAs have been documented in all marine regions at all latitudes 

(Agardy, 1997; Lester et al., 2009). Compared to non-protected neighboring areas, MPAs are 
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commonly characterized by greater biomass, density, abundance, average individual size, and 

species richness (Lester et al., 2009). Neighboring areas of MPAs have been benefited through 

spillover (movement of individuals (adults, juveniles and larvae) from protected areas to non-

protected areas, hence fishing zones), which has been observed (mainly by visual census) to an 

extent of around 1 km (da Silva et al., 2015; Forcada et al., 2009; Halpern et al., 2010; Jameson 

et al., 2002). Indeed, approximately 50% of effectiveness assessments have found positive 

impacts of MPAs (Kelleher et al., 1995; Pomeroy et al., 2005), but 50% have found no 

discernible impacts of MPAs (Juffe-Bignoli et al., 2014; Lester et al., 2009; Mora & Sale, 2011).  

The performance of MPAs (how efficiently they are meeting their goals) can be 

improved by modifying specific aspects of their design and management (Agardy et al. 2011; 

Jameson et al., 2002). Deficits in size and/or inappropriate spatial configurations (e.g. inadequate 

boundaries to protect ecosystemic processes) are the most frequent causes of MPA under 

performance (Agardy et al., 2011; Mora & Sale, 2011). Also, MPAs that were designed focusing 

on a single species may not always benefit the whole community (Agardy et al., 2011; 

Lubchenco et al., 2003). Other currently identified causes for low MPA performance include a 

lack of data on the dynamics of the surrounding areas (e.g. population structures, harvest 

pressure, pollution, Agardy et al., 2011; Jameson et al., 2002) and on the population connectivity 

of the region (Berglund et al., 2012; van der Meer et al., 2015). Underrepresentation of local 

communities in the development of management plans is also frequently related with low MPA 

performance (Agardy, 1997; Jameson et al., 2002). Most mentioned causes can be related to 

conflicts between socio-economic and conservation interests. Setting aside an area where 

exploitation and habitat change is not permitted is usually seen as an obstacle for economic and 

social development. For that reason, minimizing the no-take area is a goal while designing MPAs 
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(Leslie et al., 2003). Consequently, developing strategies to design MPAs that balance socio-

economic and conservation considerations is an important research topic in marine conservation 

and spatial planning. 

Multi-use MPA networks are touted as the best strategy for improving the performance of 

existing MPA and for designing new ones (Agardy, 1997; Boersma & Parrish, 1999; Gaines et 

al., 2010; Halpern, 2014; WCPA/IUCN, 2007). The establishment of MPAs networks with 

sustainable exploitation is considered the best approach to balance socio-economic and 

conservation factors (therefore increasing its probability of success). This type of MPA consists 

of zones where controlled exploitation of natural resources is permitted and key zones (e.g. 

reproduction areas, nurseries) where exploitation is prohibited (no-take areas, Fig. 3) (Agardy, 

1997; Boersma & Parrish, 1999). Marine protected area networks have proven to be a more 

efficient strategy than single large MPAs (Gaines et al., 2010). This is the case not only because 

a network has less total no-take area, but it can also exhibit emergent benefits (Gaines et al., 

2010). A network of MPAs is “a set of protected areas within a biogeographical area, connected 

by larval dispersal and juveniles or adult migration” (IUCN, 1994). By reducing the total no-take 

area and allowing some level of exploitation, local communities and other ecosystem users will 

have a more favorable attitude towards the establishment of MPAs. Developing methods to 

efficiently design multi-use MPA networks is a critical step towards fulfilling global 

conservation goals. The design must specify the location and size of the MPAs (no-take area and 

sustainable exploitation areas), as-well as the interspacing and spatial configuration among them 

(Gaines et al., 2010; Schill et al., 2015). Currently, the majority of MPA networks have 

protection nodes (no-take and sustainable exploitation areas) that regulate less area and have 
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larger interspacing than what scientific literature suggests as optimal (Gaines et al., 2010; Mora 

et al., 2011; Sala et al., 2002). 

 

I.3 Connectivity of Marine Populations and the Design and assessment of MPAs  

In biology, connectivity can be defined in different ways. In general terms, connectivity 

is “a structured set of relationships between spatially and/or temporally distinct entities” (Kool et 

al., 2013). In an environmental management planning view, the entities typically refer to 

ecosystems, habitats, or populations. Habitat connectivity refers to the continuity of a specific 

habitat along the region of interest (e.g. mangrove forest), hence connectivity is a function of 

geographical distance and barriers between habitats under this approach, estimating continuity 

and distances between patches (Lagabrielle et al., 2014). Population connectivity has been 

defined as the successful exchange of individuals between different populations (Cowen & 

Sponaugle 2009). A successful exchange can refer to the survival of post-larvae or juveniles after 

settlement (Cowen & Sponaugle 2009), or survival up to reproduction, also known as 

reproduction connectivity or realized connectivity (Cowen & Sponaugle, 2009; Hedgecock et al., 

2007; Pineda et al., 2007). Genetic connectivity is equivalent to realized connectivity, since it 

refers to the gene flow among populations (van der Meer et al. 2015), which is mainly possible 

through the successful reproduction of migrants.  In marine systems, where most species have a 

larval stage with high dispersal potential, population connectivity has been described as a 

function of larval dispersal and post-settlement survival up to reproduction (Pineda et al., 2007). 

Developing a well-connected MPA network requires information about contemporary 

connectivity of marine systems, thus understanding marine population connectivity is currently a 

priority in marine ecology and conservation (Agardy 1997; Berglund et al. 2012; Cowen et al., 
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2007; Gaines et al. 2010; Lagabrielle et al. 2014; Nilsson Jacobi & Jonsson, 2010; Possingham et 

al., 2000). 

Prior to widespread genetic testing and larval dispersal models that included physical and 

biological data, marine populations were considered to be highly connected, since most of marine 

species have a pelagic larval stage with high potential dispersal (Kritzer & Sale, 2010; Pinski et 

al., 2012). Low genetic population structure has been frequently found among marine populations, 

supporting the concept of marine populations being primarily open (i.e. recruitment mainly from 

immigration) (Cowen et al., 2007; Cowen & Sponaugle 2009; Pinski et al., 2012). However, 

evidence of substantial levels of short dispersal, self-recruitment and settlement close to the 

original population (<1 km to <100 km) has been increasingly gathered in recent years (Bird et al., 

2007; Cowen & Sponaugle 2009, Cowen et al., 2006; Hedgecock et al., 2007; Jones et al., 2007; 

Kinlan & Gaines, 2003). Studies with coral-reef fishes have found that juveniles of certain species 

settle close to their source (<100 m) despite their high potential dispersal (> 8 days of pelagic larval 

duration) (Jones et al., 2009, Jones et al., 2005larval retention). A wide range of dispersal and 

connectivity patterns has been found in marine populations, from local retention to wide dispersal, 

from totally close populations to totally open (Bird et al., 2007; Cowen & Sponaugle, 2009; Jones 

et al., 2007b; Pinski et al., 2012; Selkoe et al., 2014; Toonen et al., 2011). Evidence has indicated 

that in some cases (individuals and/or populations), self-recruitment is the most advantageous 

strategy, while in others, dispersing to a different population is more advantageous (Toonen & 

Pawlik, 2001; Jones et al., 2007b). Knowledge about dispersal and connectivity patterns still needs 

to be deepened to properly include this information in conservation strategies (Cowen et al., 2007). 

While substantial progress has been made, there is still much to learn about the spatio-temporal 

variation of marine population connectivity (Nicholls & Margules, 1993). Understanding the 
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exchange rates, spatial and temporal variation and scales of population connectivity will enable 

inference about population replenishment, resilience and persistence (Cowen & Sponaugle, 2009; 

Cowen et al., 2007; Cowen et al., 2006; Jones et al., 2007b). 

Incorporating connectivity in the design and assessment of MPA networks has been done 

mainly through using habitat connectivity data (e.g. habitat area, distribution, depth, quality) 

(Lagabrielle et al. 2014). Nevertheless, in recent studies there have been greater efficiency when 

population connectivity (mainly information from larval dispersal simulations) is used in 

conjunction with habitat connectivity (Berglund et al. 2012; White et al., 2014). Berglund et al. 

(2012) compared different designs of MPA networks for blue mussels (Mytilus edulis/trossulus) 

in the Baltic Sea and found greater average population sizes in designs based on population 

connectivity (based on larval dispersal models) rather than habitat connectivity (habitat coverage). 

In a similar study in the northern California region, using population connectivity of five species, 

White et al. (2014) found better performances in the designs including population connectivity for 

most of the studied species. Greater increases in the biomass inside the MPA system were found 

in species with extremely short dispersal potential (red abalone Haliotis rufescens, five days 

pelagic larval) and species that had variable export and import probabilities throughout the region 

(sea urchin Strongylocentrotus franciscanus, benthic fish Scorpaenichthys marmorata). Despite 

the promising results of including population connectivity data in MPA network design, habitat 

information is still the most frequent connectivity data (Nilsson Jacobi & Jonsson, 2011; Ward et 

al., 1999; White et al., 2014). 

Information about habitat coverage is currently easier to obtain compared to population 

connectivity (Possingham et al., 2000), which can explain why using population connectivity 

metrics in MPA network design is still infrequent. Remotely-sensed imagery quickly increased 
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mapping of marine ecosystems (Chauvaud & Maniere, 1998; Held et al., 2003; Mumby & 

Edwards, 2002; Sanchez-Hernandez et al., 2007) and therefore also increased the availability of 

information about habitats distribution and coverages. On the other hand, the large spatial scale 

and three-dimensional nature of the marine realm makes the study of population connectivity a 

challenging task. Also, more than 80% of marine species exhibit a larval phase that is difficult to 

track (i.e. numerous and small (less than 300 µm) dispersal units traveling from tens of meters to 

thousands of meters), hence making modeling of realized larval dispersal problematic (Levin, 

2006; Saenz-Agudelo et al., 2012; Thorrold et al., 2002). The complexity of estimating population 

connectivity in marine systems has resulted in a small number of cases (i.e. species, regions) where 

information about population connectivity is available (van der Meer et al. 2015). 

 Researchers have approached the challenge involved in studying the connectivity 

of marine populations by tagging individuals, simulating larval dispersal, and performing genetic 

analysis. Natural geochemical tagging (i.e. isotopic composition) of calcified structures (such as 

shells, otoliths, and statoliths) has been used to indirectly estimate population connectivity 

(Cowen & Sponaugle, 2009). Direct measurements have mainly been obtained by marking body 

tissues with artificial tags (e.g. radioactive isotopes, fluorescent compounds, Thorrold et al., 

2007). Larval dispersal simulations and genetic analysis have also been used to infer connectivity 

(Berry et al. 2004; Kool et al., 2013). Larval dispersal simulations (LDS) use ocean current 

patterns and life history characteristics of the pelagic larval phase (e.g. mortality, pelagic 

duration) to obtain dispersal probabilities (Levin, 2006; White et al., 2014). While infrequent, 

LDS are beginning to include models of larval behavior, such as active vertical migration and 

horizontal swimming, which has shown to increase the performance of the simulations (Cowen 

& Sponaugle, 2009). Hence, high resolution biophysical LDS are expected to predict fine scale 
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connectivity patterns (Aiken et al., 2007; Cowen et al., 2007; Fiksen et al., 2007; Kobayashi, 

2006; Kobayashi & Polovina, 2006; Paris & Cowen, 2004). Genetic approaches can be used to 

calculate population connectivity at evolutionary and contemporary scales (De Woody, 2005; 

Hedgecock et al., 2007) by using molecular markers such as allozymes, microsatellites, and 

single nucleotide polymorphisms (SNPs). Recent development of RAD-sequencing (Restriction 

Site Associated DNA sequencing) has made it possible to obtain high-resolution data in non-

model organisms by identifying thousands of SNPs (increasing the power of the tests) for 

reasonable costs (Davey & Blaxter, 2010; Toonen et al., 2013). Ideally, information obtained 

through different methods would be used to understand the population connectivity of a region, 

but unfortunately the budget of research projects usually does not allow it.  

Currently, genetic tools have significant advantages over the other methods. For example, 

genetic methods do not require detailed information about current patterns and larval behavior, 

which is lacking in most cases (species and geographical wise). Also, genetic approaches do not 

rely on recapturing tagged individuals, which may be difficult in marine systems. Given the 

advances in molecular markers and computational technologies in the last two decades, genetic 

approaches are a practical tool for understanding population connectivity (Kool et al., 2013). The 

establishment of MPA networks that guarantee the overall stability of the region relies on the 

connectivity of its units, and to guarantee this, empirical data on the connectivity patterns of the 

region is necessary (Planes, 2011). 

 

I.4 Genetic Connectivity and Marine Protected Areas 

Genetic connectivity in MPA management has been used as a tool to evaluate the effectiveness of 

existing MPA networks. During some effectiveness assessments, the genetic connectivity both 
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among protected nodes and between these and the non-protected neighboring zones has been 

determined (Pujolar et al., 2013; van der Meer et al. 2015). In some cases, the results have 

identified aspects of the design and management that should be updated in order to improve the 

MPA network efficiency. For example, van der Meer et al. (2015) highlighted the importance of 

protecting a non-protected area close to a MPA network in Australia after identifying a unique 

isolated population of the coral reef fish Coris bulbifrons (using mitochondrial DNA and 

microsatellites) inhabiting the non-protected area.  In fact, identifying the different populations 

within a region of interest is crucial towards protecting as much biodiversity as possible, since 

ideally not just most species but also most populations should be represented in the protected 

nodes. Use of genetic connectivity data during the MPA design process has been focused on 

identifying protection nodes (Couceiro et al., 2013), i.e. determining the different populations in 

the region of interest and the connectivity pattern among them.  

Population connectivity data from LDSs of economically important species have so far 

been the only population connectivity metrics used a priori in the design of MPAs (Berglund et 

al. 2012; Nilsson Jacobi & Jonsson, 2011; White et al., 2014; White et al., 2010). An advantage of 

using economically important species is that responses towards protection are likely to be 

detectable in a shorter amount of time compared to non-commercial species (Lester et al. 2009). 

However, the design process of a MPA (single or network) should ideally as well consider the 

population connectivity of representative species of the ecosystems and life histories in the region. 

Unfortunately, the biological information required to perform a biophysical LDS (e.g. duration of 

the larval stage and larval behavior) is unknown in most species (Cowen & Sponaugle, 2009; 

Cowen et al., 2006; Jones et al., 2007b), which decreases the accuracy of the simulation (Cowen 

& Sponaugle, 2009). Thus, in most cases new information must be gathered, and given the time 
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and budget limitations of most conservation plans, managers must strategically choose a sample 

of species in which to focus. A traditional assumption has been that species with similar life history 

are likely to have similar connectivity patterns. However, Bird et al. (2007) found differences in 

the genetic connectivity of sympatric sister Hawaiian limpets (Cellana spp.), which were assumed 

to have similar connectivity patterns (Kay & Palumbi 1987), highlighting the risk of this 

assumption. Additionally, in a recent study with RAD-seq data of Cellana exarata from the main 

Hawaiian Islands, Cockett (2015) found different levels of genetic structure and patterns of genetic 

diversity among different loci. Hence, when determining population connectivity patterns to be 

used for the design and assessment of MPA networks, it is critical to use a cost-efficient method 

that allows the gathering of information about the realized connectivity of as many species as 

possible. While LDS require detailed information about current patterns and larval biology to 

estimate the realized connectivity patterns of marine populations, the genetic approach only 

requires an appropriate sampling design. Therefore, evaluating the practicality of incorporating 

genetic connectivity data in MPAs design may significantly contribute to marine conservation and 

hence human well-being. 

 

I.5 References 

Agardy, T., Notarbartolo di Sciara, G. & P. Christie. (2011). "Mind the gap: addressing the 
shortcomings of marine protected areas through large scale marine spatial planning." Marine 
Policy 35(2): 226-232. 

Agardy, T., Bridgewater, P., Crosby, M.P., Day, J., Dayron, P.K., Kenchington, R., Laffoley, D., 
McConnet, P., Murray, P.A. & Parks, P.A. (2003). Dangerous targets? Unresolved issues 
and ideological clashes around marine protected areas. Aquatic Conservation: Marine and 
Freshwater Ecosystems, 13(4): 353-367. 

Agardy, T.S. (1997). Marine protected areas & ocean conservation: Academic Press. 244 pp. 
Aiken, C. M., Navarrete, S. A., Castillo, M. I., & Castilla, J. C. (2007). Along-shore larval 

dispersal kernels in a numerical ocean model of the central Chilean coast. Marine Ecology 
Progress Series, 339, 13-24.  



 

14 

Bai, Y., Li, Y., Wang, X., Xie, J., & Li, C. (2016). Air pollutants concentrations forecasting 
using back propagation neural network based on wavelet decomposition with 
meteorological conditions. Atmospheric pollution research, 7(3), 557-566. 

Berglund, M., Jacobi, M.N. & Jonsson, P.R. (2012). Optimal selection of marine protected areas 
based on connectivity and habitat quality. Ecological Modelling 240: 105-112. 

Berry, O., Tocher, M. D., & Sarre, S. D. (2004). Can assignment tests measure dispersal? 
Molecular ecology, 13(3), 551-561. 

Bertzky, B., Corrigan, C., Kemsey, J., Kenney, S., Ravilious, C., Besançon, C., & Burgess, N. 
(2012). Protected Planet Report 2012: Tracking progress towards global targets for 
protected areas. IUCN, Gland, Switzerland and UNEP-WCMC, Cambridge, UK. 

Bird, C. E., Holland, B. S., Bowen, B. W., & Toonen, R. J. (2007). Contrasting phylogeography 
in three endemic Hawaiian limpets (Cellana spp.) with similar life histories. Molecular 
ecology, 16(15), 3173-3186. 

Boersma, P. D., & Parrish, J. K. (1999). Limiting abuse: marine protected areas, a limited 
solution. Ecological Economics, 31(2), 287-304. 

Bohnsack, J. A., Causey, B., Crosby, M. P., Griffis, R., Hixon, M. A., Hourigan, T. F., . . . 
Tilmant, J. T. (2002). A rationale for minimum 20-30% no-take protection. Paper presented 
at the Proceedings of the Ninth International Coral Reef Symposium, Bali, 23-27 October 
2000. 

Burrows, C. (1989). Hawaiian conservation values and practices. Conservation biology in 
Hawaii, 203-213. 

Chauvaud, S., Bouchon, C., & Maniere, R. (1998). Remote sensing techniques adapted to high 
resolution mapping of tropical coastal marine ecosystems (coral reefs, seagrass beds and 
mangrove). International Journal of Remote Sensing, 19(18), 3625-3639. 

Couceiro, L., Robuchon, M., Destombe, C., & Valero, M. (2013). Management and conservation 
of the kelp species Laminaria digitata: using genetic tools to explore the potential exporting 
role of the MPA “Parc naturel marin d’Iroise”. Aquatic Living Resources, 26(02), 197-205. 

Cowen, R.K. & S. Sponaugle. (2009). Larval dispersal and marine population connectivity. 
Annual revision of marine science 1: 443-466. 

Cowen, R. K., Gawarkiewicz, G. G., Pineda, J., Thorrold, S. R., & Werner, F. E. (2007). 
Population connectivity in marine systems: an overview. 

Cowen, R., Paris, C., & Srinivasan, A. (2006). Scaling of connectivity in marine populations. 
Science, 311(5760), 522-527. 

Crowder, L. B., Lyman, S., Figueira, W., & Priddy, J. (2000). Source-sink population dynamics 
and the problem of siting marine reserves. Bulletin of Marine Science, 66(3), 799-820. 

da Silva, I. M., Hill, N., Shimadzu, H., Soares, A. M., & Dornelas, M. (2015). Spillover Effects 
of a Community-Managed Marine Reserve. PloS one, 10(4), e0111774.  

Davey, J. W., & Blaxter, M. L. (2010). RADSeq: next-generation population genetics. Briefings 
in functional genomics, 9(5-6), 416-423. 

De Woody, J. A. (2005). Molecular approaches to the study of parentage, relatedness, and 
fitness: practical applications for wild animals. Journal of Wildlife Management, 69(4), 
1400-1418. 

Deguignet, M., Juffe-Bignoli, D., Harrison, J., MacSharry, B., Burgess, N., & Kingston, N. 
(2014). United Nations list of protected areas. UNEP-WCMC: Cambridge, UK, 44. 

Eagles, P. F., McCool, S. F., & Haynes, C. D. (2002). Sustainable tourism in protected areas: 
Guidelines for planning and management: IUCN. 



 

15 

Fiksen, Ø., Jørgensen, C., Kristiansen, T., Vikebø, F., & Huse, G. (2007). Linking behavioural 
ecology and oceanography: larval behaviour determines growth, mortality and dispersal. 

Fleming, L. E., Broad, K., Clement, A., Dewailly, E., Elmir, S., Knap, A., ... Walsh, P. (2006). 
Oceans and human health: emerging public health risks in the marine environment. Marine 
pollution bulletin, 53(10-12), 545-560. 

Forcada, A., Valle, C., Bonhomme, P., Criquet, G., Cadiou, G., Lenfant, P., & Sánchez-Lizaso, J. 
L. (2009). Effects of habitat on spillover from marine protected areas to artisanal fisheries. 
Marine Ecology Progress Series, 379, 197-211. 

Gaines, S. D., White, C., Carr, M. H., & Palumbi, S. R. (2010). Designing marine reserve 
networks for both conservation and fisheries management. Proceedings of the National 
Academy of Sciences, 107(43), 18286-18293. 

Gómez-Pompa, A., & Kaus, A. (1999). From pre-Hispanic to future conservation alternatives: 
lessons from Mexico. Proceedings of the National Academy of Sciences, 96(11), 5982-
5986. 

Halpern, B. S. (2014). Conservation: Making marine protected areas work. Nature, 506(7487), 
167-168. 

Halpern, B. S., Lester, S. E., & McLeod, K. L. (2010). Placing marine protected areas onto the 
ecosystem-based management seascape. Proceedings of the National Academy of Sciences, 
107(43), 18312-18317. 

Hedgecock, D., Barber, P. H., & Edmands, S. (2007). Genetic approaches to measuring 
connectivity. Oceanography (Washington DC) (20): 70-79. 

Held, A., Ticehurst, C., Lymburner, L., & Williams, N. (2003). High resolution mapping of 
tropical mangrove ecosystems using hyperspectral and radar remote sensing. International 
Journal of Remote Sensing, 24(13), 2739-2759. 

Hughes, J. D. (1992). Sustainable agriculture in ancient Egypt. Agricultural history, 66(2), 12-22. 
IUCN. (1994). Guidelines for protected area management categories. IUCN and the World 

Conservation Monitoring Centre, Gland, Switzerland and Cambridge, UK. 
IUCN. (2016). Increasing marine protected area coverage for effective marine biodiversity 

conservation. In WCC‐2016‐Res‐050‐EN, World Conservation Congress, Hawai ‘i, United 
States of America, 1–10 September 2016. 

IUCN. (2019). International union for conservation of nature Annual report 2017. Retrieved 
from https://portals.iucn.org/library/sites/library/files/documents/2020-025-En.pdf 

Jameson, S. C., Tupper, M.H. & J.M. Ridley. (2002). "The three screen doors: can marine 
“protected” areas be effective?" Marine pollution bulletin 44(11): 1177-1183. 

Jones, G. P., Planes, S., & Thorrold, S. R. (2005). Coral reef fish larvae settle close to home. 
Current biology, 15(14), 1314-1318. 

Jones, G., Almany, G., Russ, G., Sale, P., Steneck, R., Van Oppen, M., & Willis, B. (2009). 
Larval retention and connectivity among populations of corals and reef fishes: history, 
advances and challenges. Coral Reefs, 28(2), 307-325. 

Jones, G., SriNiVaSaN, M., & Almany, G. (2007). Conservation of marine biodiversity. 
Oceanography, 20(3), 100. 

Jones, G., Srinivasan, M., & Almany, G. (2007b). Population connectivity and conservation of 
marine biodiversity. Oceanography, 20(3), 100-111. 

Juffe-Bignoli, D., Burgess, N.D., Bingham, H., Belle, E.M.S., de Lima, M.G., Deguignet, M.,… 
Kingston, N. (2014). Protected planet report 2014.  



 

16 

Kampa, M., & Castanas, E. (2008). Human health effects of air pollution. Environmental 
pollution, 151(2), 362-367. 

Kay, E. A., & Palumbi, S. R. (1987). Endemism and evolution in Hawaiian marine invertebrates. 
Trends in Ecology and Evolution, 2(7), 183-186. 

Kelleher, G., & Kenchington, R. A. (1991). Guidelines for establishing marine protected areas 
(Vol. 3): Iucn. 

Kenchington, R. A. (1990). Managing marine environments: Taylor and Francis. 
Kinlan, B. P., & Gaines, S. D. (2003). Propagule dispersal in marine and terrestrial 

environments: a community perspective. Ecology, 84(8), 2007-2020. 
Kobayashi, D. R. (2006). Colonization of the Hawaiian Archipelago via Johnston Atoll: a 

characterization of oceanographic transport corridors for pelagic larvae using computer 
simulation. Coral Reefs, 25(3), 407-417. 

Kobayashi, D. R., & Polovina, J. J. (2006). Simulated seasonal and interannual variability in 
larval transport and oceanography in the Northwestern Hawaiian Islands using satellite 
remotely sensed data and computer modeling. Atoll Research Bulletin, 543, 365-390.  

Kool, J. T., Moilanen, A., & Treml, E. A. (2013). Population connectivity: recent advances and 
new perspectives. Landscape ecology, 28(2), 165-185. 

Kritzer, J. P., & Sale, P. F. (2010). Marine metapopulations: Academic Press. 
Lagabrielle, E., Crochelet, E., Andrello, M., Schill, S.R., Arnaud-Haond, S., Alloncle, N. & B. 

Ponge. (2014). "Connecting MPAs–eight challenges for science and management." Aquatic 
Conservation: Marine and Freshwater Ecosystems 24(S2): 94-110.A 

Leslie, H., Ruckelshaus, M., Ball, I.R., Andelman, S. & H.P. Possingham. (2003). "Using siting 
algorithms in the design of marine reserve networks." Ecological applications 13 (sp1): 185-
198. 

Lester, S. E., Halpern, B. S., Grorud-Colvert, K., Lubchenco, J., Ruttenberg, B. I., , S. D., 
Airamé, S. & Warner, R. R. (2009). Biological effects within no-take marine reserves: a 
global synthesis. Marine Ecology Progress Series, 384(2), 33-46 

Levin, L. A. (2006). Recent progress in understanding larval dispersal: new directions and 
digressions. Integrative and comparative biology, 46(3), 282-297. 

Lubchenco, J., S. Palumbi, S.D. Gaines & S. Andelman. (2003). "Plugging a hole in the ocean: 
the emerging science of marine reserves." Ecological applications 13(sp1): 3-7. 

Meester, G. A., Mehrotra, A., Ault, J. S., & Baker, E. K. (2004). Designing marine reserves for 
fishery management. Management Science, 50(8), 1031-1043. 

Mora, C. & P. F. Sale (2011). "Ongoing global biodiversity loss and the need to move beyond 
protected areas: a review of the technical and practical shortcomings of protected areas on 
land and sea." Marine Ecology Progress Series 434(9): 251-266.   

Mumby, P. J., & Edwards, A. J. (2002). Mapping marine environments with IKONOS imagery: 
enhanced spatial resolution can deliver greater thematic accuracy. Remote sensing of 
Environment, 82(2), 248-257. 

Nicholls, A., & Margules, C. R. (1993). An upgraded reserve selection algorithm. Biological 
Conservation, 64(2), 165-169.  

Nilsson Jacobi, M. N., & Jonsson, P. R. (2011). Optimal networks of nature reserves can be 
found through eigenvalue perturbation theory of the connectivity matrix. Ecological 
applications, 21(5), 1861-1870. 

Norse, E.A. & L. B. Crowder. 2005. Marine conservation biology: the science of maintaining the 
sea’s biodiversity. Island Press, Washington D.C. 440 pp 



 

17 

Paris, C. B., & Cowen, R. K. (2004). Direct evidence of a biophysical retention mechanism for 
coral reef fish larvae. Limnology and Oceanography, 49(6), 1964-1979. 

Pineda, J., Hare, J. A., & Sponaungle, S. (2007). Larval transport and dispersal in the coastal 
ocean and consequences for population connectivity. 

Pinsky, M. L., Palumbi, S. R., Andréfouët, S., & Purkis, S. J. (2012). Open and closed seascapes: 
Where does habitat patchiness create populations with high fractions of self‐recruitment? 
Ecological applications, 22(4), 1257-1267. 

Planes, S. (2011). Connectivity-Spacing a network of marine protected areas based on 
connectivity data. p: 322. Marine Protected Area-A multidisciplinary approach. 

Pomeroy, R. S., Watson, L. M., Parks, J. E., & Cid, G. A. (2005). How is your MPA doing? A 
methodology for evaluating the management effectiveness of marine protected areas. Ocean 
and Coastal Management, 48(7), 485-502.  

Possingham, H., Ball, I., & Andelman, S. (2000). Mathematical methods for identifying 
representative reserve networks Quantitative methods for conservation biology (pp. 291-
306): Springer. 

Possingham, H., Wilson, K., Andelman, S., & Vynne, C. (2006). Protected areas: goals, 
limitations, and design. 

Pujolar, J. M., Schiavina, M., Di Franco, A., Melià, P., Guidetti, P., Gatto, M., . . . Zane, L. 
(2013). Understanding the effectiveness of marine protected areas using genetic connectivity 
patterns and Lagrangian simulations. Diversity and Distributions, 19(12), 1531-1542. 

Roberts, C. M., Hawkins, J. P., & Gell, F. R. (2005). The role of marine reserves in achieving 
sustainable fisheries. Philosophical Transactions of the Royal Society of London B: 
Biological Sciences, 360(1453), 123-132. 

Saenz‐Agudelo, P., Jones, G. P., Thorrold, S. R., & Planes, S. (2012). Patterns and persistence of 
larval retention and connectivity in a marine fish metapopulation. Molecular ecology, 
21(19), 4695-4705. 

Sala, E., Aburto-Oropeza, O., Paredes, G., Parra, I., Barrera, J. C., & Dayton, P. K. (2002). A 
general model for designing networks of marine reserves. Science, 298(5600), 1991-1993. 

Sanchez-Hernandez, C., Boyd, D. S., & Foody, G. M. (2007). Mapping specific habitats from 
remotely sensed imagery: support vector machine and support vector data description based 
classification of coastal saltmarsh habitats. Ecological informatics, 2(2), 83-88. 

Schill, S. R., Raber, G. T., Roberts, J. J., Treml, E. A., Brenner, J., & Halpin, P. N. (2015). No 
Reef Is an Island: Integrating Coral Reef Connectivity Data into the Design of Regional-
Scale Marine Protected Area Networks. PloS one, 10(12), e0144199. 

Schmidhuber, J., & Tubiello, F. N. (2007). Global food security under climate change. 
Proceedings of the National Academy of Sciences, 104(50), 19703-19708. 

Shuval, H. (2003). Estimating the global burden of thalassogenic diseases: human infectious 
diseases caused by wastewater pollution of the marine environment. Journal of water and 
health, 1(2), 53-64. 

Selkoe, K. A., Gaggiotti, O. E., Bowen, B. W., & Toonen, R. J. (2014). Emergent patterns of 
population genetic structure for a coral reef community. Molecular ecology, 23(12), 3064-
3079. 

Stefansson, G., & Rosenberg, A. A. (2005). Combining control measures for more effective 
management of fisheries under uncertainty: quotas, effort limitation and protected areas. 
Philosophical Transactions of the Royal Society of London B: Biological Sciences, 
360(1453), 133-146. 



 

18 

Stevens, S. (1997). Conservation through cultural survival: Indigenous peoples and protected 
areas: Island Press. 

Thorrold, S. R., Zacherl, D. C., & Levin, L. A. (2007). Population connectivity and larval 
dispersal: using geochemical signatures in calcified structures. 

Thorrold, S. R., Jones, G. P., Hellberg, M. E., Burton, R. S., Swearer, S. E., Neigel, J. E., . . . 
Warner, R. R. (2002). Quantifying larval retention and connectivity in marine populations 
with artificial and natural markers. Bulletin of Marine Science, 70(Supplement 1), 291-308. 

Toonen, R. J., Puritz, J. B., Forsman, Z. H., Whitney, J. L., Fernandez-Silva, I., Andrews, K. R., 
& Bird, C. E. (2013). ezRAD: a simplified method for genomic genotyping in non-model 
organisms. PeerJ, 1, e203. 

Toonen, R. J., Andrews, K. R., Baums, I. B., Bird, C. E., Concepcion, G. T., Daly-Engel, T. 
S.,… Bowen, B. (2011). Defining boundaries for ecosystem-based management: a 
multispecies case study of marine connectivity across the Hawaiian Archipelago. Journal of 
Marine Biology, 2011. 

Toonen, R.J., & Pawlik, J.R. (2001). Foundations of gregariousness: a dispersal polymorphism 
among the planktonic larvae of a marine invertebrate. Evolution, 55(12), 2439-2454. 

Van der Meer, M., Berumer, M.L., Hobbs, J.P. & van der Meer, A.L. (2015). "Population 
connectivity and the effectiveness of marine protected areas to protect vulnerable, exploited 
and endemic coral reef fishes at an endemic hotspot." Coral Reefs 34(2): 393-402. 

Van Dyke, F. (2008). Conservation biology: foundations, concepts, applications: 2nd Edition. 
Springer Science and Business Media. 

Ward, T., Vanderklift, M., Nicholls, A., & Kenchington, R. (1999). Selecting marine reserves 
using habitats and species assemblages as surrogates for biological diversity. Ecological 
applications, 9(2), 691-698. 

WCPA/IUCN. (2007). Establishing networks of marine protected areas: a guide for developing 
national and regional capacity for building MPA networks. Non-technical summary report. 

Wheeler, T., & Von Braun, J. (2013). Climate change impacts on global food security. Science, 
341(6145), 508-513. 

White, J. W., Schroeger, J., Drake, P. T., & Edwards, C. A. (2014). The Value of Larval 
Connectivity Information in the Static Optimization of Marine Reserve Design. 
Conservation Letters, 7(6), 533-544. 

White, J. W., Botsford, L. W., Hastings, A., & Largier, J. L. (2010). Population persistence in 
marine reserve networks: incorporating spatial heterogeneities in larval dispersal. Marine 
Ecology Progress Series, 398, 49-67. 

  



 

19 

Figures 
 
a. 

 

b. 

 
 
Figure I.1 International environmental agreements have triggered a significant increase in the 
number of PAs since the 1990’s. a) Change in the number of protected areas (PAs, terrestrial and 
marine) in the last four decades. b) Notice the rapid increase in the number of marine PAs 
(MPAs) since the 1990’s, however, the number of MPAs (tens of thousands) is still significantly 
lower than the number of terrestrial PAs (hundreds of thousands). 
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CHAPTER II:  ZOOMING IN ON THE POPULATION PICTURE: SUBTLE 

GENETIC PATTERNS IN AN INTERTIDAL BROADCAST-SPAWNER ALONG 

100 M - 10 KM OF COASTLINE 

Abstract 

Elucidating patterns of population connectivity in the marine realm is crucial for successful 

resource management and conservation efforts. Yet, our understanding of the subject is still 

developing, and recent findings using new technologies (e.g. analysis with thousands of genetic 

markers) have increasingly challenged the classical view of most marine populations being open, 

with mounting evidence of genetic structuring, even on fine spatial scales. To test the potential 

community-managed “rest areas” to provide larval subsidies to adjacent harvested areas along 

~6.5 km of coastline, the connectivity patterns of an intertidal, broadcast spawning 

patellogastropod/invertebrate, Cellana exarata were inferred with 2,492 SNPs. The sampling 

design included two prospective rest areas, each bracketed by four unmanaged sites that were 

approximately 100 m and 1000 m down and up current. An analysis of molecular variance and 

pairwise FST revealed no evidence for spatial genetic structuring or isolation by distance among 

sites.  There were, however, multiple genetic clusters detected with discriminant analysis of 

principal components and Bayesian clustering (STRUCTURE).  There were also significant 

differences in patterns of individual relatedness, with a greater proportion of significantly related 

dyads between sites than within (p = 0.015). The results are consistent with low larval retention, 

a high degree of mixing, and variability in dispersal strategies (short vs. long-distance).  The well 

mixed quality of the study area is a promising result for community managed conservation 

efforts, where rest-areas (no-take zones) were established after the sampling for this study. With 

hindsight comparisons to observed changes in population size following the delineation of the 
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rest areas, there were some valid predictive insights from this survey relating to a high 

probability of larval export from rest areas and recruitment limitation in one section of a rest 

area.  

 

II.1 Introduction 

Our understanding of genetic population structure and connectivity in marine systems has faced 

paradigm shifts in the last decades (Hixon, Pacala &, Sandin, 2002; Levin, 2006; Selkoe, 

Henzler, & Gaines, 2008). Given the high dispersal potential of small particles on marine 

systems (Carr et al., 2003), populations of marine species with a pelagic larval stage were 

assumed to be open and with low genetic structure within hundreds to thousands of km (Cowen 

& Sponaugle, 2009; Schunter et al., 2019). However, continued advances in technology (e.g. 

genetic tools, D’Aloia et al., 2019; Hauser & Carvahlo, 2008, modeling of oceanographic 

patterns close to the coast, Nickols et al., 2015, increasing knowledge on larval behavior, 

Ospina-Alvarez et al., 2018, Ospina-Alvarez et al., 2012) have shown that the realized mean 

dispersal distance can be shorter than what was previously inferred by associating pelagic larval 

duration and the prevailing ocean currents of the region (Maier, Tollrian, Rinkevich, & 

Nürnberger, 2005; Palumbi, 2003; Selkoe et al., 2010; Selkoe, Henzler & Gaines, 2008). For 

example, there is recurring evidence of high self-recruitment rates (Beldade et al., 2016; Hogan, 

Thiessen, Sale, & Heath, 2012), which was not originally expected (Carr et al., 2003). Isolation 

by distance (the increase in genetic differentiation proportional to geographic distance), despite 

being common in marine organisms (Pinsky et al., 2017), has also not been observed in several 

studies (Thomas et al., 2015) which have found population partitioning in small spatial scales 
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(Casu et al., 2005) and/or chaotic genetic patchiness (Iacchei et al., 2013; Johnson & Black, 

1982; Norderhaug et al., 2015).  

Chaotic genetic patchiness, a term coined by Johnson and Black (1982) for describing 

population genetic patterns that are variable in space and time, has increasingly proved common 

in marine populations, raising the question of how these patterns are possible despite the high 

dispersal potential of most marine species. Selection, sweepstakes reproductive success, kin 

aggregations in larvae and asynchronous population dynamics, or some combination of these, 

can cause chaotic genetic patchiness (reviewed in Eldon et al., 2016). Selkoe et al. (2010) 

discussed how environmental variations, particularly habitat coverage, could explain some of the 

variation in the genetic diversity and structure of three species in the Southern California Bight. 

Ultimately the genetic structure and dispersal patterns of marine species are the result of different 

drivers that are specific to the populations’ systems (e.g. driven by larvae traveling as groups of 

related individuals, Morales-Gonzalez, Giles, Quesada-Calderón, & Saenz-Agudelo., 2019; 

Selwyn et al., 2016; spawning at the beginning or end of the spawning season, Schunter et al., 

2019, habitat distribution, Selkoe et al., 2010). 

A better understanding of population connectivity in marine systems is fundamental for 

the development of conservation strategies that guarantee the persistence of marine diversity and 

ecosystem productivity (Allendorf et al., 2010; Hauser & Carvahlo, 2008; Jones, Srinivasan, & 

Almany, 2007; Pujolar et al., 2013; Salloum, Silva, & Solferini., 2018;   Selkoe et al., 2008; ). In 

particular, the design and effectiveness of marine protected areas can be greatly improved when 

information about populations delimitations and connectivity is included (Calò et al., 2016; 

Palumbi, 2003; van der Meer, Berumer, Hobbs, & van der Meer, 2015; ). Population genetic 
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studies can aid managers identifying key sites for protection (e.g. source populations, isolated 

unique populations) and the recommended area for the non-take areas. 

Populations of the Hawaiian limpets (C. exarata, C. sandwicensis and C. talcosa, locally 

known as 'opihi) have faced a dramatic decline in the last century, as have several other marine 

species in the state, mainly due to overexploitation (Bird, Holland, Bowen, & Toonen, 2007; 

Friedlander & Brown, 2004). There are grass roots, community-based efforts to promote 

recovery and sustainability of these resources (Friedlander et al., 2014; Weible et al. 2021). Two 

communities in Maui were interested in delineating ‘opihi management areas, preceded by a pre-

management assessment of connectivity.  Cellana exarata (Reeve, 1854; Gastropoda: Mollusca) 

is a limpet common in the intertidal rocky shores of the Hawaiian archipelago, inhabiting the 

high zones of basaltic shores (Bird, Holland, Bowen &, Toonen, 2011; Bird et al., 2007). The 

species is a broadcast spawner, exhibiting a lecithotrophic larvae that can last in the water 

column 2-13 days but that commonly settles within four days (Bird et al., 2007, Kay, Corpus, & 

Magruder, 1982). Given its pelagic larval duration, C. exarata is considered to have moderate 

dispersal potential and to be an unlikely species to exhibit much population genetic structure 

prior to intensive genetic studies. However, Bird et al. (2007) found significant genetic structure 

(using mtDNA) among islands that were separated by 270 km. Using thousands of nDNA SNPs, 

Cockett (2015), identified significant genetic structure among all islands investigated, and Gurski 

(2016) identified significant genetic structure among habitats on the island of Kaua‘i. Here, we 

studied the population structure of C. exarata, along ~100 m - 6.5 km of coast on the island of 

Maui with the two aforementioned communities. Through an intensive sampling of individuals 

and loci, we tested for population structure of C. exarata among 11 sites which included the two 

proposed management areas. 
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II.2 Materials and Methods 

II.2.1 Study site and field sampling 

Reproductively mature C. exarata adults (shell length ≥ 3 cm) were collected along ~6.5 km of 

the coast of Maui in 2014 prior to the initiation of community-based management efforts. The 

exact coordinates of the sampling locations are not reported due to a confidentiality agreement 

with the two community organizations that facilitated the survey. The sampling design was 

focused on two proposed no-take sites (“Rest Areas”: RA1, RA2) separated by 4 km and 

locations approximately 100 and 1000 m from their boundaries (Figure 1). Rest Area 1 had 90 m 

of linear coastline, and RA2 was 1734 m long (sizes were determined independently by the 

community organizations). Consequently, two survey locations were positioned near the 

boundaries of RA2, and a total of 11 sites were surveyed. We sampled ~200 mg of foot tissue 

from 18-23 adults per site (> 3 cm shell length, Table 1). The tissues were stored in a “RNA-

Later Like” storage buffer composed of Ammonium Sulfate and Sodium Citrate, buffered to pH 

5.2 (de Wit et al., 2012) and kept at room temperature for 24 hours prior to freezing (-20 ℃). 

Samples were transported to Texas on dry ice and stored at -80 ℃. 

 

II.2.2 ddRAD library preparation and sequencing 

All DNA isolation and library preparation procedures were performed in coordination with 

Texas A&M University - Corpus Christi Genomics Core Laboratory. DNA was extracted from 

foot tissues using the Omega Biotek EZNA 96 tissue kit with two amendments to the standard 

protocol. Between 50 and 150 mg of tissue were digested and the final elutions of the DNA from 

the silica membrane were kept separate (4 elutions total) because the distributions of DNA 
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fragment lengths become more top heavy in subsequent elutions, and RADseq is known to be 

sensitive to short DNA fragments. To select the best elution from each sample, the distribution of 

DNA fragment lengths was visualized with agarose gel electrophoresis conducted with Bioline 

HyperLadder 1, and each was scored based upon the ratio of high to low molecular weight DNA. 

The elution with the best score for each ‘opihi was transferred to a new plate using an epMotion 

5750 fluidics robot for downstream processing. If DNA < 1500 bp was visible on the gel, small 

fragments were removed using a 0.8x Beckman-Coulter SPRIselect bead reaction. Only samples 

with DNA fragments of ≥1500 bp weight were selected for library preparations.   

The DNA from each ‘opihi was fluorescently quantified in duplicate using the Biotium 

AccuBlue High Sensitivity dsDNA Quantitation Kit. All samples were normalized to 25 uL and 

150 ng of DNA prior to restriction digest. Double digest RAD libraries (ddRAD) were prepared 

following Peterson et al. (2012) with some modifications. Concisely, the DNA samples were 

cleaned with Beckman-Coulter AMPure XP paramagnetic beads (which were also used for all 

subsequent reaction cleanup steps unless otherwise noted), digested at 37℃ for 3 hours using the 

Msp1 and EcoR1 restriction enzymes. After digestion, the samples were ligated to stubby P1 

adapters containing internal 6 bp barcodes and a stubby P2 adapter (no barcode). The samples 

were then pooled in groups of up to 48, and all samples within a pool had a unique barcode. The 

pools were then size selected for 400-600 bp fragments using Sage Sciences Pippin Prep and 

amplified with six cycles of PCR with primers that contained dual combinatorial indices to 

uniquely identify each pool and the Illumina sequencing capture and priming sites. The PCR 

protocol was: heating at 98 ℃ for 60 s, six cycles (98 ℃ for10 s, 62 ℃ for 30 s, 72 ℃ for 30 s), 

a final step of 72 ℃ for 60 s and then kept at 4 ℃. The pools were then checked for primer 

dimer using the Agilent HS NGS fragment kit, and samples with detectable dimer were cleaned 
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before qPCR using the KAPA Library Quantification Kit. Pools with unique indexes were 

combined in equimolar concentrations, size selected (450 – 550 nt) with a Pippin Blue, and 

fragment length was confirmed on an Advanced Analytical Fragment Analyzer. For each 

individual, libraries were constructed to target ~500,000 paired end DNA sequence reads 

(2x150bp) from 10,000 loci and an average depth of coverage of 50X. Sequencing was 

performed on an Illumina HiSeq4000 Genome Sequencer at the New York University Langone 

Health Genome Technology Center.  

 

II.2.3 Processing sequencing data 

The retained sequences were posteriorly processed for de novo reference genome assembly, 

mapping and genotyping using a fork of the dDocent pipeline (Puritz, Hollenbeck, & Gold, 

2014) with modifications, dDocentHPC (https://github.com/cbirdlab/dDocentHPC; settings are 

in Supplement S1). Briefly, trimmomatic (Bolger, Lohse &,Usadel, 2014) was used to remove 

adapters and low quality bases from the sequence reads using the default dDocentHPC settings 

for both assembly (146 bp minimum length, minimum phred q = 15) and mapping (75 bp 

minimum length, 20 minimum base quality). A reference genome was constructed de novo from 

the ddRAD data using Rainbow (Chong, Ruan, & Wu 2012).  The reads were mapped to the 

reference genome with BWA-MEM (Li, 2013) and filtered to remove reads with mapping 

quality below 20, alignment score below 50, more than 20 soft clipped nucleotides, and 

secondary alignments, as well as unaligned read pairs and orphaned reads using SAMtools view 

(Danecek et al., 2021). Mapping performance was checked by inspecting 25 randomly selected 

contigs by eye with IGV 2.4.4 (https://software.broadinstitute.org/software/igv/download). 

Genotyping was performed using FreeBayes (Garrison & Marth, 2012) with the default 



 

27 
 

dDocentHPC settings which force the calling of SNPs rather than multinucleotide 

polymorphisms (MNPs) because MNPs cannot be properly deconstructed into SNPs with 

existing software without losing statistics in the VCF file that are critical for filtering.  

The resulting data were filtered using fltrVCF (https://github.com/cbirdlab/fltrVCF) 

loosely following O’Leary et al. (2018).  The filters as well as their order and settings are 

provided in Supplement S2. Only biallelic SNP loci with a minimum mean depth of coverage ≥ 

20, exhibiting frequency patterns consistent Hardy-Weinberg equilibrium were retained. Contigs 

that were identified as potential paralogs in ≥2.5% of individuals or with more than 100 

haplotypes by rad_haplotyper (Willis et al., 2017) were discarded. In the final step of the filter, 

the most informative SNP per contig was selected (alternative allele frequency closest to 0.5). 

The final filtered VCF file was converted to different input files using PGDSPIDER 2.1.1.5 

(Lischer & Excoffier, 2011). The programs BayeScan 

(http://cmpg.unibe.ch/software/BayeScan/) and Arlequin 3.5.2.2 (Excoffier, Laval, & Schneider, 

2005) were used to identify loci that potentially were under selection. Only putatively neutral, 

non-outlier loci were retained for analysis. 

 

II.2.4 Population structure and connectivity analysis 

Genetic diversity (Ho: observed heterozygosity, He: expected heterozygosity given Hardy-

Weinberg equilibrium) and genetic structure were estimated using Arlequin. For the genetic 

structure, a hierarchical analysis of molecular variance (AMOVA, Excoffier, Smouse, & Quattro, 

1992) was performed, with sites nested within each of the two Maui communities (RA1 & 

surrounding sites, RA2 & surrounding sites). Pairwise FST among sites were also estimated, and 

their level of significance was corrected for multiple comparisons using the Benjamini-Hochberg 
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(1995) procedure. Isolation by distance was tested with a Mantel (1967) test, using the pairwise 

FST and the shortest underwater distance between sites. While the Mantel test is sensitive to 

spatial autocorrelation (Guillot & Rousset, 2013), the dispersive pelagic larvae and large 

population size relative to sample size minimizes the probability of spatial autocorrelation in this 

data which would present as an increased probability of sampling relatives as the distance 

between samples decreases.  The Mantel test was run using the R package ade4 (Dray & Dufour, 

2007) with 10,000 permutations to assess significance. 

We also addressed population structure with a clustering approach, inferring the most 

probable number of genetic clusters in the study area without regard to their location through a 

discriminant analysis of principal components (DAPC, Jombart, Devillard, & Balloux, 2010) and 

a Bayesian clustering technique (STRUCTURE, Pritchard, Stephens, & Donnelly, 2000). While 

STRUCTURE assumes that loci are unlinked and in HWE, the DAPC is an assumption-free 

multivariate technique. We ran STRUCTURE in parallel using GNU Parallel (Tange, 2011), 

with a burn-in period of 500,000 followed by 800,000 Markov chain Monte Carlo steps, under 

admixture model, and ten runs per number of genetic clusters (K = 1-11) tested. We used the R 

package adegenet 2.1.1 (Jombart et al., 2020, 2008) to run the DAPC. The optimal number of 

principal components to retain for our data was determined with cross-validation and α-score. 

The relatedness among possible dyads of individuals was calculated and used as a proxy 

for estimating current gene-flow in the area (Iacchei et al., 2013, Schunter et al., 2019). Using 

Coancestry (Wang, 2011), we performed simulations of identical twins, parent-offspring, full-

siblings, half-siblings and cousins (1000 dyads for related dyads, 10,000 for unrelated) to 

evaluate the performance of seven relatedness estimators and identify the methodology that 

performed the best following the Coancestry manual. We also used the results of the simulations 



 

29 
 

to delineate upper and lower relatedness value ranges that were consistent with the relatedness of 

full-siblings, half-siblings and cousins (Supplement 1, Figure S3).  

To test whether individuals were more likely to be related to other individuals from the 

same sampling site or other sampling sites, we fit Bayesian binomial general linear models 

(dyad_related ~ within_vs_between + (1 | site1) + (1 | site2) + (1 | individual1) + (1 | 

individual2)) with 4 chains for 2000 iterations (1000 warm up) using the rstanarm::stan_glmer 

(Gelman & Hill, 2007; Muth, Orvavecz, & Gabry, 2018), emmeans::emmeans (Lenth, 2021) and 

brms::brms R commands (Burkner, Gabry, Weber, Johnson, & Mordrak, 2021).  In the formula, 

dyad_related represented whether dyads were related (one) or not (zero) given the relatedness 

detection threshold which was determined with the Coancestry simulations described above.  

The predictors were the sites and identities of the two individuals in each dyad and to perform 

the contrast and whether or not the individuals were from the same site (within_vs_between).  

The model fits were confirmed using the R command bayesplot::pp_check (Gabry, Simpson, 

Vehtari, et al., 2019).   

To test for the over and under representation of related individuals within and among 

sites, we performed a permutation test using R (https://github.com/cbirdlab, Iacchei et al., 2013), 

randomizing the assignment of individuals to populations while enforcing the observed sample 

sizes and re-estimating the proportion of dyads that were related at the three different relatedness 

levels. The results of the permutations were corrected for multiple comparisons using Benjamini-

Hochberg false discovery rate (FDR) procedure (B-H). 
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II.3 Results 

A total of 222 C. exarata individuals were sequenced (Table 1), yielding 187,276,178 sequence 

reads, with a mean of 0.7 mil reads per individual (range 0.1 mil to 2.6 mil, Supplement 1, Figure 

S1). Only individuals with at least 145,000 read pairs were used for de novo reference creation 

and genotyping. The reference genome had ~20k contigs, and after genotyping, there were 

11,108 contigs with 197,327 variants (SNP and indel). After filtering SNP loci by number of 

alleles, quality score, missing data, maximum number of haplotypes, paralogs, allele balance, 

depth of coverage, and Hardy-Weinberg equilibrium, 2,463 contigs, 52,915 SNPs, and 205 

individuals remained. Most of the SNPs that were removed was due to possible paralogs and 

missing data (Supplement 1 Figure S2). One contig had an FST outlier and was removed from the 

dataset. The most informative SNP from each contig was identified and used in the subsequent 

analyses. 

Genetic variability was similar between the sites, with Ho = 0.27 - 0.31, He = 0.29 - 0.31, 

and inbreeding coefficients (FIS) of -0.05-0.06 and (FX) 0.04-0.11 (Table 2). The site-level 

inbreeding coefficients (FIS) were not significantly different than zero, but site 7 exhibited a 

slight indication of elevated inbreeding. Overall, FIS was not significantly different than zero (p = 

0.49, Table 3). The TrioML inbreeding coefficient (FX) results were similar with the FIS results, 

with site 7 having the highest level of inbreeding.  

There was no statistically significant evidence for genetic structure in the either global 

AMOVA testing for structure between communities (FCT = 0.0007, p = 0.15) and among sites 

nested within communities (FSC = 0.00002, p = 0.46, Table 3) or the pairwise FST values (B-H 

FDRcorrected p > 0.65; Table S1). There was no evidence for isolation by distance in the 
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relationship between pairwise FST and geographic distance between sites (Mantel test r = 0.0306, 

p = 0.3691).  

In general agreement with the AMOVA results, there was little evidence of genetic 

differentiation among sites with STRUCTURE or DAPC (Figure 2).  However, the DAPC 

centroid of site 6 was separated from most of the other sites (Figure 3).  There was evidence of 

multiple genetic groupings within the survey sites.  Evanno’s method was used to identify K=3 

as the most likely number of genetic clusters in the STRUCTURE results, while the DAPC 

detected the presence of two clusters (using the find.clusters function). 

Based upon simulations of relatedness between dyads including allelic dropout (0.2), 

genotyping error (0.04), and the observed levels of missing data for each locus, the TrioML and 

DyadML relatedness estimators exhibited the least variation and became more accurate with 

lower values of relatedness (Supplement 1, Figure S3). We selected TrioML for our analyses and 

established the relatedness value ranges observed for simulations of full-siblings (0.2785 < r ≤ 

0.577), half-siblings (0.1354 < r ≤ 0.2785) and cousins (0.0785 ≤ r < 0.1354). Unrelated 

individuals never resulted in a relatedness above 0.0785 in 100,000 bootstrap simulations of 

dyads, thus 0.0785 was both the threshold Fx by which significant relatedness was defined and 

also was the lower bound on the equivalent relatedness exhibited by cousins. Dyads of related 

individuals were found along the study area, both between individuals of the same site and from 

different sites, corresponding mainly to the level “cousins” (Figure 4), though 11% of individuals 

were not significantly related to any samples (Supplement 1, Table S2).  

There was a greater proportion of inter-site dyads (pairs of individuals) that were related 

than intra-site dyads (p = 0.015).  There were 51 individuals (25%) where the proportion of 
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related individuals within the same sites was higher and 131 individuals (64%) where the 

proportion of related individuals outside of the site was higher. The permutation test indicated 

that the number of related individuals shared between sites 6 & 11 was greater than predicted by 

random expectation (p < 0.0001). Relaxing  to 0.1, there was an indication that sites 2 & 7 and 

7 & 11 shared more related individuals than the random expectation, while sites 3, 4, and 8 

exhibited fewer related individuals than expected.  

 

II.4 Discussion 

II.4.1 Little spatial genetic structure 

We found no strong evidence of genetic structure for C. exarata in the study area based on the 

AMOVA and pairwise FST, a result that was  not unexpected given the small spatial scale of the 

study relative to the dispersal potential of the species’ lecithotrophic, planktonic larvae. Most 

genetic studies on marine populations of broadcast spawners along contiguous coastlines have 

found genetic structure starting around 100-1000 km of distance (Palumbi, 2004). Consequently, 

the dearth of structure along the <10 km of coast covered in this study was not surprising. In 

agreement with the frequent low levels of genetic differentiation found in marine species (FST 

<0.01, Benestan et al., 2015), all the pairwise FST  values were relatively small (-0.0037 - 0.0055, 

Table S1) given they can hypothetically achieve a value of 1. Nevertheless, site 6 was suggestive 

of chaotic genetic patchiness, exhibiting both most of the highest pairwise FST values and the 

most divergent centroid in the DAPC (Figure 3).  
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II.4.2 Cryptic genetic clustering 

The results of the clustering analysis are also indicative of a degree of genetic structure within 

the length of coastline investigated with the identification of two (find.clusters, DAPC) to three 

(Evanno’s K, STRUCTURE) genetic clusters of limpets. There was not a relationship between 

geography and cluster membership, with the proportion of one cluster or the other per individual 

being indifferent to their collection site. This apparent absence of isolation by distance was also 

supported by the FST values. However, the STRUCTURE plot for K=2 (Figure 2b) shows one of 

the clusters was less represented in the area (purple cluster, Figure 2, 4S), with fewer individuals 

exhibiting memberships >50% to this cluster when compared to the other cluster (blue).  

These patterns of cluster assignment in both STRUCTURE and the DAPC are atypical in 

marine broadcast spawners and are more often observed in known hybrid zones such as that 

between native and invasive Mytillus spp. along the Pacific coast of North America (Saarman & 

Pogson, 2015).  However, there was no evidence for the presence of another species in the 

samples, let alone an invasive species.  There are three species of Hawaiian Cellana that 

segregate by shore height (Bird, Franklin, Smith, & Toonen, 2013) and all samples collected here 

were inspected on the day of collection by Bird, a taxonomic expert with 14 years of experience 

in the system during the survey and a record of 100% accuracy in the taxonomic identification of 

non-hybrids collected in the Main Hawaiian Islands (Bird et al., 2011).  There can be a low 

percentage of wild F1 hybrids between C. exarata and C. talcosa (0.45%, Bird et al., 2011), well 

below the proportions of alternate assignment to genetic clusters observed here.  Rather, we 

propose that the genetic clusters here represent previously unidentified genetic structuring within 

the population.  This the first genome-wide survey of genetic variation in C. exarata individuals, 

so it is unsurprising that new patterns of genetic structuring would be revealed.  
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Recently, Hamilton et al. (2020) identified a geographic pattern in the shell shape and 

color morphotypes of C. exarata across the Hawaiian archipelago, with taller, lighter colored 

shells on uninhabited Northwestern islands and flatter, darker shells on inhabited Southeastern 

islands. There was a correlation between the genetic structure among islands reported in Bird et 

al. (2007) and morphotype prevalence. Notably, the two morphotypes are found on Kaua‘i and 

Gurski (2016) identified a pattern of strong species-level genetic differentiation among habitats 

where the two morphotypes were differentially dominant. However, this does not appear to be 

overtly related to the genetic clustering observed on Maui.  Gurski (2016) did not identify the 

same pattern on either O‘ahu or the Big Island of Hawai‘i, which bracket Maui geographically, 

using a genome-wide survey of genetic diversity in pools of individuals, which precludes DAPC 

and STRUCTURE analysis.  Notably, the Maui specimens in Hamilton et al. (2020) are a subset 

of the limpets studied here, and almost all of the Maui limpets in this study exhibited the latter, 

flat and dark morphotype.  Therefore, we propose that the genetic clustering observed on Maui in 

the present study is unrelated to the broadscale correlation between morphotype and genetic 

structure across hundreds of km and is driven and/or maintained by a different, presently 

unknown mechanism. The lack of two distinct groupings in the DAPC scatter plot (Figure 3) 

support this conclusion and a subtler pattern than two different species in a hybrid zone. 

 

II.4.3 Relatedness, dispersal and connectivity 

The patterns in the degree of relatedness indicate that there is high contemporary gene-flow and 

mixing of C. exarata in the study area, with relatively closely related individuals sampled among 

all collection sites. The fact that most individuals were related to multiple individuals, both 

within and outside their collection sites, as well as the 23 individuals with no detectable 
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relatedness to any of the other sampled individuals, are evidence for the presence of short-, mid-, 

and long-range dispersers in the population, something that has previously been reported in 

marine species (Schunter et al., 2019). This variety in dispersal could also explain the lack of 

isolation by distance, a pattern that can be expected, even over short distances, for organisms 

with a pelagic larval stage that develops in an environment with a prevailing unidirectional 

current. Though the classic dispersal kernel model also exhibits short-, mid- and long-range 

dispersers (Chiswell, 2012), there are differences in the frequencies of these categories - a pattern 

that would, in general, reflect a decline in relatedness as the distance from the source increases. 

In this study, it is possible that the scale of sampling is very small relative to the dispersal kernel 

and instances of over- and under relatedness between sites could be consistent with the 

expectations of chaotic genetic patchiness.  There are two patterns, however, that point away 

from chaos: (1) relatedness tended to be lower within sites and (2) the largest numbers of related 

individuals are observed between sites.   

There was no evidence for the disproportionate retention of larval propagules and self-

recruitment within sites.  There were three sites (3, 4, & 8; Figure 4a) with at least some 

indication of fewer related dyads within the sites than expected by random chance.  Additionally, 

when comparing the proportions of related dyads within versus among sites, there was either a 

high proportion of related dyads with other sites relative to within the site or no significant 

difference (see Table S2). This indicates that there is appreciable larval mixing among sites that 

tends towards export rather than retention.  In a conservation context, the proposed rest area sites 

in both communities exhibited a relatedness pattern consistent with lower levels of retention 

(sites 3 and 8), suggesting that they might effectively export larvae, rather than serving as 

museums that only retain larvae.  Indeed, in the 2.5 years following the implementation of the 
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rest areas, census surveys showed a pattern of population growth down current, but not up 

current, from the rest areas (Bennett, 2018).  A bigger concern raised by the relatedness results 

here was whether the rest areas would host adequate recruitment from surrounding harvested 

areas.  The rest area at site 3 did exhibit significant increases in individuals < 3 cm, but site 8 

exhibited a pattern consistent with recruitment limitation, with an increase only in individuals > 

3 cm (Bennett, 2018).  Site 9 was also in a rest area, but not exhibit a relatedness pattern 

consistent with self-recruitment limitation, and like site 3, exhibited significant increases in 

individuals < 3 cm.  The relatedness data collected prior to management did provide some valid 

insights regarding larval export and retention in the rest areas. 

While there was some predictive value in the relatedness data, unusually high numbers of 

related individuals shared between sites did not predict the observed patterns of population 

increases down current from the rest areas following their implementation (see Bennett, 2018). 

The greatest overrepresentation of related dyads was observed between sites that were 1.6 - 4.4 

km apart (Figure 4a, sites 2 & 7, 6 & 11, 7 & 11), pointing towards an open system where larval 

retention is less common than in classic dispersal kernel models.  However, Bennett (2018) 

found that the greatest effects of the rest areas on population growth occurred within or near their 

boundaries, with more diffuse impact at 1 km down current. This discrepancy can be explained, 

in part, by the sampling of only adults, as well as the inherent temporal variability in planktonic 

larval dispersal.  By comparing the genetic composition of adults from a single time point in this 

study, we may not be capturing larval dispersal patterns as well as if we were to compare adults 

and recruits collected contemporaneously. Rather, we are likely to be sampling among multiple 

cohorts that have successfully dispersed, recruited, and survived, and which are expected to 

result in chaotic genetic patchiness. We are also sampling a small proportion of the population 
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which reduces the chances of sampling closely related individuals.  Indeed, we only sampled one 

pair of individuals with the equivalent relatedness exhibited by siblings.  

Sites 7 and 11 were noteworthy because they shared a high proportion of related individuals with 

each other, and other sites (Figure 4a, Table S2).  There are no obvious connections between 

these sites beyond the relatedness data. It is plausible that currents directed larvae from up 

current sites towards site 11. Indeed, in population census surveys from 2014 to 2017, there was 

a significant increase in “adolescent” C. exarata (1-3 cm) at site 11 following the 

implementation of the rest area encompassing sites 8 and 9 which was consistent with larval 

dispersal down current (Bennett 2018).  Site 11 is on a corner/edge where the prevailing current 

leads towards open ocean, hence away from suitable habitat for limpets, and the probability of 

successful settlement down current from site 11 may decrease for larvae originating up-current 

of site 11. While not significantly higher than expected by random chance, the proportion of 

related individuals within site 11 was the highest among the sites, which also favors the idea of a 

relatively high settlement in this site. In a way, high larval retention, either found as high self-

recruitment or limited dispersal, is related to staying close to a suitable habitat. In coral reef fish, 

for example, larvae not only exhibit behavior that lead them towards a coral reef, in some cases 

they favor returning to their home reef (Gerlach et al., 2007), a place that will highly likely 

guarantee a suitable habitat. Morgan, Miller, Robart, & Largier (2009) found that crustacean 

larvae from an up-welling region (high probability offshore transport) remained closed to the 

coast by actively adjusting their position in the water column. It is possible that oceanographic 

conditions promoted recruitment in sites 11 and 7 from up current. 
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II.5 Conclusion 

Our research showed that Cellana exarata is well connected in the ~6.5 km studied, yet there 

exists some level of genetic patchiness, as seen by the greater relatedness between some sites. It 

was a surprise to identify more than one genetic cluster at each of the sampling sites and the 

origins of the clusters are unknown. While the genetic patterns described here were not tightly 

correlated with subsequent patterns in inferred larval dispersal from rest areas to other sites from 

2014-2017, there was an indication of high mixing that favors the goal of rest-areas providing 

larvae subsidies to actively harvested areas.  Further insights may be possible by surveying more 

than one generation to determine the pathways that larvae follow. It is also important to carry out 

more research that to determine if indeed there is a tendency for low retention of larvae in 

specific sites, and if this could potentially affect the degree of sustainable harvest that is possible 

in different areas. 
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Figures 
 

 
 
Figure II.1 Sample collection was carried out in two rest areas (community-managed no-take 
sites), RA1 (3) and RA2 (8, 9), and their non-rest area surroundings. Distances given are in a 
straight line and do not necessarily represent linear coastline. The non-rest area sites were 
located at ~100 m (2, 4, 7, 10) and ~1000 m (1, 5, 6, 11) up-current and down-current from the 
borders of each rest area. The samples were collected prior the establishment of the RAs.  
I am bound by confidentiality agreement to not divulge the location of the rest areas, and thus, 
any of the sampling sites  
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Figure II.2. Bar plots representing the membership estimates for each cluster per individual (each 
vertical line represents an individual). The top two figures correspond to the results the analysis 
performed with STRUCTURE for K=3 (a) and K=2. The DAPC results are for K=2. The sites 
are ordered from up-current (left) to down-current (right). 
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Figure II.3. Scatter plots of the DAPC analysis, using the collection sites as grouping. The 
centroids are denoted with the site label (see Table 1) and the ellipses represent 50% of the 
centroid. DA (discriminant analysis) eigenvalues: F-statistic vs Linear discriminants 
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Figure II.4. Heatmap of the relatedness between individuals of the 11 sites. The relatedness 
estimates (TrioML) are shown (a, top triangle), as-well as dyads with the equivalent relatedness 
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of first cousins (a, bottom triangle), half-siblings (b, upper triangle) and full-siblings (b, bottom 
triangle). Pairwise site comparisons where the proportion of observed number of related dyads 
were significantly greater (dark red) or lesser (blue) than what was expected by random chance 
are highlighted ( = 0.05, B-H FDR). The dashed outlines indicate cases that were significant 
given  = 0.1. 
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Tables 
 
Table II.1. Site abbreviations (Site Abbr), total individuals sequenced (Inds Seq) and total 
individuals that passed the SNP filtering and were analyzed (Inds Ana).  
 

 
 
  

Site 
Site 

Abbr 
Inds 
Seq 

Inds 
Ana 

EastMaui1-1000N 1 18 18 
EastMaui1-100N 2 19 19 
EastMaui1-RestArea 3 17 13 
EastMaui1-100S 4 21 16 

EastMaui1-1000S 5 23 21 
EastMaui2-1000N 6 21 21 
EastMaui2-100N 7 22 20 
EastMaui2-RestAreaN 8 17 16 
EastMaui2-RestAreaS 9 20 19 
EastMaui2-100S 10 22 22 
EastMaui2-1000S 11 22 20 
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Table II.2. Mean observed (Ho) and expected (He) heterozygosities, inbreeding coefficient (FIS) 
and TrioML estimated inbreeding coefficient (Fx) for the survey sites. EM1: East Maui1, EM2: 
East Maui2. Asterisks denote sites designated as rest areas. 
 

 
  

Site Ho±sd He±sd FIS pFIS Fx±sd 
EM1-1 0.28±0.17 0.30±0.16 0.05 0.12 0.09±0.00 
EM1-2 0.30±0.18 0.30±0.16 -0.02 0.63 0.06±0.00 
EM1-3* 0.30±0.17 0.31±0.16 0.03 0.30 0.08±0.00 
EM1-4 0.29±0.17 0.31±0.16 0.06 0.09 0.08±0.00 
EM1-5 0.29±0.18 0.30±0.16 0.00 0.49 0.06±0.00 
EM2-6 0.29±0.18 0.29±0.16 -0.02 0.68 0.04±0.00 
EM2-7 0.27±0.17 0.29±0.17 0.06 0.06 0.11±0.02 
EM2-8* 0.31±0.19 0.30±0.16 -0.05 0.81 0.06±0.00 
EM2-9* 0.30±0.19 0.29±0.17 -0.03 0.75 0.05±0.00 
EM2-10 0.29±0.18 0.29±0.16 0.01 0.38 0.05±0.00 
EM2-11 0.28±0.17 0.29±0.17 0.02 0.32 0.08±0.00 
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Table II.3. Global AMOVA. The global AMOVA used the 1,193 SNPs with less than 5% 
missing data.  FCT is the degree of genetic differentiation among regions, East Maui 1 and 2.  FSC 
is the degree of genetic differentiation among sites nested within regions.  FIS is the inbreeding 
index and FIT is the amount of genetic variance among individuals relative to the total. 
 

 
 
  

 

 F stat p-value 
FIT 0.0013 0.4694 
FIS 0.0006 0.4866 
FSC 0.00002 0.4612 
FCT 0.0007 0.1456 
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II.6 Supplemment  

 
 
Figure II.S1. Box plot of the total number of DNA sequence read pairs per individual prior to 
quality control. The target for each library was ~500,000.  
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Figure II.S2. Effects of data filters on the (a) number of individuals; (b) contigs (red line, left y-
axis) and SNPs (blue line, right y-axis) and contigs (red line, left y-axis), and (c) proportions of 
SNPs within depth of coverage bins. The filters are: 01, allelic states = 2; 02, variant type; 03, 
minimum QUAL; 08, sites with allelic strand bias; 09, sites with mapping quality biased by 
allele; 05, sites with too much missing data; 16, individuals with too much missing data; 17, sites 
with too much missing data in a single population sample; 07, invariant sites; 19, contigs that are 
possibly paralogous; 06, sites with extreme allele balance; 04, minimum mean depth of 
coverage; 13, maximum mean depth of coverage; 14, sites with lower coverage are converted to 
missing data; 18, remove sites that violate Hardy-Weinberg equilibrium; and 21, select most 
informative SNP per contig (see Supplements S3a,b).  
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Figure II.S3. Simulations of relatedness of different degrees (parent-offspring, using the 
observed allele frequencies. Red lines represent the expected mean relatedness for a given 
relationship. Metrics that better differentiated between weakly related and unrelated individuals 
were deemed to perform the best; e.g., TrioML and DyadML. 
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Table II.S1. Pairwise FST (fixation index) between sites (bottom half) and their B-H FDR corrected p-values (top half, shaded). 
 

 
 

 

1 2 3 4 5 6 7 8 9 10 11
Region 1 1 0.84 0.84 0.99 0.99 0.65 0.99 0.84 0.84 0.84 0.99

2 -5.90E-04 0.99 0.84 0.84 0.65 0.84 0.84 0.77 0.84 0.65
3 8.60E-04 -3.66E-03 0.84 0.84 0.84 0.89 0.84 0.70 0.99 0.70
4 -3.02E-03 -1.90E-04 1.86E-03 0.99 0.65 0.85 0.84 0.84 0.65 0.84
5 -2.14E-03 -8.80E-04 4.80E-04 -3.51E-03 0.65 0.93 0.84 0.84 0.84 0.88

Region 2 6 3.72E-03 2.67E-03 2.90E-04 5.45E-03 2.48E-03 0.65 0.65 0.65 0.84 0.78
7 -1.38E-03 -4.30E-04 -4.50E-04 4.00E-04 -1.09E-03 5.03E-03 0.84 0.92 0.84 0.89
8 -1.18E-03 -2.02E-03 -1.39E-03 -8.90E-04 -1.35E-03 3.15E-03 1.12E-03 0.65 0.84 0.75
9 1.40E-04 7.60E-04 2.35E-03 -5.90E-04 1.70E-04 2.25E-03 -1.43E-03 1.84E-03 0.78 0.84

10 1.54E-03 -1.50E-04 -3.45E-03 3.56E-03 9.90E-04 1.60E-04 9.60E-04 -3.30E-04 9.90E-04 0.69
11 -2.15E-03 2.84E-03 3.54E-03 1.70E-04 -1.09E-03 1.20E-03 -5.60E-04 1.80E-03 -6.40E-04 2.64E-03

Region 1 Region 2
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Table II.S2. Mean TrioML relatedness and proportion of related dyads per individual, 
distinguishing between dyads of individuals from the same site (WithIn) and from different sites 
(Out). The proportions (Prop) were calculated relative to the total dyads, WithIn and Out 
respectively per individual, counting as related those dyads which relatedness was ≥ 0.0785.  
This was the threshold at which related individuals could be distinguished from unrelated. 
 
Individual.ID Ind.Mean Mean.Out Mean.WithIn Prop.Out Prop.WithIn 
1_081 0.024 0.023 0.030 0.091 0.118 
1_082 0.015 0.015 0.017 0.011 0.000 
1_083 0.017 0.017 0.013 0.011 0.000 
1_084 0.020 0.020 0.021 0.048 0.000 
1_086 0.026 0.027 0.014 0.107 0.000 
1_087 0.013 0.013 0.008 0.000 0.000 
1_089 0.026 0.026 0.027 0.123 0.059 
1_090 0.018 0.018 0.026 0.021 0.059 
1_091 0.020 0.020 0.013 0.064 0.000 
1_093 0.018 0.017 0.027 0.016 0.000 
1_094 0.016 0.016 0.021 0.011 0.000 
1_095 0.017 0.017 0.016 0.016 0.000 
1_096 0.017 0.017 0.014 0.021 0.000 
1_097 0.016 0.016 0.016 0.005 0.000 
1_098 0.015 0.015 0.010 0.011 0.000 
1_101 0.024 0.025 0.020 0.091 0.000 
1_103 0.028 0.030 0.011 0.134 0.000 
1_104 0.018 0.018 0.018 0.021 0.000 
2_118 0.020 0.019 0.025 0.038 0.056 
2_119 0.021 0.022 0.014 0.054 0.000 
2_120 0.013 0.013 0.014 0.000 0.000 
2_122 0.020 0.021 0.016 0.043 0.000 
2_123 0.019 0.019 0.021 0.038 0.056 
2_125 0.019 0.018 0.023 0.027 0.000 
2_126 0.020 0.019 0.029 0.032 0.111 
2_127 0.017 0.018 0.015 0.027 0.000 
2_128 0.021 0.020 0.025 0.032 0.056 
2_129 0.024 0.024 0.024 0.091 0.111 
2_130 0.027 0.027 0.023 0.145 0.111 
2_131 0.019 0.019 0.018 0.016 0.000 
2_133 0.020 0.021 0.017 0.065 0.056 
2_135 0.016 0.016 0.020 0.005 0.000 
2_136 0.016 0.016 0.017 0.000 0.000 
2_137 0.014 0.013 0.021 0.000 0.000 
2_138 0.013 0.014 0.011 0.005 0.000 



 

57 
 

Individual.ID Ind.Mean Mean.Out Mean.WithIn Prop.Out Prop.WithIn 
2_139 0.022 0.022 0.018 0.102 0.111 
2_140 0.016 0.016 0.012 0.000 0.000 
3_025 0.016 0.016 0.017 0.010 0.000 
3_028 0.018 0.018 0.021 0.010 0.000 
3_031 0.017 0.016 0.020 0.005 0.000 
3_032 0.024 0.024 0.019 0.109 0.083 
3_033 0.016 0.016 0.020 0.026 0.000 
3_034 0.016 0.016 0.013 0.026 0.000 
3_036 0.022 0.022 0.022 0.120 0.083 
3_038 0.021 0.021 0.024 0.094 0.167 
3_043 0.025 0.026 0.016 0.125 0.000 
3_046 0.018 0.019 0.011 0.005 0.000 
3_047 0.019 0.019 0.019 0.047 0.000 
3_048 0.020 0.020 0.024 0.047 0.000 
3_051 0.019 0.019 0.022 0.047 0.000 
4_205 0.019 0.019 0.015 0.053 0.000 
4_206 0.016 0.016 0.014 0.011 0.000 
4_207 0.022 0.023 0.010 0.053 0.000 
4_210 0.017 0.018 0.012 0.021 0.000 
4_213 0.025 0.025 0.029 0.101 0.067 
4_214 0.022 0.023 0.019 0.095 0.067 
4_215 0.018 0.018 0.024 0.021 0.000 
4_217 0.022 0.021 0.027 0.053 0.067 
4_219 0.019 0.019 0.019 0.016 0.067 
4_220 0.019 0.019 0.024 0.032 0.000 
4_221 0.018 0.018 0.023 0.011 0.000 
4_222 0.022 0.021 0.029 0.074 0.133 
4_223 0.023 0.022 0.032 0.048 0.067 
4_224 0.016 0.016 0.019 0.005 0.000 
4_225 0.016 0.016 0.020 0.005 0.067 
4_227 0.014 0.014 0.008 0.005 0.000 
5_162 0.018 0.018 0.019 0.016 0.000 
5_163 0.022 0.022 0.029 0.065 0.100 
5_164 0.024 0.023 0.031 0.043 0.150 
5_165 0.025 0.025 0.021 0.130 0.050 
5_166 0.014 0.015 0.009 0.000 0.000 
5_167 0.016 0.016 0.010 0.016 0.000 
5_168 0.025 0.026 0.024 0.098 0.050 
5_169 0.013 0.013 0.013 0.005 0.000 
5_170 0.015 0.015 0.011 0.016 0.000 
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Individual.ID Ind.Mean Mean.Out Mean.WithIn Prop.Out Prop.WithIn 
5_171 0.020 0.022 0.009 0.092 0.000 
5_173 0.020 0.019 0.029 0.038 0.100 
5_174 0.017 0.016 0.018 0.027 0.000 
5_175 0.020 0.019 0.024 0.022 0.100 
5_176 0.015 0.015 0.012 0.005 0.000 
5_177 0.022 0.022 0.023 0.038 0.100 
5_178 0.022 0.021 0.028 0.049 0.150 
5_179 0.022 0.022 0.022 0.109 0.050 
5_182 0.019 0.019 0.018 0.038 0.000 
5_183 0.019 0.018 0.030 0.022 0.050 
5_184 0.017 0.017 0.024 0.005 0.000 
5_185 0.013 0.014 0.009 0.000 0.000 
6_448 0.022 0.022 0.024 0.098 0.100 
6_449 0.023 0.022 0.031 0.082 0.050 
6_450 0.023 0.023 0.022 0.103 0.100 
6_451 0.020 0.018 0.030 0.054 0.050 
6_452 0.016 0.015 0.023 0.005 0.000 
6_453 0.023 0.023 0.027 0.109 0.100 
6_454 0.021 0.020 0.030 0.098 0.100 
6_455 0.015 0.015 0.014 0.000 0.000 
6_456 0.014 0.014 0.017 0.000 0.000 
6_457 0.013 0.013 0.015 0.005 0.000 
6_458 0.018 0.018 0.011 0.016 0.000 
6_462 0.016 0.017 0.007 0.011 0.000 
6_463 0.015 0.015 0.017 0.005 0.000 
6_464 0.015 0.014 0.021 0.000 0.000 
6_465 0.019 0.020 0.010 0.022 0.000 
6_481 0.020 0.019 0.028 0.065 0.000 
6_482 0.013 0.012 0.019 0.000 0.000 
6_483 0.013 0.013 0.013 0.000 0.000 
6_484 0.024 0.024 0.028 0.103 0.100 
6_485 0.018 0.019 0.011 0.005 0.000 
6_486 0.014 0.014 0.021 0.005 0.000 
7_500 0.021 0.022 0.020 0.086 0.105 
7_501 0.022 0.022 0.022 0.097 0.158 
7_502 0.013 0.012 0.014 0.000 0.000 
7_504 0.021 0.022 0.015 0.119 0.000 
7_506 0.027 0.027 0.024 0.119 0.053 
7_507 0.018 0.019 0.013 0.027 0.000 
7_508 0.016 0.015 0.019 0.005 0.053 
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Individual.ID Ind.Mean Mean.Out Mean.WithIn Prop.Out Prop.WithIn 
7_509 0.016 0.016 0.011 0.011 0.000 
7_510 0.017 0.018 0.011 0.011 0.000 
7_523 0.021 0.021 0.021 0.081 0.105 
7_524 0.017 0.017 0.019 0.032 0.000 
7_526 0.024 0.024 0.024 0.070 0.053 
7_527 0.019 0.020 0.015 0.054 0.000 
7_528 0.018 0.018 0.015 0.032 0.000 
7_529 0.021 0.019 0.040 0.027 0.158 
7_530 0.016 0.015 0.028 0.038 0.053 
7_531 0.020 0.019 0.027 0.043 0.105 
7_532 0.016 0.016 0.019 0.016 0.053 
7_533 0.026 0.027 0.019 0.114 0.105 
7_534 0.023 0.023 0.017 0.070 0.053 
8_389 0.016 0.016 0.014 0.021 0.000 
8_391 0.025 0.025 0.019 0.101 0.067 
8_399 0.026 0.026 0.025 0.085 0.067 
8_400 0.024 0.026 0.006 0.111 0.000 
8_401 0.015 0.015 0.017 0.005 0.000 
8_402 0.018 0.018 0.019 0.011 0.000 
8_403 0.018 0.019 0.015 0.037 0.000 
8_404 0.012 0.012 0.011 0.000 0.000 
8_405 0.021 0.022 0.020 0.069 0.067 
8_407 0.018 0.017 0.023 0.016 0.067 
8_408 0.017 0.018 0.011 0.026 0.000 
8_409 0.019 0.019 0.018 0.032 0.067 
8_411 0.017 0.017 0.016 0.011 0.000 
8_413 0.016 0.016 0.016 0.011 0.000 
8_414 0.017 0.017 0.017 0.021 0.067 
8_416 0.013 0.014 0.010 0.005 0.000 
9_244 0.015 0.014 0.023 0.000 0.000 
9_245 0.012 0.012 0.008 0.000 0.000 
9_253 0.018 0.017 0.021 0.054 0.056 
9_254 0.020 0.020 0.021 0.048 0.056 
9_255 0.019 0.019 0.019 0.011 0.000 
9_256 0.012 0.012 0.019 0.000 0.056 
9_257 0.013 0.013 0.018 0.000 0.000 
9_260 0.018 0.018 0.018 0.054 0.000 
9_261 0.015 0.015 0.015 0.005 0.000 
9_262 0.015 0.014 0.023 0.000 0.056 
9_263 0.019 0.019 0.013 0.027 0.000 
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Individual.ID Ind.Mean Mean.Out Mean.WithIn Prop.Out Prop.WithIn 
9_264 0.025 0.026 0.016 0.129 0.000 
9_265 0.017 0.015 0.045 0.027 0.056 
9_266 0.018 0.018 0.014 0.022 0.056 
9_267 0.023 0.024 0.018 0.118 0.056 
9_268 0.017 0.014 0.044 0.000 0.056 
9_269 0.018 0.018 0.018 0.048 0.000 
9_270 0.022 0.023 0.014 0.108 0.000 
9_279 0.014 0.013 0.023 0.005 0.000 
10_299 0.017 0.018 0.011 0.016 0.000 
10_301 0.020 0.020 0.019 0.066 0.048 
10_307 0.022 0.022 0.028 0.109 0.095 
10_308 0.014 0.014 0.011 0.016 0.000 
10_309 0.021 0.022 0.015 0.055 0.000 
10_310 0.015 0.016 0.009 0.005 0.000 
10_311 0.012 0.012 0.016 0.000 0.000 
10_312 0.024 0.026 0.014 0.098 0.000 
10_313 0.014 0.013 0.018 0.000 0.048 
10_314 0.015 0.015 0.016 0.000 0.048 
10_315 0.030 0.030 0.032 0.175 0.190 
10_316 0.017 0.018 0.013 0.022 0.000 
10_317 0.017 0.018 0.013 0.022 0.000 
10_318 0.014 0.014 0.013 0.000 0.000 
10_319 0.016 0.016 0.015 0.005 0.000 
10_321 0.015 0.015 0.015 0.000 0.000 
10_322 0.018 0.017 0.027 0.044 0.048 
10_323 0.026 0.025 0.031 0.109 0.190 
10_324 0.025 0.025 0.027 0.082 0.048 
10_325 0.016 0.015 0.018 0.005 0.000 
10_326 0.015 0.014 0.022 0.000 0.048 
10_327 0.013 0.012 0.018 0.000 0.000 
11_328 0.023 0.024 0.015 0.081 0.000 
11_329 0.024 0.025 0.014 0.086 0.053 
11_330 0.027 0.028 0.016 0.114 0.105 
11_331 0.023 0.023 0.030 0.108 0.105 
11_332 0.021 0.022 0.016 0.049 0.000 
11_333 0.023 0.022 0.033 0.103 0.158 
11_334 0.015 0.015 0.022 0.000 0.000 
11_336 0.023 0.023 0.024 0.103 0.053 
11_337 0.014 0.013 0.017 0.005 0.000 
11_338 0.021 0.020 0.030 0.065 0.158 
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Individual.ID Ind.Mean Mean.Out Mean.WithIn Prop.Out Prop.WithIn 
11_339 0.020 0.019 0.028 0.032 0.000 
11_340 0.023 0.022 0.030 0.092 0.158 
11_341 0.019 0.019 0.022 0.027 0.000 
11_343 0.017 0.017 0.018 0.022 0.000 
11_346 0.013 0.013 0.009 0.011 0.000 
11_347 0.022 0.021 0.037 0.081 0.211 
11_348 0.026 0.025 0.037 0.103 0.053 
11_349 0.016 0.016 0.018 0.005 0.000 
11_350 0.020 0.021 0.013 0.022 0.000 
11_351 0.013 0.012 0.015 0.000 0.000 
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CHAPTER III: TALKING ABOUT MY GENERATION: COMPARING 

CONNECTIVITY PATTERNS OF ADULTS AND JUVENILES AT A SMALL 

SPATIAL SCALE IN AN INTERTIDAL BROADCAST-SPAWNER  

III.1 Abstract 

The study of genetic connectivity patterns of different cohorts provides valuable information for 

understanding biological processes that affect the sustainability of populations. In marine 

environments, it is common to find differences in the genetic structure and composition between 

adults and juveniles (or larvae), because marine systems and planktonic larval dynamics are 

variable in time and space. By coupling genetic structure analysis of different cohorts with 

relatedness analysis and assignment tests, one can test for contemporary movement of 

individuals, something that is valuable for conservation efforts, particularly for spatial 

management strategies like marine protected areas. We studied the genetic connectivity patterns 

of adults and juveniles of a broadcast spawning invertebrate (Cellana exarata) along ~25 km of 

coast in Maui, Hawai‘i. We analyzed 390 adults and 316 juveniles using 2,979 SNPs from 

ddRAD-libraries. Our collection sites included two sites established as “rest areas” (RA) by local 

communities where harvest of Cellana spp. was discouraged for ~3 years, and un-managed areas 

that were 100 m – 10 km from the border of the RAs. Our results suggest a highly connected area 

(only four significant pairwise FST and high relatedness) but with important spatial and temporal 

variation among genetic connectivity patterns that did not agree with isolation by distance or the 

prevailing sea surface currents in the area. The observed genetic patchiness that could be 

explained by variation in the source of new recruits, and is probably the result of a combination 

of seasonal and stochastic events.   
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III.2 Introduction 

Studies in the last decades have revealed high variability in the connectivity patterns exhibited by 

marine populations (Giangrande, Gambi, & Gravina, 2017; Jones et al., 2009; Piggott, Banks, 

Tung, & Beheregaray, 2008), finding a wide range of scenarios, from highly open populations to 

populations with high self-recruitment, and from stable connectivity patterns to significant 

differences between cohorts (Almany et al., 2007; Berumen et al., 2012; Cowen, Paris, & 

Srinivasan, 2006; Craig, Eble, Bowen, & Robertson., 2007; Hogan, Thiessen, Sale, & Heath., 

2012; Purcell, Kornfield, Fogarty, & Parker, 1996). This variability has mainly been evidenced 

by the common reports of chaotic genetic patchiness (Selkoe et al., 2010), a pattern that shows 

unexpected genetic structure in space and time (Johnson & Black 1982). Several studies have 

identified probable causes of these patterns through the study of genetic patterns in adults and 

juveniles (Coates, Hovel, Butler, & Bohonak, 2014; Christie, Johnson, Stallings, & Hixon, 2010; 

Hogan, Thiessen, & Heath, 2010; Schunter et al., 2020). Hence, studying different generations of 

a population (or groups of populations), either as adults from different time points or as adults 

and juveniles from the same time point, has proven crucial for determining and understanding 

marine connectivity patterns (Christie et al., 2010). 

  The study of the genetic connectivity in adults and juveniles in a region not only provides 

insight on changes between different generations, but also the opportunity to estimate 

contemporary movements of larvae (source and destination). This has been done by identifying 

the possible source population of juveniles through genetic assignment tests and parentage 

analysis (Benestan et al., 2015; Cowen & Sponaugle, 2009; Saenz-Agudelo, Jones, Thorrold, & 

Planes, 2009). These methods then enable then the possibility of studying population 

connectivity in a time scale that affects demographic and ecological processes, knowledge that is 
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relevant for the conservation of marine diversity (Saenz-et al., 2009; Van Der Meer, Berumen, 

Hobbs, & van Herwerden et al., 2015). Nonetheless, assignment tests and parentage analysis are 

only recently becoming popular on marine species, since prior to the development of new 

molecular techniques and increased computational power, the requirements for these analyses 

were particularly hard to fulfill (Saenz-Agudelo, Jones, Thorrold, & Planes, 2012; Saenz-

Agudelo et al., 2009; Williamson et al., 2016). Understanding contemporary population 

connectivity is highly valuable for the management and conservation of marine biodiversity, 

providing information that can improve the performance of spatially explicit conservation 

strategies such as marine protected areas (Van Der Meer et al., 2015).  

 Marine spatial management has been embraced by the state of Hawai‘i, which has set a 

goal to manage 30% of its marine resources by 2030 in an initiative named Holomua (Hawai‘i 

Division of Aquatic Resources, 2021).  It is expected that this goal can be achieved, in part, by 

embracing Hawaiian communities making efforts to manage their local marine resources. The 

state is promoting the establishment of Community Based Subsistence Fishing Areas that are co-

managed (Weible, Rodgers, Friedlander, & Hunter, 2021, see Mo‘omomi, 2013).  On the island 

of Maui, two communities independently established “rest areas” (RA) in 2014 for the prized 

endemic broadcast-spawning limpets (Cellana spp., locally known as ‘opihi), where through 

outreach and education, fishermen were encouraged to avoid harvesting within the RA (Bennett, 

2018). An analysis of the genomic population structure in adult C. exarata conducted prior to 

management indicated that the population was well mixed suggesting that larval export was 

likely, and there were some indications of low larval retention raising questions about 

recruitment limitation.  Census surveys of C. exarata (2014-2017) detected population growth 

both within and down current from the rest areas (Bennett, 2018), a pattern that was not 
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specifically predicted by the baseline genomic survey.  However, a signal of recruitment 

limitation was identified by the genomic survey in one of the rest area locations.  Inferences that 

could be drawn from the 2014 genomic survey were limited due to the focus on a snapshot of 

cohort and could be improved upon. 

Here, we conducted a replicate genomic survey in 2017 following the establishment of 

the Maui rest areas and estimated contemporary genetic connectivity in C. exarata through the 

analysis of genetic structure, relatedness patterns and assignment tests of adults and juveniles in 

~25 km of coastline. Given the high fecundity of C. exarata, the results are discussed in the 

context of sweepstakes recruitment (e.g. abalone, Coates et al., 2014, oysters Hedgecock, 1994) 

and other drivers of connectivity, as well as the effects of the rest areas on connectivity patterns. 

 
III.3 Materials and Methods 

III.3.1 Field sampling 

We collected reproductively mature adults (shell length ≥3 cm) and juveniles (shell length < 3 

cm) of C. exarata in February 2017 in Maui, Hawaii. The sampling design encompassed ~25.4 

km of coast that included two community managed rest-areas (RA1, RA2) that were established 

in 2014 (Bennett, 2018), as well as sites located at ~100 m, ~1,000 m, ~10,000 m up-current and 

down-current from the boundaries of each RA (Figure 1). The locations and sizes of the RA were 

determined independently by the community organizations (RA1: 75 m of coast, RA2: 1,700 m). 

We sampled ~48 adults and ~48 juveniles at each site, preserving a ~200 mg  of live foot tissue 

per individual in an Ammonium Sulfate and Sodium Citrate DNA-RNA pH 5.2 buffer (de Wit et 

al., 2012). The tissues were stored at room temperature for 24 hr, frozen at -20 ℃, shipped to 

Texas A&M University – Corpus Christi on dry ice, and stored at -80 ℃ until further processing. 
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III.3.2 ddRAD library preparation and sequencing 

The molecular processing of the samples (DNA extractions, fragment size selections, DNA 

quantifications and ddRAD library preparations) were performed following the methods 

described in Chapter 2 in collaboration with Genomics Core Lab (GCL) of Texas A&M 

University-Corpus Christi. Briefly, DNA was extracted using the Omega Biotek EZNA 96 tissue 

kit. Samples with DNA fragments ≥1500 bp were selected for library preparations and brought to 

an initial concentration of 60-80 ng. The library preparation consisted of a double digestion using 

the Msp1 and EcoR1 restriction enzymes, posteriorly ligating the resulting fragments with two 

adapters (P1 with internal barcodes, P2 no barcode) and then pooling the samples in groups such 

that each individual in the same group had a unique barcode. The pools were sized selected for 

400-600 bp fragments and then amplified through PCR reactions containing a unique dual 

indexing primer set per pool. The pools were then combined in equimolar concentrations and the 

desired fragment sizes (450-550 bp) were isolated using a Sage Science BluePippin pulse field 

electrophoresis machine. The libraries were sequenced on an Illumina HiSeq4000, targeting for 

500,000 paired end DNA sequence reads of 10,000 loci. Sequencing was performed on an 

Illumina HiSeq4000 Genome Sequencer at the New York University Langone Health Genome 

Technology Center, running each super library on four lanes of the sequencer. 

 

III.3.3 Processing sequencing data 

The sequences were demultiplexed using the ddRAD_demultiplex script (Bird & French, 2019) 

that uses the STACKS version 1.18 (Catchen et al., 2011) and GNU parallel software packages 

(Tange, 2011). The quality of the sequences was estimated and visualized using FastQC 

(Babraham Institute, 2019), MultiQC (Ewels, Magnusson, Lundin, & Käller, 2016) and the 
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sequence report generator from the GCL (Krell & Bird, 2019), paying attention to any 

discrepancies among sequences of different lanes for the same sample.  

Sequence trimming (for reference and mapping), construction of  de novo reference, 

mapping, and genotyping were carried out using dDocentHPC (Bird, 2020a), a modified version 

of the dDocent pipeline (Puritz, Hollenbeck, & Gold, 2014, see Chapter 2). The specific settings 

used are documented in (Supplement 1). For more details on the assembly, mapping and 

genotyping refer to the Methods section in Chapter 2. The variant call format (VCF) file 

resulting from genotyping was filtered using the fltrVCF script (Bird, 2020b), loosely following 

O’Leary et al. (2018). The filters, their order and settings are provided in (Supplement 2). Only 

biallelic SNP loci with a minimum mean depth of coverage ≥ 20, exhibiting frequency patterns 

consistent Hardy-Weinberg equilibrium were retained. Contigs that were identified as potential 

paralogs in ≥2.5% of individuals or with more than 100 haplotypes by rad_haplotyper 

(Hollenbeck et al., 2017) were discarded. In the final step of the filter, the most informative SNP 

per contig was selected (alternative allele frequency closest to 0.5).  Loci that were potentially 

affected by selection were identified using BayeScan (Foll, 2011) and Arlequin 3.5.2.2 

(Excoffier, Laval, & Schneider, 2005). These loci were removed, and only putatively neutral loci 

were kept for further analysis. We tested for cross-contamination between samples by correlating 

relatedness (see methods below) with microplate address in the library preparation and removed 

all samples exhibiting cross-contamination. Because the samples were arranged deliberately in 

the microplates, where wells were filled sequentially with 1 individual from each combination of 

site and life stage, it was possible to distinguish between a natural phenomenon and cross-

contamination in the laboratory. The filtered VCF file was converted to different formats using 

PGDSPIDER 2.1.1.5 (Lischer & Excoffier 2011). 
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III.3.4 Population structure and connectivity analysis 

Genetic diversity (Ho: observed heterozygosity, He: expected heterozygosity) was estimated 

using Arlequin. A beta regression model (Zeileis, 2021) was used to test for relationships 

between heterozygosity and life stage. Inbreeding was estimated per population the inbreeding 

coefficients FIS (Arlequin) and Fx (Coancestry, Wang, 2011).  

Population structure was evaluated with Wright’s F-statistics and genetic clustering 

techniques to determine the most likely number of genetic groups in the study area. Adults and 

juveniles were considered as different population samples at each site. We used Arlequin to  

perform a hierarchical analysis of molecular variance (AMOVA, Excoffier, Smouse, & Quattro, 

1992) and calculate pairwise FST, using the Benjamini-Hockberg procedure (Benjamini & 

Hockbergt, 1995) to correct for multiple comparissons.  For the AMOVA, the sites were grouped 

by community (Maui 1 & Maui 2) and life stage (adults, juveniles). Isolation by distance (Iacchei 

et al., 2013, Rousset, 1997) was tested for adults and juveniles using linearized FST [(FST / (1 - 

FST)] and geographical distance (shortest distances through the water between sites), using a 

Mantel test (10,000 replicates) with the R package ade4 (Dray & Dufour 2007). We also ran a 

Mantel test (Mantel, 1967) using pairwise FST from adults and juveniles to test if there was a 

difference between the two life stages. A discriminant analysis of principal components (DAPC, 

Jombart, Devillard, & Balloux, 2010; R package adegenet 2.1.1 Jombart et al., 2008) and a 

Bayesian clustering technique (STRUCTURE, Pritchard, Stephens, & Donnelly, 2000) were 

used to infer the most probable number of genetic groups in the study area [find.clusters function 

in DAPC, and Evanno, Regnaut, & Goudet (2005) method with STRUCTURE]. The reason for 

using these two clustering techniques was due to the differences in their assumptions, DAPC 

being free of assumptions while STRUCTURE assumes that loci are in Hardy-Weinberg 
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equilibrium and unlinked. We ran STRUCTURE in parallel using GNU Parallel (Tange, 2011), 

with a burn-in period of 500,000 followed by 800,000 Markov chain Monte Carlo steps, under 

admixture model, and ten runs per number of genetic clusters (K = 1-11) tested.  

Relatedness between pairs of individuals was estimated using Coancestry (Wang, 2011). 

The observed frequencies were used to simulate dyads of identical twins, full-siblings, half-

siblings, first cousins, second cousins, and unrelated individuals (1000 simulated dyads per 

category). We evaluated the performance of the seven estimators included in Coancestry, and 

chose the estimator that performed best with our data for further analysis, following the 

Coancestry manual. Based on the simulations, we delineated three levels of equivalent 

relatedness: full-sibs (dyads with a relatedness equivalent to full-siblings), half-siblings 

(relatedness equivalent to half-siblings) and cousins (relatedness equivalent to first cousins and 

greater than unrelated individuals). We calculated the proportion of related individuals per site 

(total related dyads site x/Total dyads site x) and individual (total related dyads individual 

x/Total dyads individual x), and their means. Permutation tests were conducted using an R 

version 3.6.3 (R Core Team, 2020) script (Lopez de Mesa & Bird 2019) to compare the observed 

relatedness to that expected by random chance. Individuals were shuffled among populations and 

age classes. The observed proportion of dyads that were related (number of related dyads/ total 

dyads) for each pair-wise population comparison (e.g. site01_site02) was compared to the null 

distribution generated by 10,000 permutations to generate p-values. We used the B-H FDR to 

correct significance values for multiple comparisons.  

Juveniles were assigned to the most probable adult source location using forensic 

assignment tests (Paetkau, Slade, Burden, & Estoup, 2004) with the software GenoDive 

(Miermans, 2020) and following the GenoDive manual. Given the allele frequencies of the 
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populations, the test estimates the likelihood of an individual’s genotype to be produced by a 

population. The likelihood ratio thresholds were estimated for each population via Monte Carlo 

test with an alpha of 0.002 and 1000 replicated datasets. The most probable source for the adults 

was estimated using the home likelihood (likelihood individual came from collection 

site/maximum overall likelihood) test statistic, which assumes that some possible population 

sources were not sampled. We used a significance threshold of 0.002, as recommended by 

Paetkau et al. (2004), for all population samples. To test for differences in assignment to (1) 

adult source populations 1-13 and (2) adult source populations up current, down current, and 

from the same site as the juveniles (self-sourced), we calculated the differences between the 

observed and expected number of juveniles assigned to the categories. For adult populations, the 

probability of randomly drawing any one of the 13 adult samples is 1/13.  When sites are 

categorized by position relative to the prevailing current, the probabilities vary by juvenile 

sample site as follows: same location as the source (1/13), an up current site (nup / 13), or a down-

current site (ndown / 13), where n is the number of sites either up or down current.  Significant 

deviations between observed and expected numbers of assignments were evaluated with a 2 test 

for each juvenile sample.  Following Zar (2013), we additionally performed a 2 test for 

heterogeneity among the juvenile sample assignments and a pooled 2 test combining all 

samples. 

 
III.4 Results 

Adults and juveniles of C. exarata were sampled at all sites except for site 3, where few 

juveniles were found, and a decision was made not to sample juveniles from the site (Table 1). A 

total of 1,273 individuals were sequenced, obtaining a mean of 643,607 sequences per 

individual. The de novo reference genome had 68,445 contigs from which 62,288 had variant 
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loci. After filtering the genotyped VCF file for biallelic SNP loci, quality score, missing data, 

maximum number of haplotypes, paralogs, allele balance, depth of coverage, and Hardy-

Weinberg equilibrium, and cross-contamination, 2,985 contigs, 62,934 SNPs, 390 adults and 316 

juveniles were kept for further analysis. Eight loci were identified as outliers potentially affected 

by selection and were removed from the data.  

Cross-contamination was the primary reason for the removal of samples from the 

analysis. Cross-contaminated samples tended to exhibit extremely high relatedness relative to 

what was observed in a separate set of samples from mostly the same sites in 2014 (Chapter 2) 

and were isolated to three of the six microplates, which included individuals from other sites not 

included in this study. A pair of highly related individuals was not sufficient to conclude they 

were cross contaminated, they also had to be associated with a pattern of highly related 

individuals in the microplates, where samples were arranged to decipher between a natural or a 

laboratory phenomenon. If there was any suspicion of cross-contamination, the samples were 

removed from further analyses. 

 Genetic diversity was similar among sites and life stages (Table 2). The mean Ho was less 

than the He in all sites and stages (p < 0.0001), but no significant difference was found between 

the Ho or F of adults and juveniles (p = 0.31, p = 0.51, respectively). The overall inbreeding 

coefficients were significant (FIS and FIT p < 0.0001, Table 3). The sample-level FIS values 

indicated statistically significant levels of inbreeding in the adults of sites 09, 10 and 13, and in 

juveniles of sites 02 and 06 (Table 2).  

 The results of the AMOVA (Table 3) and pairwise FST (Table 4) evidenced some level of 

spatial genetic structure in the study area. The variation among the combinations of region (Maui 

1, Maui 2) and life stage (adult, juvenile) was not significant (FCT = 0.0001, p = 0.21) but it was 
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significant among populations within the aforementioned treatment combinations, though small, 

(FSC = 0.0007, p=0.05). The pairwise FST values ranged from -0.00273 and 0.0244 (Table 4), and 

three of the four significantly differentiated comparisons were between adults and juveniles.  

There was also a significant pairwise difference between the juveniles sampled at sites 09 and 

10, both within the rest area of Maui 2.  No evidence for isolation by distance was found for 

either adults or juveniles (Mantel tests: adults p=0.12, juveniles p=0.48) and no correlation was 

found with the pairwise FST between adults and juveniles (p=0.21)  

The results of the STRUCTURE and DAPC and also indicated some level of structure, 

finding K=2 and K=4, respectively, as the most probable number of genetic clusters (Figures 2, 

3, S1). No discernable pattern was observed in/with the membership plots (Figure 2) in relation 

to site or life stage. Samples of adults from sites 08 and 13 were the most divergent in the DAPC 

scatterplot (Figure 3), but their centroids were within the 50% ellipses of several other samples.  

In the Coancestry simulations, TrioML was identified as the best relatedness estimator 

for our data (Supplement 1 Figure S2), with less variation and accurate estimations in weaker 

relationship categories, though there was a tendency for underestimation at higher levels of 

relatedness. We established 0.0616 ≤ r ≤ 0.1336 as cut-offs for the cousin level, 0.1336 < r ≤ 

0.277 for half-siblings, and 0.277 < r ≤ 0.4288 for full siblings. Every limpet sampled was 

significantly related to at least one other individual, although 213 individuals (117 adults, 96 

juveniles, Table S1) were not related to any individual from their own collection site. 

Nevertheless, there was not a significant difference in the proportion of related dyads within a 

sample (site x age class) versus outside of the sample, with 13 samples having a higher 

proportion of dyads being related within and 12 outside.  Regarding the different levels of 

relatedness, we found cousins in all sites and stages, but we only found half-siblings for certain 
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sites, and no full-siblings were found in the study area (Figure 4b). In the cousin level of 

relatedness, the permutation test identified 14 pairwise site comparisons with significantly more 

relatives than expected due to random chance (Figure 4b). There seemed to be a “hot-spot” of 

relatedness associated with the rest area in Maui 2 which involved the adults from the rest area 

sample sites (09, 10) and the juveniles from sites 10 and 11, which are down current from 09.  

There were also significantly more relatives than expected between juveniles at the following 

pairs of sites: 07-09 and 05-10, and the adults of sites 07 and 10. 

The forensic assignment testing revealed significant non-random patterning in the 

inferred source populations of the of the juvenile cohort (p = 1.8 E-37, Table 5, Figure 5a). 

Further, a heterogeneity test indicated that the juveniles sampled from each site were from the 

same population (p = 0.92).  There were more juveniles assigned to the adult samples from sites 

1, 7, 12, and to a lesser extent sites 2 and 4 (rest area), than expected by random chance (Figure 

5a, Table S1). Notably, not one juvenile was assigned to the adults sampled from site 13 (Figure 

S3), which is the farthest down current, and site 11 was underrepresented in the assignments 

(Figure 5, Table S1).  There was not, however, a significant bias towards assigning larvae to up 

current adult population samples despite the mean difference between observed and expected 

assignments being > 0 (p=0.689, Table 5, Figures 5b, S4).  When binning the assignments by “up 

current”, “down current”, and “self-sourced”, there was some heterogeneity among assignments 

for the juvenile sampling sites (p = 0.0079), and the juveniles sampled from sites 7 (p = 0.0073) 

and 12 (p = 0.026) were disproportionately assigned to their own sites, and indicator of elevated 

self-recruitment.   
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III.5 Discussion 

III.5.1 Sympatric genetic clusters 

While genetic structure was not systematically related to geography (no isolation by distance), 

there were at least two distinct, cooccurring, admixing genetic clusters observed at all sites 

(Figures 2, S1), as were observed in the 2014 survey of sites 2-12 (Chapter 2). The assignments 

of individuals to the genetic clusters are similar to what is observed in an admixed hybrid zone 

(El Ayari et al., 2019; Saarman & Pogson, 2015).  While it is unclear how the genetic clusters are 

maintained, it is unlikely to be driven by hybridization with a sister species (C. talcosa or C. 

sandwicensis, Bird, Holland, Bowen, & Toonen, 2011a).  Hawai‘i is an archipelago with five 

islands in the vicinity of Maui, two of which (O‘ahu, Big Island of Hawai‘i) have never shared a 

contiguous coastline with Maui.  Since C. exarata are obligate high intertidal species, the only 

way to maintain connectivity among the islands is pelagic larval dispersal, rafting, or 

contemporary transplantation.  It is plausible that the genetic clusters formed in isolation on 

separate islands and came into contact on Maui, and this could be considered the null hypothesis 

against which others are tested (see Coyne & Orr 2004).  In support of this allopatric hypothesis, 

there is subtle genetic structuring among C. exarata populations on these islands (Cockett, 2015).  

 

III.5.2 Connectivity patterns 

As was the case for the 2014 genomic survey of sites 2-12 (Chapter 2), there were high levels of 

genetic connectivity among sampling sites, with slight but significant evidence of genetic 

patchiness both in space and time. This is unsurprising for a species with an inferred dispersal 

kernel that extends to approximately 30 km (Conklin, Neuheimer, & Toonen, 2018) along the 

25km of coastline studied here. Nonetheless, the samples were not homogenous, with some 
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evidence of inbreeding, genetic differentiation among samples, over representation of relatives, 

and disproportionate variability in the assignments of juveniles to adult populations. Further, the 

genetic patterns were somewhat inconsistent between sampling times (adults, 2014 vs. 2017) and 

age classes (2017, adults vs. juveniles). 

Although AMOVA revealed no structure in 2014, there was some structure evident 

among samples in 2017 (FSC = 0.0007, p = 0.05) with significant pairwise differentiation 

between juveniles at sites 9 and 10 (both in the Maui 2 rest area) and three pairs of adult and 

juvenile samples. The primary difference between the sampling times appears to be among 

juveniles, suggesting that the recruits may not be a random sample of the adult population, 

resulting in genetic patchiness. The degree of genetic differentiation among the samples with 

significant differences detected here along 25 km of coastline on Maui (FST = 0.012 – 0.024) 

were similar in magnitude to those reported for C. exarata among adults sampled from different 

islands in the same Southeastern portion of the archipelago (FCT = 0.0037 – 0.034, Cockett, 

2015).  While different loci and filtering strategies were employed — because Cockett (2015) 

analyzed pools of individuals and this study analyzed individuals-- both studies used biallelic 

SNPs and the magnitudes of genetic differentiation inferred from F statistics should therefore be 

somewhat comparable (Bird, Karl, Smouse, & Toonen, 2011b).  There was, however, much less 

genetic structuring overall among the samples reported here, as evidenced by the low values of 

FCT (0.0001) and FCT (0.0007).  

There were also differences between the 2014 and 2017 surveys in terms of relatedness.  

The most conspicuous difference is the cluster of sites with more related individuals than 

expected at the Maui 2 rest area (sites 9, 10) and the site down current (11) in 2017.  The 

juveniles at sites 9, 10, and 11 shared more related dyads than expected by random chance with 
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the adults in the two rest area sites (9, 10).  These same sites were surveyed in 2014, and this 

pattern was not present.  The primary difference between the sampling times is the establishment 

of the rest area, which is correlated with significantly more adolescent and adult C. exarata in the 

rest area sites (9, 10), and more recruits in site 11 (Bennett, 2018). The increased density of 

reproductively mature limpets may have resulted in a localized increase in recruits from the rest 

area relative to before the rest area was established.  While this pattern is not strongly 

represented in the assignment test results (Figure S3), it does not preclude the possibility that 

recruitment to sites 9, 10, and 11 from sites 9 and 10 was weaker prior to the establishment of the 

rest area.  The assignment tests do indicate, however that the recruits may have been derived 

from additional sites.   

In 2014, there was an indication of recruitment limitation at sites 4, 5, and 9 with fewer 

related dyads than expected within those sites, but this was not observed in 2017.  Sites 4 and 9 

are both rest areas, and both, as well as site 5, experienced disproportionate increases in their 

reproductive populations between 2014 and 2017 relative to most other sites (Bennett 2018).  It 

is an interesting correlation, but changes in dispersal dynamics are likely also a contributing 

factor to these differences between 2014 and 2017, as well as the other pairs of sites in 2014 (7 & 

12, 8 & 12) and 2017 (7J & 9J, 7A & 10A, 5J & 10J).   

 

III.5.3 Processes driving connectivity patterns 

The results of both the 2014 (Chapter 2) and 2017 surveys are consistent with at least a 

small degree of spatial and temporal variation in genetic patchiness, but it is probably not driven 

in large part by “sweepstakes” recruitment or other processes that leave a similar footprint such 

as the non-random dispersal and/or retention of relatives in larval cohorts (Iacchei et al., 2013, 
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Selwyn et al., 2016). Temporal variation in genetic patterns has been observed in various marine 

species, both among multiple generations apart and among adjacent generations (Christie et al., 

2010; Cornwell, Fisher, Morgan, & Neigel, 2016; Hogan et al., 2010; Segura-García et al., 

2019). In some of these studies, a sweepstakes scenario has been proposed as the most plausible 

explanation for observed chaotic genetic patterns (Christie et al., 2010; Hedgecock & Pudovin 

2011).  Sweepstakes recruitment involves some parental individuals contributing 

disproportionately to a cohort, thus “winning” the sweepstakes, and is associated with decreased 

genetic diversity, increased levels of close relatedness and inbreeding coefficients in larval 

cohorts.  These genetic patterns would also result in correlated patterns of genetic structure.  The 

2017 juvenile samples, however, did not exhibit depauperate genetic diversity (heterozygosity, 

Table 2).  There were also few correlations among patterns in relatedness (Figure 4), inbreeding 

coefficients (Table 2), and pairwise FST (Table 4), which while seemingly non-intuitive, was 

postulated as possible by Iacchei et al. (2013).  The one exception to this is the correlation 

between significantly more related dyads and significant inbreeding in site 10 adults. There were 

also no closely related individuals (> sib) and only one juvenile sample with more related 

individuals than expected (10J, Maui 2 rest area).  The results of the present study are also 

inconsistent with the results of Iacchei et al. (2013) and Selwyn et al. (2016), therefore different 

processes are likely to be driving the observed patterns. 

 Alternatively, a mixed sources model of dispersal where the recruits at different sites are 

derived from different combinations of source populations (Cowen et al., 2000; Hogan et al., 

2010; Purcell et al., 1996) is largely consistent with the genetic patterns observed in the present 

study.  Forensic assignment testing indicated that recruits were more likely to originate from the 

adult populations sampled at sites 1, 7, and 12 than from the other locations (Figure 5). This 
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indicates that rather than small number of individuals winning the sweepstakes due to high 

variation in reproductive success, many individuals from a subset of the possible source locations 

contribute disproportionately to the next generation.  The mixed sources scenario is consistent 

with the similar levels of genetic diversity among sites, between age classes, and between 

sampling times (2014, 2017). It also explains how there could more assignments of juveniles 

from sites 7 and 12 back to the adults from the same sampling site than expected by random 

chance (Table 5), while these juvenile samples are not significantly differentiated from other 

samples with pairwise FST (Table 4) and did not exhibit significant levels of inbreeding (FIS, 

Table 2). Sites 7 and 12 have more assignments than expected for most of the larval samples.   

Additional variation among sites could be explained in part by differing compositions of 

recruits originating from the populations in the lesser represented and unsampled sites.  Juvenile 

recruits were assigned to all but one of the sampled adult populations, and a careful study of 

Figure S3 reveals more subtle patterns, such as more juveniles from site 13 being assigned to the 

adults from site 3 than expected (outlier in Figure 5; row 3, column 13 in Figure S3).  Further, all 

statistically significant pairwise FST comparisons involved at least 1 sample of juveniles, each of 

which are presumably composed of a single cohort, unlike the adults, and lending credence to the 

idea that the composition of recruits varies both spatially and temporally. The results are 

consistent with the patchiness being driven by variation in the genetic composition of larval 

cohorts along the coast. 

The mixed sources model could be driven by spatial variation in population size, 

spawning timing and/or by the interaction of nearshore currents with larval behaviors. The 

populations at sites 2-12 were censused (Bennett, 2018) but were not particularly large or dense 

at sites 1, 7, or 12 relative to the other sites. There was, however, a large proportion of coast 
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which was not sampled, especially near these sites, and we do not know how much of that 

unsampled coast is represented by our samples of adults from ~100 m sections of coast. Cellana 

exarata is known to spawn in the first moon quarter with peaks near the solstices (Corpuz, 1981; 

Kay & Magruder, 1977; Magruder & Kay, 1983). While a study of gonad size in C. exarata 

among sites on three islands revealed similar timing of the spawning peak (Bird, Kay, Holland, 

& Smith, 2006), it is not implausible that the amount of spawning in any single month is 

spatially variable. Many broadcast spawners synchronize with lunar and tidal cycles (Tessmar-

Raible, Raible, & Arboleda, 2011).  Variation in spawning can be driving by variation in or 

disruption of moonlight in the Isostichopus fuscus sea cucumber (Merceir, Ycaza, & Hamel, 

2007) and Acropora millepora coral (Brady, Willis, Harder, & Vize, 2016).  Spawning timing in 

C. exarata is probably also affected by tides and wave conditions, given that it resides above the 

high tide line where waves reach at high tide but may experience protracted periods without 

immersion in calm conditions (Bird, Franklin, Smith, & Toonen, 2013). It is also well known 

that the dispersal of pelagic larvae can be affected by current patterns, and models of larval 

dispersal in Hawai‘i show some congruence with patterns of genetic structure among islands 

(Wren, Kobayashi, Jia, & Toonen, 2016) and observations of larval abundance within islands 

(Wren & Kobayashi 2016). Conklin et al. (2018) used current modelling for 11 targeted 

Hawaiian taxa, including Cellana spp., to infer that most pelagic larvae originating from the 

island of Moloka‘i will either disperse <30 km along contiguous coastlines or 50-125 km among 

islands if pelagic larval duration is less than 50 days.  Consistent with the results here, the 

modelled Cellana spp. exhibited low local retention (2%) but most larvae will settle near their 

spawning site and there was geographic variation in the contribution of sources to the recruits.  

Overall, the mixed sources model of recruitment is highly plausible.  
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III.5.4 Up and down current dispersal 

Given the results of Bennett (2018) where C. exarata populations grew within and down 

current of rest areas presumably due to larval subsidies and Conklin et al. (2018) where modelled 

C. exarata dispersed along prevailing currents, it was somewhat surprising that there was not a 

significant relationship between prevailing current patterns and larval assignments in the present 

study. There was slight indication of more assignments up current and fewer down current 

(Figure 5b) than would be expected by random chance, but the deviations are not statistically 

significant. Rather, the assignment results indicate that down-current and up-current movement 

of individuals explain the distribution of juveniles.  Similarly, Saenz-Agudelo et al. (2012, 2009) 

found patterns of multidirectional connectivity and little relation to dominant surface currents.  

Nearshore current patterns are not well documented and are often not incorporated in larval 

dispersal models, thus it is possible that nearshore currents do not reflect the prevailing currents 

in deeper waters utilized by most dispersal models.  Currents are also notoriously variable in 

space and time (see PacIOOS 2021), and the assignment testing results presented here represent 

a snapshot of recruits originating from a single spawning event.  It is also likely that the 

assignment testing has some degree of imprecision.  While assignment testing is relatively 

insensitive to the proportion of the population sampled, it is highly sensitive to genetic 

differentiation which improves the accuracy of assignments (Christie et al., 2017).  Genetic 

differentiation in the study area was low and based on the simulations of Christie et al. (2017) 

there should be some degree of skepticism applied to the assignment results, especially if they 

are inconsistent with other metrics.  There are several sources of evidence supporting the mixed 

source recruitment model which is also supported by assignment testing.  In terms of dispersal 

directionality, there is not strong alternative evidence against the assignment tests given that they 
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are driven by snapshot data and the strong evidence for down current dispersal in surveys of C. 

exarata population size (Bennett, 2018) is a longer-term pattern that developed over three years 

and numerous spawning events. 

 

III.5.5 Impact of rest areas on connectivity patterns 

One of the goals of this study was to assess the impact of the community managed rest 

areas on the inferred connectivity patterns and to determine if the rest areas were closed, self-

recruiting systems or if they could provide meaningful larval subsidies to surrounding harvested 

areas.  The four sites surveyed here with the biggest increases in population in Bennett (2018) 

are 4, 5, 9 and 10.  All four of these sites exhibited a higher proportion of related dyads relative 

to random expectation when compared to 2014.  Sites 4, 5, and 9 went from an indication of 

fewer related dyads 2014 to the random expectation in 2017, and site 10 went from the random 

expectation to significantly more related dyads in 2017.  The cluster of samples at sites 9, 10, and 

11 with more related dyads than expected by random chance (Figure 4), and which was 

discussed above, is also conspicuously associated with the rest area in the Maui 2 region. This is 

perhaps the strongest correlate with the population surveys of Bennett (2018) and is very well 

likely the result of increased larval production in the rest area. This, however, was also 

associated with a slight increase in the inbreeding coefficient of the adults at sites 9 and 10 

(Table 2). It is unclear whether the whole population exhibits significant levels of inbreeding and 

the sample size is slightly too low to consistently detect it, or if the patterns of inbreeding are 

patchy, but the Maui 1 rest area (site 4) did not exhibit a significant degree of inbreeding. The 

larval assignment testing suggests that the recruiting cohort was mostly uniform across all sites 

and disproportionately derived from a subset of the sites which were not managed and spread 
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across the sampling area.  This suggests broad mixing of larvae among both regions (Maui 1 and 

Maui 2) and geographic variability in the contribution of adults to larval cohorts.  Due to 

increased population size, we speculate that the rest areas probably contributed more to the 

cohort of recruits than they would have if they had not been implemented, and we hypothesize 

that each month the contribution of each location to the larval pool can vary depending upon 

variation in spawning and dispersal patterns.   

 
III.6 Conclusions 

The genetic patchiness observed C. exarata adults and juveniles in the study area is probably a 

result of temporal and spatial variation in the input from different sources particular to each 

spawning event. The dominance of one source(s) or other(s) relies on particular conditions of 

each generation that are probably affected by stochastic events. This mixing source model is 

encouraging for the conservation efforts currently taking place in the region since it shows high 

connectivity and potential persistence of genetic diversity in the area. 
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Figures 

 
 
Figure III.1. Conceptual diagram of sample site locations 1-13.  Sample collection was carried 
out in two rest areas (community-managed no-take sites), RA1 (4) and RA2 (9, 10).  The sites 
adjacent to the rest areas were ~100 m (3, 5, 8, 11) and ~1000 m away (2, 6, 7, 12). I am bound 
by confidentiality agreement to not divulge the location of the rest areas, and thus, any of the 
sampling sites with place names or GPS coordinates. 
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Figure III.2. Bar plots representing the genetic cluster (K=2) membership estimates made using 
STRUCTURE for adults and juveniles sampled from each of the 13 sites. The sites are ordered 
from up-current (left) to down-current (right).* denotes rest areas. 
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Figure III.3. Scatter plot of the DAPC results where samples are grouped by collection site and 
life stage (colors, shapes, A=adults, J=juveniles). 
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Figure III.4. Heatmaps of the relatedness (TrioML) between adults and juveniles from the 13 
sites. a) Mean relatedness (table) and proportion of related dyads relatedness per site and stage. 
b) Proportion of cousins (top triangle) and half-siblings (bottom triangle) found per pairwise 
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comparison of sites and stages. Observed proportions that were higher that what was expected by 
random chance in the permutations ( = 0.05) are highlighted in yellow. * denotes rest areas. 
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a. 

  

b. 

 
 
Figure III.5. Box plots of the difference between the observed and expected number of juveniles 
assigned to (a) samples of adults from each of the collection sites, or (b) samples of adults from 
up current, down current, or within the same site. Corresponding 2 tests are reported in Table 5. 
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Tables 
Table III.1. Site abbreviations (Site Abbr.), total individuals sequenced (nseq) and total 
individuals that passed the SNP filtering (nanalyze). A: adults, J: juveniles. 
 

 
  

Site n seq n analyze

Site Abbr A J A J
Maui1-10000N 1 50 55 28 34
Maui1-1000N 2 51 49 32 28
Maui1-100N 3 55 0 29 0
Maui1-RestArea 4 52 47 32 36
Maui1-100S 5 52 49 32 32
Maui1-1000S 6 53 48 27 27
Maui2-1000N 7 57 50 42 13
Maui2-100N 8 50 42 26 14
Maui2-RestAreaN 9 54 49 31 31
Maui2-RestAreaS 10 54 50 29 21
Maui2-100S 11 54 50 27 30
Maui2-1000S 12 53 47 37 24
Maui2- 10000S 13 52 50 18 26
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Table III.2. Mean observed (Ho) and expected (He) heterozygosity, inbreeding coefficient (FIS) 
and TrioML inbreeding coefficient (F) for each site (01-13) and age class (A: adult, J: juvenile). 
The * denotes samples from rest areas. 
 

Site Ho He FIS p F 
01A 0.27±0.17 0.29±0.17 0.04 0.12 0.11 
01J 0.26±0.17 0.28±0.18 0.03 0.16 0.11 
02A 0.27±0.17 0.29±0.17 0.04 0.11 0.10 
02J 0.27±0.17 0.29±0.17 0.06 0.05 0.12 
03A 0.27±0.18 0.29±0.17 0.03 0.19 0.08 
*04A 0.27±0.17 0.29±0.17 0.05 0.07 0.11 
*04J 0.27±0.18 0.28±0.17 0.04 0.11 0.11 
05A 0.27±0.18 0.29±0.17 0.02 0.25 0.10 
05J 0.27±0.18 0.28±0.17 0.03 0.19 0.10 
06A 0.27±0.18 0.29±0.17 0.03 0.22 0.10 
06J 0.26±0.17 0.28±0.17 0.06 0.04 0.12 
07A 0.26±0.17 0.28±0.18 0.04 0.09 0.11 
07J 0.3±0.18 0.32±0.16 0.07 0.10 0.12 
08A 0.29±0.19 0.3±0.17 -0.02 0.72 0.07 
08J 0.32±0.19 0.32±0.16 -0.02 0.63 0.05 
*09A 0.27±0.17 0.29±0.17 0.06 0.04 0.11 
*09J 0.27±0.18 0.29±0.17 0.04 0.12 0.11 
*10A 0.27±0.17 0.29±0.17 0.05 0.05 0.11 
*10J 0.28±0.17 0.3±0.16 0.04 0.16 0.11 
11A 0.28±0.18 0.29±0.17 0.02 0.26 0.08 
11J 0.27±0.17 0.29±0.17 0.04 0.11 0.10 
12A 0.27±0.18 0.28±0.17 0.02 0.30 0.09 
12J 0.29±0.18 0.3±0.17 0.01 0.43 0.10 
13A 0.28±0.17 0.31±0.17 0.07 0.05 0.12 
13J 0.27±0.18 0.29±0.17 0.04 0.15 0.11 
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Table III.3. Global results of AMOVA using 1,470 loci. The samples are grouped by the 
interaction region (Maui 1, 2) and life stage (adults, juveniles) for FCT.  Differences among 
samples within groups are represented by FSC.  Differences among individuals within the 
samples are represented by FIS, and relative the whole study are represented by FIT. 
 

  F.stat p-value 
FIS 0.0346 <0.0001 
FSC 0.0007 0.0500 
FCT 0.0001 0.2078 
FIT 0.0353 <0.0001 
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Table III.4. Pairwise FST (below diagonal) and their p-values (above diagonal, shaded) for each 
site (01-13) and age class (A: adult, J: juvenile). Statistical significance is assessed at =0.05 
after B-H FDR correction and marked by bolding and underlining. 
 

 

 

 
 
  

01A 02A 03A 04A 05A 06A 07A 08A 09A 10A 11A 12A 13A
01A 0.0274 0.0096 0.0069 0.0125 0.0289 0.0118 0.4722 0.0222 0.0032 0.012 0.0044 0.4179
02A 0.0046 0.7968 0.4176 0.4847 0.38 0.8145 0.556 0.4955 0.3803 0.6793 0.3299 0.978
03A 0.0059 -0.0006 0.7182 0.9753 0.9067 0.9322 0.8218 0.8069 0.5867 0.7546 0.9421 0.7524
04A 0.0072 0.0007 -0.0003 0.8685 0.1923 0.9292 0.3048 0.4574 0.2769 0.7019 0.6639 0.6384
05A 0.0057 0.0003 -0.0018 -0.0009 0.373 0.9908 0.7128 0.5914 0.5653 0.9307 0.74 0.6363
06A 0.0049 0.0008 -0.0013 0.0019 0.0006 0.3698 0.631 0.635 0.3929 0.2285 0.4232 0.4797
07A 0.0053 -0.0006 -0.0012 -0.0011 -0.0019 0.0007 0.215 0.7489 0.4286 0.917 0.6581 0.6528
08A 0.0001 -0.0002 -0.0012 0.0008 -0.0008 -0.0006 0.0011 0.506 0.2021 0.5649 0.2502 0.7432
09A 0.0054 0.0005 -0.0005 0.0007 0.0001 -0.0001 -0.0003 0.0001 0.4643 0.347 0.5262 0.4397
10A 0.0088 0.0009 0.0002 0.0014 0.0002 0.0008 0.0006 0.0014 0.0008 0.4819 0.4826 0.3391
11A 0.0061 -0.0003 -0.0006 -0.0003 -0.0015 0.0015 -0.0012 -0.0004 0.001 0.0005 0.7343 0.8705
12A 0.0064 0.0007 -0.0013 -0.0003 -0.0006 0.0003 -0.0003 0.0007 0.0002 0.0003 -0.0006 0.3421
13A 0.0012 -0.0021 -0.0005 0 -0.0002 0.0007 -0.0001 -0.0011 0.0012 0.0018 -0.0013 0.0011

01J 02J 03J 04J 05J 06J 07J 08J 09J 10J 11J 12J 13J
01J 0.6637 - 0.6377 0.6118 0.3571 0.3152 0.7629 0.3767 0.0095 0.521 0.2513 0.1474
02J -0.0002 - 0.5837 0.5018 0.2914 0.6409 0.4569 0.2672 0.0173 0.3422 0.3013 0.1474
03J - - - - - - - - - - - - -
04J -0.0001 0.0002 - 0.6131 0.1465 0.6149 0.3908 0.2695 0.0009 0.7192 0.0534 0.0999
05J -0.0001 0.0004 - 0 0.5037 0.2387 0.4743 0.1235 0.029 0.3662 0.212 0.1916
06J 0.001 0.0018 - 0.0023 0.0004 0.1977 0.6367 0.158 0.1416 0.4624 0.3904 0.4081
07J 0.0018 0.0002 - 0.0002 0.0024 0.004 0.4808 0.972 0.0044 0.5316 0.0929 0.3395
08J -0.0013 0.0006 - 0.0008 0.0002 -0.0004 0.0004 0.2817 0.0522 0.935 0.7703 0.4838
09J 0.0007 0.0015 - 0.0012 0.0022 0.0024 -0.0027 0.0015 0.0005 0.5305 0.0502 0.1447
10J 0.0066 0.0077 - 0.0099 0.0046 0.0031 0.0143 0.0047 0.013 0.0087 0.0393 0.0069
11J 0.0002 0.0012 - -0.0003 0.0008 0.0007 0.0006 -0.0024 0.0003 0.0076 0.7667 0.5388
12J 0.0012 0.0013 - 0.0032 0.0014 0.0009 0.0045 -0.0017 0.0037 0.0041 -0.0007 0.516
13J 0.0022 0.0028 - 0.0027 0.0018 0.0009 0.002 0.0002 0.0024 0.0088 0.0003 0.0002

01A 02A 03A 04A 05A 06A 07A 08A 09A 10A 11A 12A 13A
01J 0.0057 0.3905 0.5463 0.2824 0.6396 0.1221 0.8345 0.0823 0.4013 0.4014 0.5896 0.3345 0.7995
02J 0.0059 0.0014 0.2576 0.115 0.6194 0.0577 0.3032 0.0684 0.2806 0.1268 0.7559 0.1844 0.4866
03J - - - - - - - - - - - - -
04J 0.0031 0.0007 0.0012 0.0018 0.607 0.197 0.2909 0.5192 0.3454 0.0559 0.3056 0.0626 0.9802
05J 0.0063 0.0007 0.0006 0.0007 -0.0006 0.0596 0.3206 0.1804 0.3613 0.1713 0.5846 0.4425 0.5396
06J 0.0102 0.0001 -0.0004 0.0003 -0.0015 0.0015 0.8274 0.1192 0.3728 0.5452 0.6376 0.7617 0.3005
07J -0.0009 0.0012 0.0011 0.0016 0.0016 0.0014 0.0016 0.5387 0.2247 0.1756 0.5827 0.1743 0.8285
08J 0.0059 0.0014 -0.0025 -0.0001 -0.001 0.0012 -0.0017 0.0001 0.9198 0.9056 0.6428 0.8404 0.5597
09J 0.0017 -0.0007 0.0011 0.0009 0.0003 0.0007 0.001 -0.0019 0.0007 0.3136 0.14 0.1394 0.931
10J 0.0244 0.0079 0.0064 0.0074 0.0051 0.0113 0.0054 0.0128 0.0076 0.0084 0.03 0.0056 0.0033
11J 0.0043 0 -0.0013 0.0012 -0.0012 -0.0005 -0.0002 -0.0014 -0.0009 0.0007 -0.0003 0.5015 0.8715
12J 0.012 0.0019 -0.0006 0.0008 -0.0005 0.0019 -0.0009 0.0031 0.0005 0.0016 -0.0001 0.0018 0.3049
13J 0.0075 0.0016 0.0006 0.0005 0.0007 0.0002 0.0004 0.0013 0.0013 0.0006 0.0016 0.0001 0.0017
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Table III.4. cont. 
 

 
  

01J 02J 03J 04J 05J 06J 07J 08J 09J 10J 11J 12J 13J
01A 0.0125 0.0253 - 0.064 0.0084 0.0023 0.7949 0.0354 0.2134 < 0.0001 0.037 0.0001 0.0074
02A 0.0007 0.2823 - 0.4046 0.379 0.6193 0.4342 0.2851 0.8204 0.0058 0.6268 0.165 0.2482
03A 0.0001 0.0016 - 0.2537 0.4042 0.7559 0.4299 0.9427 0.3048 0.0109 0.942 0.7311 0.4161
04A 0.0012 0.003 - 0.1776 0.3938 0.5849 0.3865 0.5747 0.3571 0.0108 0.2948 0.3736 0.5011
05A -0.0002 -0.0001 - -0.0001 0.7467 0.9435 0.3357 0.7028 0.4926 0.0261 0.9002 0.6892 0.4044
06A 0.0024 0.0044 - 0.0016 0.0033 0.2796 0.3793 0.2894 0.4005 0.0018 0.7122 0.1612 0.5367
07A -0.0007 0.0011 - 0.0009 0.0008 -0.0007 0.3388 0.8584 0.2945 0.019 0.6587 0.8323 0.4618
08A 0.0024 0.0033 - 0 0.0013 0.0024 -0.0004 0.3113 0.958 0.0002 0.8709 0.0361 0.2132
09A 0.0007 0.0015 - 0.001 0.0009 0.0011 0.0033 -0.002 0.43 0.0116 0.8762 0.4761 0.3168
10A 0.0008 0.003 - 0.0034 0.0019 0.0005 0.0039 -0.0018 0.0012 0.0045 0.4398 0.2218 0.5086
11A -0.0001 -0.0005 - 0.001 0 -0.0001 0.0002 -0.0008 0.0022 0.005 0.6826 0.5546 0.2341
12A 0.0007 0.0017 - 0.0024 0.0003 -0.0006 0.0028 -0.0018 0.0018 0.0067 0.0002 0.1309 0.5325
13A -0.0009 0.0009 - -0.0023 0.0005 0.0022 -0.0009 0 -0.0016 0.0128 -0.0012 0.0016 0.3308
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Table III.5. 2 tests for differences in the observed and expected numbers of juveniles assigned 
to adult population samples 1-13 and adult samples from up current, down current, or within the 
same site. Bold, underlined font indicates statistically significant differences between the 
observed and expected values given =0.05. 
 

    Adult Samples 1-13   
Adult Samples Up or 

Down Current 

Test  df 2 p  df 2 p 
J Samples Pooled  12 206 1.8E-37  2 0.75 0.689 
Heterogeneity Among J 
Sites  

132 110 0.92 
 18 35.6 0.0079 

1J  12 26 0.0094  - - - 
2J  12 34 0.00063  2 1.6 0.45 
4J  12 21 0.050  2 4.1 0.13 
5J  12 27 0.0070  2 4.4 0.11 
6J  12 23 0.031  2 1.1 0.58 
7J  12 18 0.12  2 9.8 0.0073 
8J  12 29 0.0043  2 3.7 0.16 
9J  12 23 0.027  2 0.5 0.80 
10J  12 46 0.0000057  2 1.4 0.51 
11J  12 19 0.079  2 2.5 0.29 
12J  12 24 0.023  2 7.3 0.026 
13J  12 25 0.015  - - - 
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Supplements 
 

 
 
Figure III.S1. Bar plots representing the membership estimates for each cluster (each vertical line 
represents an individual) found with a DAPC (K=2). The sites are ordered from up-current (left) 
to down-current (right). * denotes rest areas. 
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Figure III.S2. Boxplots showing the results of simulations of relatedness of different degrees 
(identical twins to unrelated), using the observed allele frequencies and seven relatedness 
estimators. The red lines represent the expected relatedness value.  
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Figure III.S3. Bar graph of the difference between the observed and expected numbers of 
assignments of juveniles to adult sample sites (rows). 
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Figure III.S4. Bar graph of the difference between the observed and expected numbers of 
assignments of juveniles to adult samples from up current, down current, or the same site (self-
sourced).  
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Table III.S1. Tests for non-random representation of adult samples in juvenile assignments. Each 
row is an adult sample or grouping of adult samples. These statistical tests are for the Figure 5 
boxplots.  Bold, underlined font indicates statistically significant deviation from random 
expectation, α=0.05. 
 

 
 
 

Test df 2 p
A01 12 30.7 0.0022
A02 12 9.45 0.6637
A03 12 8.99 0.7036
A04* 12 16.4 0.1747
A05 12 11.5 0.4841
A06 12 13.8 0.3127
A07 12 109 7.76E-18
A08 12 12.6 0.3971
A09* 12 8.18 0.7706
A10* 12 7.72 0.8068
A11 12 22.9 0.0283
A12 12 64.1 3.99E-09
A13 12 26.4 0.0094
Self-Sourced 8 20.8 0.0714
Upcurrent 10 10.2 0.4810
Downcurrent 9 9.8 0.3080

Tests for Non-
random 

Representation of 
Adult Samples in All 

Juvenile 
Assignments
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CHAPTER IV: ZOOMING OUT ON THE POPULATION PICTURE: CRYPTIC 

DIVERSITY AND CONNECTIVITY PATTERNS OF BROADCAST-SPAWNERS 

WITH RESPECT TO MAUI’S MARINE MANAGED AREA NETWORK  

Abstract  

Elucidating population connectivity patterns is vital for reaching marine managed area (MMA) 

network goals, such as the international goal to manage 30% of marine resources by 2030, since 

it provides information that assists in the identification of important areas for protection. 

Estimating population connectivity on spatiotemporal scales that are informative for the 

improvement of MMA networks have been enabled by advancements in DNA sequencing, and 

we employed reduced representation genome sequencing of both adults and juveniles to infer the 

connectivity patterns of a commercially-fished, intertidal, broadcast-spawning, lecithotrophic 

patellogastropod (Cellana exarata) with 1203 SNPs among 12 locations on the island of Maui 

and one on Lana‘i, Hawai‘i.  The sampling locations included all MMA on Maui that directly 

affect C. exarata and other obligate wave-exposed-coast species. There were two reproductively 

isolated, cryptic populations that were locally adapted to either North or South shores, exhibited 

no prezygotic reproductive isolation, and F1 hybrids exhibited very low inferred fitness.  

Consequently, up to 75% of zygotes could be inviable, potentially attenuating geneflow and 

reducing the maximum sustainable yield.  Comparisons of genetic composition between adults 

and juveniles revealed net dispersal from the South to North shore and indicated that portions of 

South, Southeast and Northeast coasts were prominent sources, including the ‘Ahihi-Kina‘u 

Natural Area Reserve, a community-managed area, and two unmanaged areas that are candidates 

for elevated management priority. Importantly, there are no MMA along the North shore to serve 

the North-adapted population, demonstrating that intra-island marine spatial planning is 
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important.  The results of this study highlight the utility and importance of conducting rigorous 

surveys of genomic structure on fine spatial scales and among life stages, both in terms of 

biodiversity discovery and elucidating the larval black box. 

 
IV.1 Introduction 

Given the increasing levels of habitat deterioration and biodiversity loss (Allan et al., 2019; Betts 

et al., 2019; Mora & Sale, 2011; Pimm et al., 2018; Possingham et al., 2006; Sala & Knowlton, 

2006; Xie et al., 2021), it is crucial to apply conservation strategies that guarantee the 

sustainability and persistence of natural resources.  The science-driven Global Deal for Nature 

set the goal of protecting 30% of the Earth by 2030 (Dinerstein, 2019).  Although efforts towards 

this goal have progressed worldwide in the last decades (UNEP-WCMC & IUCN, 2021; IUCN, 

2019), there is an imminent need for improving the efficiency and effectiveness of these 

strategies.  

Marine managed areas (MMA) are an effective tool that can help to sustain natural 

populations.  Marine managed areas can be effective in achieving conservation goals, with 

growing evidence showing population growth and ecosystem recovery within protected areas 

(Claudet et al., 2011) and outside their boundaries via spill-over and larval subsidy (Goñi et al., 

2011; Meerhoff et al., 2018). When MMA are organized into a network, in contrast to a larger 

single protected zone, they have been consistently effective in meeting management objectives 

(Gaines et al., 2010b; Lagabrielle et al., 2014), while balancing biological and socio-economic 

interests (Grorud-Colvert et al., 2011).  Explicitly, networks can be more efficient than a single 

large MMA by promoting population persistence (Almany et al., 2009) with less total managed 

area (Gaines et al., 2010a; White et al., 2014). Consequently, information that can be used to 

improve the design of MMA networks, such as connectivity patterns is very important. 
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Knowledge of population connectivity patterns can be used to assess present MMA 

networks and increase their effectiveness and efficiency by identifying key locations for MMA, 

but information can be scarce for most species and marine systems (Berglund et al., 2012; 

Cowen & Sponaugle, 2009; Planes, 2011). In comparison with terrestrial systems, there is 

significant/great uncertainty regarding the connectivity of MMA networks (Balbar & Metaxas, 

2019; UNEP-WCMC & IUCN, 2021). Estimating connectivity patterns of marine populations is 

challenging because it is difficult to track small particles (i.e. gametes, propagules, larvae and 

other early life stages) in a fluid medium that has complex hydrological conditions (Cowen & 

Soponaugle, 2009; Cowen et al., 2007; Gawarkiewicz et al., 2007). Understanding the dispersal 

patterns is crucial for determining the proper total area to protect and the interspacing that will 

guarantee connectivity between them (Botsford et al., 2003; Palumbi, 2003), hence promoting 

recolonization in case of local extinctions. As the knowledge and understanding of marine 

population connectivity grows, it can contribute to reaching the global goal of conserving 

biodiversity, enabling sustainable resource extraction, and preserving ecosystems’ services 

through efficient, equitably managed, and ecologically representative well-connected systems of 

protected areas.  

The spatial scale at which marine connectivity patterns are relevant to marine 

management has progressively shrunk with technological advancements.  There has been a 

reevaluation of the classic view of marine populations being mainly open (i.e., replenishment 

primarily by immigrants, Paris et al., 2012) and genetically homogenous due to the high 

dispersal potential of most marine species which commonly exhibit pelagic dispersal (Cowen et 

al., 2000). The development of technologies that increased the resolution of different analysis 

used to estimate population connectivity (e.g. modeling of coastal currents, greater number of 
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loci in genetic analysis) lead to the conclusion that an open marine population was not 

necessarily the default (Cowen et al., 2007; Jones et al., 2009; Pinsky et al., 2012).  A variety of 

connectivity patterns can be found in the literature: studies where genetic structure was found 

despite long pelagic larval stage periods (Iacchei et al., 2013), populations with fine spatial 

genetic structure (Barbosa et al., 2012; Riquet et al., 2017; Sallom et al., 2019; Selwyn et al., 

2016) and/or genetic patterns that vary between generations (Courvray & Coupé, 2018; Hogan et 

al., 2012; Jackson et al., 2017), or populations that are mainly replenished by self-recruitment 

(Almany et al., 2007; Berumen et al., 2012, Jones et al., 2005; van der Meer et al., 2012). Hence, 

it is currently understood that population connectivity patterns are the result of biological and 

physical interactions that are exclusive for each area (Cowen & Sponaugle, 2009), and marine 

populations can vary from being open to exhibiting complex finely scaled patterns relevant to 

network design.  

One field driving advances in marine connectivity patterns is population genomics and 

molecular ecology/evolution. Low cost, high-throughput genomic sequencing and greater 

computational power have increased the resolution of genetic analysis (e.g. from tens of loci to 

thousands of loci, Allendorf et al., 2010; Benestan et al., 2015) making it a practical tool – a 

veritable Swiss Army Knife - for estimating connectivity patterns on management-relevant time 

scales, both ecological and evolutionary. Patterns in genetic diversity and genetic structure can 

help identify important sites for protection (Miller & Ayre, 2008; van der Meer et al., 2015). 

Genetic analysis can also provide information regarding the directionality of individuals’ 

movement by assigning juveniles back to their source, hence aiming in the identification of 

source populations and estimating dispersal (Chapter 3, Jolly et al., 2014; Saenz-Agudelo et al., 

2012; Saenz-Agudelo et al., 2009; van der Meer et al., 2015; van der Meer et al., 2013; van der 
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Meer et al., 2012). Studies of connectivity based on genetic inferences can be particularly useful 

because they provide additional information on the evolutionary history and context of species 

and populations.  For example, genetic studies can reveal cryptic diversity (Pfenninger & 

Schwenk et al., 2007; Trontelj & Fišer, 2009) – multiple independently evolving lineages (i.e., 

species) with one species name.  On June 6, 2021, Google Scholar (2021) returned 52,900 results 

in response to the query, “DNA cryptic marine diversity” demonstrating the effectiveness of 

DNA in revealing cryptic lineages.  Cryptic diversity and population subdivision can be 

associated with local adaptation (Savolainen et al., 2013), which occurs when a population 

becomes adapted to the unique selective landscape within which it resides and can be identified 

using the same molecular tools. Knowledge of the population and species a can be particularly 

important because management targets are typically ecosystem engineers (Braeckman, 2014; 

Jones et al., 1994) and/or species that are harvested (Pikitch et al., 2004). To adequately protect 

natural stockpiles of adaptive diversity important for resisting perturbations and ecosystem 

persistence and maximizing adaptive capacity (Engle, 2011), identifying local adaptation, cryptic 

diversity, and connectivity pattern is crucial.  Hence, genetic analysis can be a powerful tool for 

the design and assessment of MMA networks, informing managers and stakeholders regarding 

hot spots for protection and estimating the appropriate locations to manage.  

Hawai'i is a particularly interesting location in which to study patterns of marine 

connectivity because there are a variety of connectivity information based on both genetics 

(Crandall et al., 2019; Toonen et al., 2011) and larval dispersal modeling (Lindo-Atichati et al., 

2020; Wren et al., 2016). There is already a network of MMA (Friedlander et al., 2014), and the 

network is expanding with the Holomua 30x30 initiative, which targets managing 30% of coastal 

resources by the year 2030 (Hawai‘i Division of Aquatic Resources, 2021).  Consequently, the 
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MMA networks across the archipelago are expected to become more extensive and there is a 

legitimate opportunity for connectivity data to be incorporated in decision making.  Studies of 

genetic connectivity in marine invertebrates, which exhibit finer patterns of spatial genetic 

structure than most fishes (Bowen et al., 2013; but see Eble et al., 2011 for an exception), have 

generally indicated that subsets of adjacent islands or individual islands (Bird et al., 2007; Bird et 

al., 2011; Toonen et al., 2011) should be the primary units of management because the channels 

between islands tend to inhibit dispersal, disrupting connectivity on ecological to short 

evolutionary time scales.  Rigorous tests for connectivity patterns within islands, however, are 

generally relegated to larval dispersal models (Conklin et al., 2018; Storlazzi et al., 2017) and 

ultra-fine-scale genetic sampling along short distances (m-km; Chapter 2, Chapter 3, Tisthammer 

et al., 2020).  Consequently, the only genetic evidence for subdividing Hawaiian islands into 

smaller management units that need to be considered in MMA network design are from Porites 

lobata corals, where there is evidence for geneflow restrictions between nearshore and offshore 

sites (Tisthammer et al 2020) and Zebrasoma flavescens reef fish, where there is genetic 

structuring among regions on the Big Island of Hawai‘i. More fine scale genetic sampling of 

marine species within islands is required to determine if MMA network design would benefit 

from knowledge of intra-island patterns of connectivity. 

Here, we inferred connectivity patterns of Cellana exarata (Reeve, 1854), an endemic 

broadcast-spawning patellogastropod, with a genome wide survey of genetic variation to 

evaluate the present MMA network on the island of Maui, Hawai‘i. Cellana exarata is not only 

an ecologically important species, dominant on the upper reaches of Hawaii’s extensive wave-

exposed rocky shores  (Bird et al., 2013), but also commercially harvested and culturally 

important (Tom, 2011).  Its popularity as a local delicacy makes C. exarata vulnerable to 
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overharvesting, and the multispecies Hawaiian Cellana fishery crashed in the 20th century with 

no indication of recovery through to the present despite the initiation of a minimum size limit 

(1.25” shell length) in 1978 (Kay et al., 1982; Bird, 2006; NOAA, 2021). The endemic Hawaiian 

patellogastropod, Cellana exarata, exhibits a pattern of isolation by distance across the 

archipelago (mtDNA: Bird et al., 2007; Crandall et al., 2019), with significant genetic structuring 

between Maui and other Main Hawaiian Islands (nDNA: FCT = 0.01-0.03, Cockett, 2015).  The 

only indications of structuring within rigorous sampling along 25 km of Maui’s shoreline have 

been the presence of two genetic clusters and genetic differentiation among sites and age classes 

that were attributable to chaotic genetic patchiness (Chapters 2 & 3). Here we test for patterns in 

genetic structuring island-wide and between recently recruited juveniles and adults to infer 

dispersal patterns and test for cryptic diversity and local adaptation.  We conclude with a 

discussion of the results in the context of spatial marine planning and management.  

 
IV.2 Materials and Methods 

IV.2.1 Field sampling 

Reproductively mature adults (shell length ≥ 3 cm) and juveniles (shell length ≤ 1 cm) of C. 

exarata were collected February 6-14 and May 22-26, 2017 from 12 locations on Maui and one 

on Lana‘i, Hawai‘i (Table 1, Figure 1).  The timing of sampling, timing of spawning between the 

new moon and first quarter (Corpuz, 1981), and growth rate of C. exarata (Corpuz, 1981; Kay & 

Magruder, 1977) make the most likely spawning dates for the origination of juveniles collected 

in February to be December 28, 2016 - January 3, 2017, near the winter peak. For juveniles 

collected in May, March 28 – April 3, 2017 and April 26 – May 2, 2017 were the most likely 

spawning dates.  Sites were categorized by shoreline aspect (North, South) and management 

status. The sampling design included all MMA on the Maui coastline that harbor C. exarata 
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habitat and put limitations on their harvest (Table S1), but excluded the Molokini Islet Marine 

Life Conservation District (MLCD) and the Kaho‘olawe Island Reserve. Due to permit 

restrictions, we sampled immediately outside the borders of three state-regulated fishing areas 

which were alle established in the 1970’s: the Lana‘i Manele-Hulopo‘e MLCD (Site 01°), the 

Maui Honolua-Mokule’ia Bay MLCD (Site 03°), and the Maui Ahihi-Kinau Natural Area 

Reserve (Site 14°).  We additionally sampled two community-managed voluntary no-take Rest 

Areas (sites 09*-11*; Table S1) that were established in 2014. We are bound by confidentiality 

agreement to not associate specific place names or GPS coordinates with the Rest Areas. 

Extraction or damage of C. exarata was prohibited in all sampled managed areas. We sampled 

30-54 adults and 36-55 juveniles at each site (Table 1), preserving ~200 mg of foot tissue per 

individual in an ammonium sulfate and sodium citrate DNA-RNA preservation buffer (pH 5.2, 

de Wit et al. 2012). The tissues were stored in the buffer at room temperature for 24 hr, frozen at 

-20 ℃, shipped to Texas A&M University – Corpus Christi on dry ice, and stored at -80 ℃ until 

later processing. 

 

IV.2.2 ddRAD library preparation and sequencing 

The molecular processing of the samples (DNA extractions, fragment size selections, DNA 

quantifications and ddRAD library preparations; Peterson et al., 2012) were performed following 

the methods described in Chapters 2 and 3 in collaboration with Genomics Core Lab (GCL) of 

Texas A&M University-Corpus Christi. Briefly, sample tissues were arranged among extraction 

plates such that each 96 well DNA extraction plate had individuals from every combination of 

site and life stage, and wells were filled sequentially by sample such that adjacent wells were 

different sample treatments.  DNA was extracted using the Omega Biotek EZNA 96 tissue kit, 
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and samples with DNA fragments ≥1500 bp were selected for library preparation. Genomic 

DNA was digested using the Msp1 and EcoR1 restriction enzymes and stubby barcoded adapters 

were ligated, and individuals were pooled in groups of 48 such that each individual in the same 

group had a unique barcode. The pools were amplified via PCR reactions containing a unique 

dual indexed primer set per pool. The pools were then combined in equimolar concentrations and 

the desired fragment sizes (450-550 bp) were isolated using a Sage Science BluePippin pulse 

field electrophoresis machine. Sequencing was performed on an Illumina HiSeq4000 Genome 

Sequencer at the New York University Langone Health Genome Technology Center, running 

each super library on four lanes of the sequencer. 

 

IV.2.3 Processing sequencing data 

The sequences were demultiplexed using the ddRAD_demultiplex script (Bird & French 2019) 

that uses STACKS version 1.18 (Catchen et al., 2011) and GNU parallel software packages 

(Tange, 2011). The quality of the sequences was estimated and visualized using FastQC 

(Babraham Institute 2019), MultiQC (Ewels et al., 2016) and the sequence report generator from 

the GCL (Krell & Bird, 2019).  

Sequence trimming, construction of a de novo reference genome, mapping, and 

genotyping were carried out using dDocentHPC (Bird, 2020a), a modified version of the 

dDocent pipeline (Puritz et al., 2014, see Chapters 2-3). The specific settings used are 

documented in (Supplement 1). For more details on the assembly, mapping and genotyping refer 

to the Methods sections in Chapters 2 and 3. The variant call format (VCF) file resulting from 

genotyping was filtered using the fltrVCF script (Bird 2020b), following the strategy of O’Leary 

et al. (2018) with modifications. The filters, their order and settings are provided in (Supplement 
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2). Briefly, samples were filtered for biallelic SNP loci, base call quality score (≥ 40), missing 

data (≤ 0.8), allele balance (0.375-0.625), depth of coverage (≥ 20x), and Hardy-Weinberg 

equilibrium, maximum number of haplotypes per contig (≤ 25), and paralogs (≤ 2.5% of 

individuals, rad_haplotyper, Hollenbeck et al., 2017). We tested for cross-contamination between 

samples by correlating TrioML relatedness (see Chapter 3, Wang, 2011) with microplate address 

in the library preparation and removed all samples exhibiting potential cross-contamination. 

Because the samples were arranged deliberately in the microplates, where wells were filled 

sequentially with 1 individual from each combination of site and life stage, it was possible to 

distinguish between a pattern consistent with a natural or laboratory phenomenon. In the final 

step of filtering, the most informative SNP per contig was selected (alternative allele frequency 

closest to 0.5). Outlier loci that were potentially affected by selection ( ≤ 0.01) were identified 

using BayeScan (Foll, 2011) and Arlequin 3.5.2.2 (Excoffier et al., 2005). These loci were 

removed, and only putatively neutral loci were used in analyses, unless otherwise noted. The 

filtered VCF file was converted to different formats using PGDSPIDER 2.1.1.5 (Lischer & 

Excoffier, 2011). 

 

IV.2.4 Population structure and connectivity analysis 

Genetic diversity (Ho: observed heterozygosity, He: expected heterozygosity) was estimated 

using Arlequin. A beta regression model (Zeileis 2021) was used to test for relationships 

between heterozygosity and life stage.  

Population structure was evaluated with Wright’s F-statistics and genetic clustering 

techniques to determine the most likely number of genetic groups in the study area. Adults and 

juveniles were considered as different population samples at each site. We used Arlequin to 
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perform a hierarchical analysis of molecular variance (AMOVA, Excoffier et al., 1992) and 

calculate pairwise FST and p-values were adjusted to control false discovery rate (B-H FDR, 

Benjamini & Hochberg, 1995). For the AMOVA, the sites were grouped by North and South 

shore [North (sites 03°-08) & South (sites 01°-02 and 09*-14°)] and life stage (adults, juveniles). 

This grouping was based on the seasonality of high surf in the area, with high surf during the 

Winter for the northern sites, while during the Summer for the southern sites (Li et al., 2016). 

We tested for differences between the pairwise FST of the two life stages with a Mantel test 

(10,000 replicates) using the R package ade4 (Dray & Dufour, 2007). A discriminant analysis of 

principal components (DAPC, Jombart et al., 2010; R package adegenet 2.1.1 Jombart et al., 

2008) and a Bayesian clustering and assignment of individuals to clusters (STRUCTURE, 

Pritchard et al., 2000; Evanno et al., 2005) were used to infer the most probable number of 

genetic groups in the study area. The reason for using these two clustering techniques was due to 

the differences in their assumptions, DAPC being free of assumptions while STRUCTURE 

assumes that loci are in Hardy-Weinberg equilibrium and unlinked. We ran STRUCTURE in 

parallel using GNU Parallel (Tange, 2011) on the Texas A&M University -Corpus Christi High 

Performance Computing Cluster, with a burn-in period of 500,000 followed by 800,000 Markov 

chain Monte Carlo steps, under admixture model, and ten runs per number of genetic clusters (K 

= 1-10) tested. A beta regression model (betareg R package, Zeileis, 2021) was used to test for 

relationships between location, life stage, their interaction, and assignment to genetic cluster.  

The emmeans R package (Length, 2021) was used to test pairwise contrasts using the Tukey test. 

Juveniles were assigned to the most probable adult source population using forensic 

assignment tests (Paetkau et al., 2004) with the software GenoDive (Miermans, 2020) and 

following the GenoDive manual, as described in Chapter 3. Given the allele frequencies of the 
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populations, the test estimates the likelihood of an individual’s genotype to be produced by a 

population. The likelihood ratio thresholds were estimated for each population via Monte Carlo 

test with an alpha of 0.002 (Paetkau et al., 2004) and 1000 replicated datasets. The most probable 

source for the juveniles was estimated using the home likelihood (likelihood individual came 

from collection site/maximum overall likelihood) test statistic, which assumes that some possible 

population sources were not sampled. To test for differences in assignment of juveniles to (1) 

individual adult source populations 01-14 and (2) northern versus southern populations (or self-

sourced), we calculated the differences between the observed and expected proportions of 

juveniles assigned to the categories. The probability of randomly drawing a juvenile from any 

one of the 14 adult samples is 1/14. When sites are categorized as North or South, the random 

probabilities vary as follows: a juvenile assigned to adults at same location (self, 1/14); a juvenile 

in North site assigned to adults in a North shore location other than the collection site (5/14); a 

juvenile in a North site assigned to adults from in a South shore location (8/14); a juvenile in 

South site assigned to adults in a South shore location other than the collection site (7/14), a 

juvenile in a South site assigned to adults from in a North shore location (6/14). Significant 

deviations between observed and expected numbers of assignments were evaluated with a 2 test 

for each juvenile sample using the stats::chisq.test R function (R Core Team 2021). Following 

Zar (2013), we additionally performed a 2 test for heterogeneity among the juvenile sample 

assignments and a pooled 2 test combining all samples. Finally, we used the stats::prop.test R 

function (R Core Team 2021), which uses the 2 distribution, to test for adult sites that deviate 

from random expectation in their mean contribution to the juvenile samples. 
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IV.3 Results 

A total of 1,360 individuals were sequenced and 862 were retained for analysis (Table 1) with a 

mean of 586,189 sequence reads per individual. The de novo reference genome had 62,419 

contigs from which 56,887 had variant loci. After filtering 1,227 contigs, 25,866 SNPs, 431 

adults and 431 juveniles were kept for further analysis. Most of the samples that were discarded 

from analysis were due to possible cross-contamination (see Chapter 3 methods for more detail). 

Twenty-four loci were identified as potentially being affected by selection and were removed 

from the data (Bayescan only: 13, Arlequin only: 3, Both: 8). Genetic diversity was consistently 

similar along the study area and between life stages (Table S2). The mean Ho among all loci was 

slightly less than the He in all sites and stages (p = 0.023), but no significant of life stage (p = 

0.48) or an interaction between life stage and type of heterozygosity was evident (p = 0.81).   

 Evidence for genetic structuring among samples was identified with both STRUCTURE 

and DAPC (Figures 2-3, S1).  Two genetic clusters were identified with both methods (termed 

Cluster 1 and Cluster 2), and mean probability of assignment to STRUCTURE genetic Cluster 1 

(red) was higher in N samples than S (p < 0.0001, Table 2) but only explained 5.7% of the 

variation.  In the DAPC scatterplots (Figure S1), discriminant function 1 (DA1) separated North 

(N) from South shore (S) centroids and DA2 separated adult from juvenile centroids.  There were 

significant differences in assignment probability to genetic Cluster 1 among adult samples from 

N and S shores (p < 0.0001, Table 2, Figure 3), where N Maui sites had the highest probability of 

assignment to Cluster 1 (0.51-0.66), the S Maui sites were appreciably lower (0.35-0.45), and 

Lana‘i had the lowest probability of assignment to Cluster 1 (0.25). Further, there was a 

significant interaction between shore and life stage in the mean probability of assignment to 

Cluster 1 (p = 0.019), with N juveniles having a lower probability of assignment to Cluster 1 
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than the N adults (p = 0.043). In contrast, there was no significant difference in the mean 

probability of assignment to Cluster 1 for S juveniles and adults (p = 0.97), suggesting that the 

difference between N adults and N juveniles is driven by net dispersal from S to N.   

Among the juveniles, there are three distinct groups of sites based upon probability of 

assignment to genetic Cluster 1 (Figure 3), consistent with larval mixing most instances, or lack 

thereof in one instance, prior to settlement.  Sites 04-07 (N) and 09*-10* (S) have the highest 

assignment probabilities (0.50-0.56, larval group 1); while N sites 03° and 08 and S sites 01°-02 

and 12-14° also have similar, but lower, assignment probabilities (0.35-0.43, larval group 2); and 

site 11* had the lowest overall mean assignment probability to Cluster 1 (0.21). Unlike the 

adults, these groupings of juvenile samples do not completely align with shore aspect. For 

example, the juveniles at N site 03° exhibited a probability of assignment Cluster 1 that was 

more similar to S adults than 03° adults.  There was evidence for bi-directional dispersal between 

N and S juvenile pools in East Maui, near the transition between N and S shores, given that 

juveniles at N site 08 had similar assignment probabilities to S adults and juveniles at S sites (02, 

12-14), and juveniles at S sites 09*-10* had similar assignment probabilities to juveniles at N 

sites 04-07.   

There is a distinctive pattern in the probability of assignment of individuals to genetic 

Cluster 1, with most individuals being near either 1, 0.5, or 0 (Figure 3b), which is what would 

be expected between two hybridizing populations that readily interbreed and produce F1 hybrids.  

Supporting this hypothesis, individuals had a 30% chance of being classified as pure Cluster 1, 

42% F1 hybrid, and 22% pure Cluster 2, accounting for 94.5% of all individuals. The probability 

of a back cross to Cluster 1 (0.7%) was less than 1/3 of a back cross to Cluster 2 (2.6%), and the 

probability of an F2 hybrid was 2.2%.  When requiring a posterior probability ≥ 0.8 to classify an 
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individual, 92.7% of individuals were classified as either Pure 1 (23%), Pure 2 (29%), or F1 

hybrid (41%).  The remaining 7% of individuals were either backcrosses to Cluster 2 (0.45%) 

and the rest could not be classified with high confidence (unknowns, 6.9%).  Consistent with 

STRUCTURE, a significantly (p < 0.05) greater proportion of adults are classified as Pure 1 

versus Pure 2 in the N sites (x̄ = 0.34, sd = 0.093 versus x̄ = 0.10, sd = 0.024, Figure 4). 

Similarly, a greater proportion of adults are classified as Pure 2 versus Pure 1 in the S sites (x̄ = 

0.39, sd = 0.067 versus Pure 1 (x̄ = 0.16, sd = 0.075).  The N juveniles exhibited a greater 

proportion of Pure 2 than the adults (p < 0.05), but there were generally not significant 

differences in the proportions of pure strains between adults and juveniles in the S, again 

supporting dispersal from S to N. The site 11* juvenile sample was an outlier due to an unusually 

low probability of assignment to Cluster 1 (Figure 3). It had the highest proportion of Pure 2 

(0.64) and the lowest proportion of F1 hybrids (0.20) of all samples (Figure 4).  Overall, there is 

not significant difference in the proportion of F1 hybrids, backcrosses, or unclassified individuals 

between adults and juveniles with respect to shoreline aspect (p > 0.05).   

There was significant genetic structure between individuals classified as either Pure 1 or 

2 both without and with the outliers identified with BayeScan and Arlequin (FST=0.03-0.10, p < 

0.0001, nloci = 731-748, npure1 = 190, npure2 = 256).  When testing for genetic structure using all 

individuals regardless of classification, there were significant differences among the four 

combinations of shoreline aspect and life stage (FCT = 0.0008, p = 0.0004, Table 3), but not 

among samples within those groupings (FSC = 0.0002, p = 0.24).  The pairwise FST values ranged 

from -0.0517 and 0.0077 (Table S3), and while most pairwise comparisons of samples were not 

statistically significantly different, there was a discernable pattern of greater genetic 

differentiation between N and S adults than within (Table S3). The most differentiated adult 
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samples were from sites 01° on Lana‘i and 06 on Maui’s north shore (FST = 0.006, p = 0.019). 

The greatest genetic differentiation was detected between samples of adults and juveniles, 

particularly between sample A01° (Lana‘i) and samples J05-J06 on the Maui’s North shore (FST 

= 0.006-0.008, p = 0.019).  No correlation was found between the pairwise FST of adults and 

juveniles (p = 0.1307).  

When forensically assigning juveniles to either N, S, or Self adult samples, there were 

significantly more assignments to S adults and fewer to N adults than expected by random 

chance (p < 0.05, Figure 5a, Table S4).  This pattern was driven entirely by juveniles from S sites 

(Figure 5c), whereas juveniles from N sites exhibited slightly less self-sourcing than random 

expectation (p < 0.05), but otherwise exhibited random assignment to adults from both N and S 

shores (Figure 5c). Among the 14 juvenile samples, there were differences in the mixtures of 

adult sources (N, S, Self; p = 0.0048, Table 4), with three S juvenile samples (J11*-12, J14°) 

exhibiting significant deviation from random expectation (p < 0.05, Table 4).  Samples J11*-12 

were characterized by more assignments to S and fewer to N sites than random expectation, and 

J14° was characterized by more assignments to adults from the same site (self-sourced) than 

random expectation (Figure S2). Given that only 3/8 S juvenile samples deviated from random 

expectation, but the pool of S juveniles exhibited a strong pattern of non-random assignment, we 

suspect that sample size of juveniles from each site was too low to reliably identify deviations 

from random expectation.  While N samples J04-06 did not deviate significantly from random 

expectation, they were the only samples with both more assignments to N and fewer to S adult 

samples than random expectation (Figure S2). 

 When forensically assigning juveniles to adult samples 1-14, juvenile samples were 

composed of a non-random mixture of adult source populations (p = 8.4E-28, Table 4), with 10 
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of 14 juvenile samples being composed of a significantly non-random mixture of adult source 

populations (p < 0.05, Table 4, Figure S3). Adult samples 04 and 12 were significantly under-

represented while 07, 09*, and 13-14° were significantly over-represented in the pool of all 

juveniles (p < 0.05, Figure 5b, Table S4).  When comparing the assignments of juveniles from N 

and S shores, sample A07 was over-represented in N but not S juveniles (p = 2.5E-7 vs. p = 

0.096, Figure 5d, Table S4), and sample A09* was overrepresented in S but not N juveniles (p = 

0.0013 vs. p = 0.48, Figure 5d).  

 
IV.4 Discussion 

IV.4.1 Cryptic Diversity 

The advent of DNA sequencing and barcoding has fostered a revolution in our understanding of 

biological diversity (Pfenninger & Schwenk et al., 2007; Trontelj & Fišer, 2009) because it can 

be used to unambiguously identify reproductively isolated populations, and while unexpected, it 

is no surprise that we were able to detect the presence of two cryptic populations.  Within the 

Hawaiian Islands, marine diversification is rare (Bowen et al 2020), with C. exarata, C. 

sandwicensis, and C. talcosa being the only well-documented marine radiation (Bird et al., 2011; 

Bowen et al., 2013). Within any one Hawaiian Island, there have been indications of cryptic 

diversity in broadcast spawning corals (near shore vs. offshore; Tisthammer et al., 2020) and 

brooding vermetid gastropods (Faucci, 2007) but there have been few rigorous genetic studies 

conducted at the intra island scale, particularly in broadcast spawning species like C. exarata 

which should disperse easily within and among islands based on larval dispersal simulations 

(Conklin et al., 2018, Wren et al., 2016). An exception was the investigation of hawkfish 

(Paracirrhites arcatus) color morphs, which exhibited some genetic differentiation between reef 

microhabitats.  Prior to this effort, C. exarata had been extensively barcoded (mtDNA, Bird et 
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al., 2007, 2011) and the only evidence for cryptic species diversity is between the uninhabited 

Northwestern Hawaiian Islands (NWHI) and the inhabited Main Hawaiian Islands (MHI) which 

are separated by a large deep-water channel that serves to isolate those two populations with 

prominent morphological differences (Hamilton et al., 2020).  Surveys of nDNA in pools of 

individuals did reveal elevated genetic diversity in Maui’s C. exarata relative to O‘ahu and the 

Big Island of Hawai‘i (Cockett, 2015), suggesting that these two populations may not co-occur 

on other islands outside of Maui Nui (the islands of Moloka‘i, Maui, Lana‘i, and Kaho‘olawe 

which compose one island during ice ages). We suspect that as more genome wide surveys of 

genetic variation are conducted on fine spatial scales in non-model marine species, more subtle 

patterns of genetic structure and cryptic diversity will follow. 

 There is strong evidence that (1) the two genetic clusters identified in this study are two 

independently evolving lineages with substantial reproductive isolation (i.e., species; Mayr, 

2000; De Queiroz, 2007) and (2) these two lineages are different than the NWHI lineage, 

meaning C. exarata is composed of at least three lineages.  The evidence for reproductive 

isolation in the two genetic clusters on Maui begins with the large proportion of individuals 

(93.5%) that were classified with 80% or greater posterior probability as Pures or F1 hybrids and 

the small proportion of other intermediates (Figure 4).  If the F1 hybrids were freely reproducing 

and fit, there would be a much larger proportion of F2s, back crosses, and other intermediate 

forms (“unk” in Figure 4), and the two populations would merge into one due to the 

homogenizing effect of geneflow.  Geneflow, however, is restricted between individuals 

classified as either Pure 1 or 2 (FST = 0.03-0.10, p < 0.0001), and this level of genetic 

differentiation is intermediate between that detected between Maui and other MHI populations 

(FST=0.01-0.03, Cockett, 2015) and that between the NWHI and the MHI (FST = 0.16-0.18, 
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Cockett, 2015).  In particular, the Maui sample from Cockett (2015), which presumably contains 

a mix of mostly Pure and F1 hybrids, is differentiated from the NWHI (FST = 0.16), indicating 

that neither Maui genetic cluster is closely affiliated with the NWHI.  Thus, we conclude that 

there are at least three cryptic C. exarata lineages. More data is required to delineate lineages on 

other islands. While cryptic diversity was not the original focus of the present study, more 

rigorous sampling of marine species at fine (intra-island) spatial scales and advanced genome 

wide surveys of genetic variation may lead to another boom in the discovery of cryptic diversity 

that is invisible with single locus mtDNA sequencing.   

 

IV.4.2 Genetic Structure, Selection and Local Adaptation 

This study was conducted with the assumption that one population was sampled, but the 

presence of two hybridizing populations with low levels of gene flow does not invalidate our 

goal of assessing patterns of dispersal and gene flow here, or in Chapters 2 and 3.  It is important, 

however, to realize that biological interpretations of the data must account for the nature of the 

samples (Bird et al., 2011b).  For example, if there is one population per sample in an AMOVA, 

then FST is a proxy of gene flow and genetic differentiation.  But, if there are two populations per 

sample, then FST is only a proxy for genetic differentiation among the samples, and the 

biological meaning of that differentiation must be interpreted differently. While some 

methodologies may be obstructed, others such as the forensic assignment testing may be 

enhanced by the presence of mixed samples because the differential proportions of pure strains, 

F1, and intermediates likely increases the amount of information needed to accurately assign a 

juvenile to an adult source population (see Christie et al., 2017). Given larger sample sizes, the 

data set could have been divided into three categories (pure Cluster 1, pure Cluster 2, and 
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admixed) the two pure data sets could be analyzed independently.  However, the large proportion 

of admixed individuals makes the remaining sample sizes of the pure data sets too small to be 

useful beyond comparing the two genetic clusters.  Consequently, we analyzed the mixed 

samples and adjusted the biological interpretations that follow accordingly. 

 Based upon the genetic structure observed in mixed samples with pure, F1 hybrids, and 

other intermediate forms, there is a strong signal of local adaptation in the two C. exarata 

populations, with genetic Cluster 1 being locally adapted to North shores and genetic Cluster 2 

being locally adapted to South shores.  Local adaptation is supported by (1) the differential 

abundance of the two populations on North and South facing shores which leads to the patterns 

of genetic structure (Figures 2-4, S1; Tables 2-3, S3), (2) the disproportionate effect on FST 

where 70% the genetic differentiation between the Pure 1 and 2 individuals was driven by the 

2% of loci identified as outliers putatively affected by selection, and (3) the differing intertidal 

conditions that lead to more viable habitat on North than South facing shores (see Bird et al., 

2013; Kay & Magruder, 1977).   

Hawaii’s rocky intertidal shore communities are strongly affected by shore aspect 

because the waves are larger than the tides, Habitat size is controlled by wave height and run up 

(Bird et al., 2013), and wave heights and patterns differ strongly between North and South facing 

shores (Bird et al., 2012, Li et al., 2016; Presto et al., 2006; Storlazzi & Jaffe, 2008; Storlazzi et 

al., 2004).  Consistent trade winds blow from the Northeast, driving wind waves on North and 

East facing shores, and North swells from winter storms are larger than South swells from 

summer storms.  The North swells inhibit coral reef formation, enabling large waves to reach the 

shore with minimal energy loss, leading to a larger and more hydrodynamically extreme and 

consistently cool, wet high intertidal habitat.  Major stress events occur on North shores when 
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the trade winds die in the summer, and C. exarata are left high and dry (Bird pers. comm.).  If 

they do not move to a less stressful location, C. exarata can experience mortality.  In contrast, on 

South shores, there are smaller waves because the trade winds are weakened and altered when 

they hit the high volcanic islands, smaller summer swell is generated by more distant storms in 

the Southern hemisphere, and there is typically more coral reef formation which saps waves of 

their energy.  This combination of factors leads to less hydrodynamically extreme conditions, 

smaller zones of viable habitat, and a larger influence of tides on South shores. High stress 

events associated with the confluence of low tides and low waves are less likely to leave C. 

exarata high and dry for extended periods because the change in the location of optimal 

conditions is not as great as can happen on North shores.   

The different patterns in physical conditions between North and South shores can exert 

strong disruptive selective pressures, and the difference in the abundance of South-shore-adapted 

Pure 2 juveniles and adults on N shores indicates that selection is acting to drive differences in 

abundance after recruitment. Because rare stressful events can cause the most extreme ecological 

disturbance (Denny et al., 2009) and calm sea conditions are likely to be more stressful on North 

shores, adaptations affecting tolerance of heat and desiccation stress (more shell volume, less 

shell surface area: Hamilton et al., 2020; heat shock proteins: Dong & Williams, 2011; Schoville 

et al., 2012) may contribute to the observed biogeographic pattern. Alternatively, adaptation 

associated with attachment tenacity (Smith, 1991) could be involved because while limpets 

generally have a higher potential attachment tenacity than hydrodynamics would dictate (Denny, 

2000), attachment tenacity is minimized when C. exarata flees from predatory gastropods and is 

vulnerable to dislodgement which leads to almost certain mortality (tentacle length, evasion 

strategy: Bird, 2011).   
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There is potentially even stronger selective pressure for prezygotic reproductive isolation 

between the populations.  The high abundance and low fitness of F1 hybrids, which is evident in 

the low proportion of admixed individuals that are not F1 hybrids, is a classic pattern associated 

with evolutionary reinforcement (Dobzhansky, 1937, reviewed by Servedio, 2004), here defined 

as selection against hybridization to avoid any assumptions about how these two populations 

formed or its role in speciation, which is beyond the scope of this effort.  There seem to be few to 

no prezygotic reproductive barriers based on the high abundance of F1 hybrids, but there would 

be a large fitness advantage for those avoiding hybridization due to adaptations affecting either 

gamete recognition proteins (Levitan, 2012; Vacquier & Swanson, 2011) or asynchronous 

spawning timing (Fukami et al., 2003; Monteiro et al., 2016; Rosser, 2016; Rosser 2015, 

Mangubhai & Harrison, 2008).   

An intriguing question is whether the North and South-adapted populations of C. exarata 

tend spawn asynchronously. Variation in spawning timing is likely affected by annual wave 

patterns because C. exarata resides above mean higher high water and relies on waves for 

immersion (Bird et al., 2013) and transport of gametes from the shore to the water column. 

Lending credence to this hypothesis, the induction of spawning of C. exarata in the laboratory 

can be triggered by submersion and rigorous water aeration between the new moon and first 

quarter in at least some individuals (Bird pers. obs.; Corpuz, 1981; Kay et al., 1982). 

Additionally, C. exarata are characterized by two spawning peaks near the solstices (Kay & 

Magruder, 1977) which also coincide with the prevalence of North (winter) and South (summer) 

swells. While we did see limited evidence for asynchronous spawning (sample J11*, high 

proportion Pure 2, low proportion F1) it was for the South-shore-adapted genetic Cluster 2 

during the Winter peak spawn when waves are highest on North shores, rejecting the hypothesis 
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of an association between spawning timing, wave season, and genetic Cluster.  Further, the 

juveniles sampled on North shores had more of the South-shore-adapted Cluster 2 than the adults 

regardless of whether the samples were composed of juveniles likely to have been spawned near 

either the Winter solstice or Spring equinox.  Lastly, there were consistently high proportions of 

F1 hybrids in most samples (Figure 4), which can only result from sympatry and synchronous 

spawning of the locally adapted populations. 

 

IV.4.3 Inferred Dispersal 

The comparison of the genetic structure and composition of adults and juveniles leads us to the 

conclusion that there was a net movement of larvae from the South-facing shores of Maui to the 

North (Figure 6), and this result holds for juveniles sampled in both February and May (Table 1). 

Dispersal from the South shore to the North is supported by or consistent with results from all 

analytical methodologies employed (Figures 2-5, S1-3; Tables 2-4, S3-4).  We draw this 

conclusion because the juvenile samples on the North shore have a genetic composition that has 

more of the South-shore-adapted genetic Cluster 2 than the adult samples, while the juveniles in 

the South have a genetic composition that is generally very similar to the adults in the South.  

Indeed, juveniles sampled from North sites were equally likely to forensically assign to either 

South or North adults while those on South shores non-randomly assigned to the South (Figure 

5). There was also evidence of bi-directional collective dispersal along the Eastern tip of Maui 

(sites 08-10*), with the North site 08 juveniles having approximately the same composition of 

the South-shore adapted genetic Cluster 2 as most other South juvenile samples, and South Sites 

09*-10* juveniles having approximately the same mix of genetic clusters as juveniles in North 

sites 04-07.  Lastly, net dispersal from South Maui to Lana‘i is supported by the juveniles at site 
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01° having a similar genetic composition to the South Maui adults, with a lesser proportion of 

South-shore-adapted Cluster 2 than the Lana‘i adults. 

The inferred dispersal patterns here are correlated with ocean current data and larval 

dispersal modeling in Hawai‘i. Current and larval dispersal models suggest the most probable 

pathway for dispersal from South to North shores is along the East Maui coast.  Larvae can 

disperse from the Southeastern shore of Maui to the North via the strongest average current in 

the Hawaiian Islands in the ‘Alenuihāhā channel (Wren et al., 2016).  The North Hawaiian Ridge 

Current, which runs from Southeast to Northwest along the North Maui shore can further 

disperse larvae along the North coast.  Finer-scale larval dispersal modeling by Storlazzi et al. 

(2017, corals) additionally indicates that larvae can readily disperse from Southeast Maui to 

Southwest Maui, as well as from Southwest Maui to Lana‘i and the Northern tip of Maui.  

However, the nearshore currents along most of the North Maui coast tend to be weak, and 

generally run from Southeast to Northwest (inferred from Storlazzi et al., 2017), so it is unlikely 

for larvae from Southwest Maui to disperse past the Northern tip of Maui, to the East along the 

North shore.  But, currents are notoriously variable and a ROMs current model for Hawai‘i does 

predict that currents do occasionally run from the Northern tip of Maui to the Southeast along the 

North shore during the time frames that the juveniles sampled here were likely to be dispersing 

as larvae (PacIOOS, 2021).  The ROMs model also exhibits variability in current direction at the 

Eastern tip of Maui, where we inferred both South to North dispersal at site 08 and North to 

South dispersal at sites 09*-10*. Overall, the limited dispersal modeling for Maui indicates that 

the Southeast shore is likely to be the most influential, and the adults along this coast at sites 09*, 

13, and 14° were indeed among the most likely sources of juveniles on both South and North 
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shores (Figure 5). Also, consistent with the current and dispersal modeling, adults at North site 

07 were the most likely source of North shore juveniles. 

The results here provide limited support for some degree of collective dispersal (Eldon et 

al., 2016).  Juvenile samples 01°, 03°, and 08 had a stronger affiliation with South Maui adults 

than adults from their own sites, indicating a mass movement of larvae from one area to another 

without much mixing with the larvae spawned at those locations.  Contrast that with the juveniles 

at North sites 04-07 which were traced to a mix of North and South adults.  A similar mix of 

North and South adults is evident in juvenile samples 09*-10* on the Southeastern Maui shore, 

which when also considering that North site 08 juveniles seemed to be associated with South 

adults, is consistent with partitioning of larvae, perhaps entrained in different water masses (see 

Selkoe et al 2010, Iacchei et al 2013).  The juveniles at site 11*, which had a much higher 

probability of assignment to the Southshore-adapted genetic Cluster 1 (80%) than any other 

sample, are also indicative of some degree of collective dispersal.  These juveniles have the 

lowest proportion of F1 hybrids and highest proportion of Pure 2 individuals of all samples, 

suggesting that they originated in a location where fewer Pure 2 gametes were spawned, either 

due to fewer adults or asynchronous spawning.  They also didn’t mix with either the juveniles at 

site 10 within a km, or the typical South shore juvenile pool. Selection for genetic Cluster 2 

might be hypothesized as an explanation for genetic composition of the site 11* juveniles, but 

the adults did not exhibit the same genetic composition, so it seems unlikely.  And while the 

adults at site 01° also have a high mean probability of assignment to Cluster 2 (75%), the 

proportion of F1 hybrids was much greater and Pure 2 much lower than the site 11* juveniles, 

indicating that they were not from site 01°. 
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IV.4.4 Management Implications 

The dispersal inferences made here are based on the comparison of juvenile and adult C. 

exarata and apply explicitly to the December 2016 and March 2017 spawns.  While genetic data 

is often collected and presented in a way that represents long-term patterns that developed over 

hundreds - thousands of generations, the sampling design here represents only two juvenile 

cohorts separated by three months.  

The forensic assignment of juveniles to adult source populations lends itself well to 

inferring well connected source and poorly connected sink populations, which is of particular 

interest in the design of MMA networks and spatial planning (see Crowder et al., 2000; Figueira 

et al., 2006; Hellberg, 2009; Jenkins & Stevens, 2018), and there is a clear pattern of source-sink 

dynamics in the data. While classifying locations as sources or sinks can miss the mark because 

binary classification is too coarse, there is an undeniable utility in the terminology and concept if 

we accept that most locations will fall along a continuum between the two, with temporal 

variation.  The degree to which source-sink dynamics are at play can be visualized in Figures 5b 

and d, where greater departures from random expectation (zero) indicate more prominent sources 

(positive) and sinks (negative).   

When considering source-sink dynamics in marine spatial planning, it is customary to 

prioritize the management of sources. As mentioned above, some sites along the South Maui 

shore contributed more to the pool of juveniles than others, including one of the community 

managed Rest Areas (09*) and that state managed ‘Ahihi-Kina‘u Natural Area Reserve (14°), but 

there are indications that additional MMA could strengthen the network.  Sites 07 and 13 and the 

surrounding marine resources are not managed but also contributed disproportionately to the 

juvenile pool and could be good management locations with respect to C. exarata.  
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Caution should be exercised in interpreting the results here when it comes to excluding 

areas from management consideration, and classification as source and sink is not always the 

only consideration in marine spatial planning (Santos et al., 2019).  While it makes sense to 

prioritize source areas, over-allocating MMA to source locations identified here could miss 

important locations for maintaining connectivity. Sites that were neither source nor sink could be 

excellent locations for MMA given that they did contribute to the juvenile pool.  Even locations 

that were more sink than source, may be good MMA locations.  For example, the Honolua-

Mokulē‘ia Marine Life Conservation District (03°) was identified as a “sink” (Figures 5b,d).  

Based on Storlazzi et al (2017), however, it seems likely that the Island of Moloka‘i, which was 

not sampled here, is a common destination for the larvae originating from site 03°.  Bennett 

(2018) identified a strong link between the community-managed Rest Area at site 10*, which 

was a sink for North shores here, and statistically significant increases in the abundance of C. 

exarata up to 1 km down current. In Chapter 3, this same Rest Area was connected to sites both 

up and down current by more relatives than random expectation on a finer spatial scale than 

considered here. Management at fine spatial scales is especially important in the context of 

Hawaiian culture, because management units were traditionally based upon ahupua‘a (often a 

whole watershed) and larger scaled subdivisions such as moku (Glazier, 2019).  Thus, our results 

here apply to management at the whole island scale but may not be indicative of MMA success 

at finer spatial scales.  

There is little doubt that at the island scale, more MMA are required to facilitate 

sustainable harvest of C. exarata and other nearshore marine resources.  From the North tip of 

Maui (site 03°) clockwise to the South tip of Maui (site 14°), encompassing over 2/3 of the 

coastline and nearly all North facing shores, there are no governmental MMA that affect C. 
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exarata.  Notably, there are no MMA in the areas where the North-shore-adapted population 

identified here is numerically dominant.  Given that net dispersal was from South to North, 

MMA would help to promote the persistence of the North-shore-adapted population, especially 

given that uninhibited hybridization with reproductively inviable F1 hybrids often leads to the 

extinction of one population in simulations (Spencer et al., 1986).  The East Maui community-

managed Rest Areas do fill some of the void in MMA, and their success (Chapter 3, Bennett, 

2018) leads us to conclude that more community management should be encouraged, particularly 

along the North and Southeastern shores of Maui. While MMA often take many years to yield an 

observable effect (Edgar et al., 2014; Friedlander et al., 2017; Vandeperre et al., 2010) and 

enforcement is a key element for success (Edgar et al., 2014), the community managed East 

Maui Rest Areas had an observable effect in under three years with no enforcement and 

voluntary compliance generated by educational outreach (Chapter 3, Bennett, 2018).  Existing 

government managed MMA with limited scope can also help to achieve Hawaii’s 30x30 goal 

(Hawai‘i DAR, 2021). The Kahului Harbor Fisheries Management Area on the North shore (sites 

04-05), as well as most other MMA in Hawaiian harbors, does not include the prime habitat of C. 

exarata in its management plan. This location was identified as more sink than source, but it may 

be more connected on a finer spatial scale or during other spawning times.  If the boundaries of 

MMA in harbors like Kahului are extended to include the wave-exposed side of the man-made 

rip rap breakwaters, prime C. exarata habitat, rather than just the interior sides, it would increase 

the diversity of organisms managed, and important goal of MMA (Laikre, 2010).  This is also a 

small change to an already existing MMA and could be an easily attained target.   

Another consideration for managers is the effect of the cryptic populations on sustainable 

yield. The presence of two sympatric populations without prezygotic isolation and with mostly 
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inviable F1 hybrids leads to a substantial decline in in viable zygotes or larvae.  We can infer that 

most crosses with an F1 hybrid do not result in recruits (Figure 4).  Consequently, the 

reproductive output of the population will be less than the number of adults would indicate.  To 

demonstrate proof of concept, consider an example where 25% of adults are Pure 1, 25% Pure 2, 

and 50% F1 hybrids, and the hybrids do not produce viable offspring (Supplement 3).  Let us 

additionally assume that spawning is synchronous, gamete fusion is random, and F1 hybrids 

recruit and develop at the same rate as adults but have zero fitness.  In this scenario, the number 

of harvestable C. exarata in the next generation is reduced by 75% and 85.7% of zygotes with at 

least 1 Pure gamete cannot reproduce.  As the proportions of adults deviate from that listed 

above, the proportion of F1 hybrids necessarily decreases and the overall proportion of viable 

offspring increases.  Given that the observed proportions of F1 hybrids are close to the 

maximum, on average, the actual reduction in reproductive output is likely to be high, making C. 

exarata on Maui a higher management priority because they are at higher risk of overharvest. 

The decreased reproductive output can also decrease connectivity, indicating that closer spacing 

of MMA could benefit these populations. Important unknowns that could affect the reduction in 

reproductive output are whether F1 hybrids differ from Pures in fecundity, spawning time, 

gamete compatibility, or anything else that would affect the fusion of an F1 with a Pure gamete. 

 
IV.5 Conclusions 

There are few rigorous studies of genetic structure and inferred dispersal patterns at fine spatial 

scales in marine species (km – 10s of km, but see D’Aloia et al., 2020), particularly in Hawai‘i 

which has arguably been one of the most well studied marine ecosystems in the world in the 

context of evolutionary population genetics (see Crandall et al., 2019; Selkoe et al., 2014).  The 

present study demonstrates that fine patterns in genetic structure exist in broadcast-spawning 
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marine species that are meaningful for management decision making.  Further, the comparison of 

the genetic composition among life stages can be used to effectively infer dispersal patterns that 

can be used in the prioritization of MMA delineation, and this study moves the basic unit of 

management for marine connectivity in Hawai‘i to the intra-island scale.   

Finally, this study can serve as a cautionary tale to marine ecologists assuming they are 

studying one species as they endeavor to begin their powerful population genomic study.  

Despite four decades of genetic work on C. exarata (Samollow pers. comm. [allozymes]; Reeb 

1995 [mtDNA]; Bird et al 2007, 2011 [mtDNA and nDNA]; Bird & Toonen pers. comm. 

[microsatellites]; Cockett 2015 [pooledRADseq]; Chapters 2-3 [RADseq]), the presence of a 

cryptic diversity on Maui was not suspected until this effort. The discovery of two lineages 

affects management considerations and affects the interpretation of the data.  In many genome-

wide surveys of genetic diversity in non-model species it is difficult to decipher cryptic diversity 

from intra-population level patterns, so molecular ecologists need to be particularly vigilant. 
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Figures 
 

 
 
Figure IV.1. Map of Maui Nui depicting sampling sites on Lanai (01°) and Maui (02-14°). Sites 
04 (basalt) and 05 (concrete) are from the same location, the Kahului breakwater, but different 
substrata. Yellow denotes marine managed areas affecting C. exarata. The ° denotes community-
managed voluntary no-take sites (09*-11*, “Rest Areas”) and the ° denotes state-managed and 
enforced no-take sites (see Table S1). Of the two additional regulated locations in Maui Nui 
affecting C. exarata, only traditional, subsistence fishing is allowed on Kaho‘olawe (Kanaloa) 
with explicit permission, and Molokini is a state-managed no-take area. Arrows indicate 
prevailing offshore current patterns. Site 09* is omitted from the map per confidentiality 
agreement. 
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Figure IV.2. Bar plots representing the membership estimates (STRUCTURE, K=2) for adults 
and juveniles. N: North, S: South, mpa*: government managed no-take area, cma°: community 
managed no-take area. 
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Figure IV.3. (a) Mean probability of assignment to genetic Cluster 1 (STRUCTURE) plotted 
against location. The fit lines are LOESS smoothed. The dashed boxes delineate groupings of 
similar probabilities for adult and juvenile samples.  The vertical position and extent of the boxes 
represent genetic identity, and the width of the boxes represent geographic location and extent. 
(b) Histograms of the probability of assignment of individuals to Cluster 1 by shore aspect and 
life stage. N: North, S: South, A: adults, J: juveniles. 
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Figure IV.4. Proportion of sampled individuals assigned to pure genetic Cluster 1 or 2, F1 or F2 
hybrid, backcross to Cluster 1 or 2, or unknown assignment (< 80% probability of assignment to 
a category).  Missing categories (F2, backcross to Cluster 1) had no individuals assigned. The fit 
lines are LOESS smoothed. Site labels are noted in grey. Unknown individuals are likely the 
result of admixture between the two populations. 
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Figure IV.5. Box plots of the deviation from random expectation (zero) in the proportions of 
juveniles from each sample site assigned to adult samples from (a) the same site, North, or South 
and (b) adult samples 1-14.  In panels (c) and (d), juvenile samples were partitioned by shore 
aspect (secondary y-axis). Statistically significant deviations from random expectation can be 
interpreted as source (positive) and sink (negative) and are noted with an *.  Red denotes a 
difference in the adult sample contribution to N and S juveniles. 
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Figure IV.6. Map depicting broad-scale dispersal patterns inferred from genetic data. The 
colored coastlines represent the proportion of genetic Cluster 1 in adults: cyan ≤ 25%, blue ≤ 
45%, purple ≤ 55%,  red > 55% (Figure 4). The line colors are interpolated between sampling 
sites and color boundaries are hypotheses based on shoreline aspect. The color fill in the site 
labels represents the likely origin of the juveniles based on STRUCTURE assignments (Figure 
4), NewHybrids identities (Figure 5), and forensic assignment tests (Figures 6-7): blue = S Maui 
origin, red = N Maui origin, purple = mixed evidence for N and S Maui origins. Arrows 
represent dispersal directionality (straight = dispersal from one shore to another, curved = self-
sourcing), degree (narrow = less dispersal), and are colored similarly according to origin (blue = 
from S Maui, red = from N Maui). Site 09* is omitted from the map per confidentiality 
agreement but its adult and juvenile composition were similar to 10*. 
  



 

152 
 

Tables 
 
Table IV.1. Locations (Island, Moku, Site) and sample index numbers, sampling date, shoreline 
aspect category, number of individuals sequenced (nseq), and number of individuals that passed 
post-sequencing filtering (nanalyzed). Collections that occurred immediately outside the 
boundary of a state-managed area are denoted with an ° and those from inside of a community-
managed area are denoted with a *.  A: adults, J: juveniles, N: North, S: South. †We are bound 
by a confidentiality agreement to not associate specific locations with community managed Rest 
Areas. 

 
 
  

Island Moku Site Index A J A J
Lana'i Kona Kalaeokahano Pt. 01° 2017-May S 52 55 32 37
Maui Kealaloloa Ma'alae'a Lighthouse 02 2017-Feb S 53 36 34 34

Kanapali 'Alaelae Pt. 03° 2017-May N 53 54 31 32
Wailuku Kahului Breakwater - Basalt 04 2017-Feb N 30 34 17 20
Wailuku Kahului Breakwater - Concrete05 2017-Feb N 34 28 19 25
Hamakuapoko Paihiihi 06 2017-May N 53 54 33 29
Koolau Honomanu 07 2017-Feb N 53 50 35 33
Hāna Kāuiki 08 2017-Feb N 49 55 29 36
Hāna Rest Area 1† 09* 2017-Feb S 52 47 36 38
Kīpahulu Rest Area 2A† 10* 2017-Feb S 54 49 32 31
Kīpahulu Rest Area 2B† 11* 2017-Feb S 54 50 31 25
Kaupu Kaupo 12 2017-Feb S 53 50 23 26
Kahikinui Na Ka'aha 13 2017-Feb S 50 50 39 31
Hohualula Ahihi Kinau-Natural Reserve 14° 2017-May S 53 55 40 34

Total 693 667 431 431

Shore 
Aspect

n seq n analyzeSampling 
Date (YYYY-
Mmm)
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Table IV.2. Results of beta regression testing for the effect of life stage and shoreline aspect on 
the probability of assignment of an individual to genetic Cluster 1 identified with STRUCTURE. 
The main effects are reported in the first table and the pairwise contrasts (Tukey's HSD) are 
reported in the second table. All sampling sites are included, and removing the Lana'i site did not 
change the results. 
 

 
  

Effect df 1 df 2 F  ratio p
Life Stage 1 Inf 3.128 0.0769
Shoreline Aspect 1 Inf 40.376 <0.0001
Interaction 1 Inf 5.512 0.0190

Contrast Est. Diff.SE df z  ratio p
adult N - juvenile N 0.083 0.032 Inf 2.623 0.0430
adult N - adult S 0.177 0.029 Inf 6.177 <0.0001
adult N - juvenile S 0.165 0.029 Inf 5.708 <0.0001
juvenile N - adult S 0.094 0.028 Inf 3.296 0.0054
juvenile N - juvenile S 0.082 0.029 Inf 2.853 0.0230
adult S - juvenile S -0.012 0.025 Inf -0.468 0.9700
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Table IV.3. Global AMOVA for all individuals grouped by the interaction of life stage and 
shoreline aspect, with sample sites nested within.  The 676 loci with at most 5% missing 
genotypes and not classified as outliers with BayeScan were retained for this analysis. 
 

 
  

Source SS MSE F  stat F  value p

Aspect * Life Stage 186 0.0350 F CT 0.0008 0.0004

Samples (Aspect * Life Stage) 1129 0.0096 F SC 0.0002 0.2381

Inbreeding 38950 0.8900 F IS 0.0195 <0.0001
Total 78977 45.6349
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Table IV.4. χ2 tests for the non-random assignment of juveniles to source adult sites. The rows 
represent all juveniles pooled, all juvenile samples, and each individual juvenile sample.  The 
two groups of columns represent adult samples classified by site and adult samples pooled by 
shore aspect.  If the heterogeneity among juvenile samples is not significant, then the pooled 
samples are a valid global test for deviation from random, otherwise they are not and the stats for 
each juvenile sample should be given more consideration than the pooled samples.  Bold, 
underlined font indicates statistically significant differences between the observed and expected 
values given α=0.05. 
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Supplements 
 

 
 
Figure IV.S1. Scatterplots from the DAPC for (a) individuals grouped by population sample and 
(b) shore aspect and life stage.  The x axis is the discriminant function (DA) that describes the 
most variation and y axis is the second. Labels mark the centroids of the groups, and ellipses 
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delineate 50% of the groups. Colors and shapes distinguish groups. The insets show the number 
of PCA and DA used (dark). N: North, S: South, A: adult, J: Juvenile. 
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Figure IV.S2. Bar graph of the difference between the observed and expected proportions of 
assignments of juveniles (x-axis) to adult samples from N, S, or the same site (self-sourced; 
faceted rows). See Table 4 for significance of juvenile samples deviating from random 
expectation, Table S4 for significance of adult samples deviating from random expectation, and 
Figures 5a,c for this data in the form of boxplots by adult group.  
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Figure IV.S3. Bar graph of the difference between the observed and expected proportions of 
assignments of juveniles (x-axis) to adult sample sites (faceted rows). See Table 4 for 
significance of juvenile samples deviating from random expectation, Table S4 for significance of 
adult samples deviating from random expectation, and Figures 5a,c for this data in the form of 
boxplots by adult sample.  
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Table IV.S1. Details on the MMA on Maui and Lana'i.  MLCD: marine life conservation district, FMA: fisheries management area, 
CMA: community managed area, NAR: natural area reserve, IR: island reserve. 
 

 
 

Island MMA Site Manager Rules Compliance
Lana'i Manele-Hulopo‘e 01° MLCD State GovernmentNo take Enforced 1976 5.0
Maui Honolua-Mokule’ia03° MLCD State GovernmentNo take Enforced 1978 1.4

Kahului 04, 05 FMA State GovernmentVarious Enforced 1984 0
Rest Area 1† 09* CMA Community Org. No take Voluntary 2014 0.075
Rest Area 2† 10*, 11* CMA Community Org. No take Voluntary 2014 1.7
Ahihi Kina'u 14° NAR State GovernmentNo take Enforced 1973 5.9

Molokini Molokini NA MLCD State GovernmentNo take Enforced 1977 2

Kaho'olawe Kaho'olawe NA IR Commission
Take with 
permission Enforced 1993 55

Management 
Classification

Mgmt. 
Established

Mgd. Linear 
Shoreline 

Habitat (km)
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Table IV.S2. Mean observed (Ho) and expected (He) heterozygosities for the different sites, N: 
North, S: South, A: adults, J: juveniles. Collections that occurred immediately outside the 
boundary of a state-managed area are denoted with an ° and those from inside of a community-
managed area are denoted with a *. 
 

 
  

Shore 
Aspect Site H o He

S 01A° 0.17±0.15 0.17±0.14
S 01J° 0.17±0.15 0.17±0.14
S 02A 0.17±0.15 0.17±0.15
S 02J 0.17±0.15 0.17±0.14
N 03A° 0.18±0.15 0.18±0.14
N 03J° 0.17±0.15 0.18±0.14
N 04A 0.21±0.16 0.21±0.15
N 04J 0.19±0.16 0.20±0.15
N 05A 0.19±0.15 0.20±0.15
N 05J 0.18±0.15 0.19±0.15
N 06A 0.17±0.14 0.18±0.15
N 06J 0.18±0.15 0.18±0.15
N 07A 0.17±0.15 0.18±0.15
N 07J 0.17±0.15 0.18±0.14
N 08A 0.17±0.15 0.18±0.14
N 08J 0.16±0.15 0.17±0.15
S 09A* 0.17±0.15 0.18±0.14
S 09J* 0.17±0.14 0.17±0.15
S 10A* 0.17±0.14 0.17±0.14
S 10J* 0.17±0.15 0.18±0.15
S 11A* 0.17±0.14 0.18±0.14
S 11J* 0.18±0.15 0.19±0.14
S 12A 0.19±0.15 0.20±0.15
S 12J 0.18±0.15 0.19±0.14
S 13A 0.16±0.14 0.17±0.14
S 13J 0.17±0.15 0.18±0.15
S 14A° 0.17±0.15 0.17±0.15
S 14J° 0.16±0.15 0.17±0.15
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Table IV.S3. Pairwise FST and their BH adjusted p-values (no color coding) for adults (A) and 
juveniles (J). FST values are heat mapped such that more negative values are more blue and 
more positive values are more red. Statistically significant differences (≤ 0.05) are marked by 
bolding and underlining. 
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Continuation Table S3. Pairwise FST and their BH adjusted p-values (no color coding) for adults 
(A) and juveniles (J). FST values are heat mapped such that more negative values are more blue 
and more positive values are more red. Statistically significant differences (≤ 0.05) are marked 
by bolding and underlining. 
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Table IV.S4. Tests for non-random representation of adult samples in juvenile assignments. Each 
row is an adult sample or grouping of adult samples.  The three groups of columns show results 
for juvenile assignments from all sites, juvenile assignments from North sites, and juvenile 
assignments from South sites. These statistical tests are for the Figure 7 boxplots.  Bold, 
underlined font indicates statistically significant deviation from random expectation, a=0.05. 
 

 
 
 
 

Test df 2 p df 2 p df 2 p
A01* 14 13.8 4.94E-01 6 3.1 7.97E-01 8 10.7 2.18E-01
A02 14 13.4 4.9E-01 6 11.0 8.73E-02 8 2.4 9.67E-01
A03* 14 10.6 7.18E-01 6 3.5 7.41E-01 8 7.1 5.30E-01
A04 14 29.8 8.11E-03 6 11.8 6.59E-02 8 18.0 2.14E-02
A05 14 23.2 5.65E-02 6 8.5 2.01E-01 8 14.7 6.54E-02
A06 14 19.9 1.32E-01 6 12.0 6.23E-02 8 8.0 4.37E-01
A07 14 54.8 9.30E-07 6 41.3 2.50E-07 8 13.5 9.60E-02
A08 14 19.7 1.39E-01 6 10.0 1.27E-01 8 9.8 2.82E-01
A09° 14 30.9 5.72E-03 6 5.5 4.84E-01 8 25.4 1.32E-03
A10° 14 12.8 5.40E-01 6 9.0 1.71E-01 8 3.8 8.76E-01
A11° 14 11.1 6.75E-01 6 3.3 7.66E-01 8 7.8 4.52E-01
A12 14 24.7 3.74E-02 6 10.0 1.23E-01 8 14.7 6.54E-02
A13 14 58.2 2.47E-07 6 9.4 1.50E-01 8 48.7 7.23E-08
A14* 14 60.2 1.10E-07 6 19.1 4.03E-03 8 41.1 2.02E-06
Self-Sourced 12 12.8 3.84E-01 4 0.9 9.22E-01 8 11.9 1.57E-01
N (A03*-08) 14 49.4 7.79E-06 6 9.2 1.61E-01 8 40.1 3.03E-06
S (A01*-02, 09°-14*) 14 46.8 2.07E-05 6 11.2 8.16E-02 8 35.6 2.10E-05

Tests for Non-random 
Representation of Adult 
Samples in All Juvenile 

Assignments

Tests for Non-random 
Representation of Adult 

Samples  in North Juvenile 
Assignments

Tests for Non-random 
Representation of Adult 

Samples  in South Juvenile 
Assignments


