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ABSTRACT 

In shallow water the Hawaiian Archipelago is one of the most isolated archipelagos in the 

world, but at depth it may be connected to the vastly understudied seamount-rich region of the 

central and western Pacific by Necker Ridge, an elongated seamount approximately 600 km west 

of Honolulu.  We hypothesize that if Necker Ridge has acted as a conduit for larval dispersal to 

and from the Hawaiian Archipelago and the Mid-Pacific Mountains, then similar fauna should be 

found on Necker Ridge as in Hawaii.  During explorations of Necker Ridge using the Pisces IV 

submersible in 2011, HD video transects were taken and voucher samples were collected for 

morphological identifications and genetic determination of species identifications.  The Ridge 

was characterized by hard substrates and strong currents and was dominated by suspension 

feeders, including corals, sponges, and crinoids.  The north and south pinnacles on the ridge 

demonstrate significantly different community structures (p < 0.001), with the northern sites 

heavily dominated by corals while the southern sites are dominated by two species of crinoid.  

Morphological data shows few differences between species found on Necker and in Hawaii, but 

preliminary genetic data shows 34% of octocoral samples have sequences unique to Necker 

Ridge.  These data so far suggest that Necker Ridge does not have a strong overlap in community 

structure with the Hawaiian Archipelago. 
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CHAPTER 1 

INTRODUCTION 

 Seamount Habitats 

Seamounts are defined as being volcanic in origin and they are associated with three 

types of geologic features: spreading zones, where seamounts form ridges or rises, with 

subduction zones, where they are submerged substrate of back-arc island chains, or with hotspots 

where magma plumes create archipelagos (Wessel et al. 2010).  Seamounts can be either active 

or extinct volcanoes (Staudigel and Clague 2010), and both active and inactive seamounts have 

important roles in oceanic geochemical cycles; seamounts have been described as “key points of 

intersection among the biosphere, hydrosphere, and lithosphere” (Staudigel and Clague 2010).  

Many seamount locations have been found by using satellite altimetry, which measures the bulge 

in the ocean’s surface caused by the underwater features.  This method is better at finding large 

seamounts or seamount chains over smaller features (Wessel et al. 2010).  Multibeam mapping 

uses sound waves to map the ocean floor in detail, and provides high-resolution pictures of 

topographical changes.  Approximately 33,000 seamounts with more than 1000m of relief 

populate 4.7% of the sea floor (Yesson et al 2012), comprise an estimated area of 9,938,000km2, 

which is larger than Australia (Etnoyer et al. 2010), yet only 0.1% of these are known from direct 

observation (Staudigel and Clague 2010), and even fewer have been biologically sampled (Clark 

et al. 2010).  The 1000m relief size classification is usually the cut-off for distinguishing a 

seamount from an underwater knoll (Rogers 1994; Clark et al. 2012).  Knolls are often 

overlooked due to their small size, but approximately 138,000 knolls ranging in size from 500m 

–1000m of relief cover 16.3% of the sea floor (Yesson et al. 2012).  Numbers of both seamounts 

and knolls are likely to continue to increase as more multibeam mapping is done, especially in 

areas that are currently only described by satellite altimetry (Staudigel and Clague 2010; Yesson 

et al. 2011).   

Seamounts and knolls (grouped together now as seamounts here) provide hard substrate 

in areas that would otherwise be sedimented abyssal plains or  the water column, and these 

features have unique hydrodynamics that can promote the settlement and growth of benthic 

suspension and filter feeders (Thistle 2002; White et al 2005).  As opposed to abyssal plains 

where the near-bottom flow is typically very slow due to friction from the substrate and a viscous 

sublayer of water (Thistle 2002), near-bottom flow on seamounts too deep to be impacted by 
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surface waves is instead accelerated along the high relief of the sides of the structure, increasing 

the speed of currents and preventing sedimentation/burial of the sessile organisms that have 

settled there (Genin et al. 1986; Rogers 1994; White and Mohn 2004).  On a larger scale 

seamounts also affect the overall hydrology of the area; as currents encounter a structure, eddies 

can form and be shed onto adjacent seamount, and tidal forces can be amplified within seamount 

chains, depending on their relative positions (White and Mohn 2004).  The most unique, and 

debated, effect seamounts have on currents is the possible formation of Taylor columns; these 

are localized circular currents that are thought to retain organic matter around the feature and 

promote growth and settlement of sessile megafauna (reviewed in Rogers 1994).  While 

theoretically Taylor columns are likely to form over conical seamounts, White and Mohn (2004) 

found that tabletop mounts and conical seamounts wider than a certain threshold did not allow 

for the circular flow to fully form in model studies. They also found that these forms of 

seamounts can still cause the advection of organic matter back to their flanks, but it is unlikely 

they will create stabilized flow regimes around the entire structure.  Mullineaux and Mills (1997) 

found larvae on a large table-top seamount were more affected by tidally-rectified currents and 

were more likely radiated off the flanks of the seamount than retained.  Few studies have found a 

way to define how seamounts promote filter feeder settlement and growth, but a number of 

hypotheses have arisen over time which structure the way many scientists have studied these 

ecosystems. 

 

Biology of Seamounts 

Structure-Forming Seamount Fauna 

 While fish species found on seamounts are considered to be the most economically 

important seamount fauna, the ecosystem engineers, corals, sponges, and in some cases crinoids, 

are perhaps the more ecologically important organisms.  Deep-sea corals, often referred to as 

cold-water corals, are abundant and extensively distributed habitat forming deep-sea organisms 

(Rogers 1994) that are distinguished from the tropical shallow-water corals typically by the lack 

of algal endosymbionts, which makes them obligate filter feeders (Hourigan et al. 2007).  Corals 

are found in the classes Hydrozoa, of the family Stylasteridae (known as fire or lace corals), and 

Anthozoa.  Anthozoa has two subclasses: Hexacorallia and Octocorallia, which likely diverged 

from each other 750 million years ago, before even the Cambrian explosion (Park et al. 2012). In 
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Hexacorallia are the large hermatypic corals of the order Scleractinia.  Although there are more 

species of deep-sea Scleractinia than shallow water Scleractinia (Cairns 2007), only 14 deep-sea 

species are hermatypic (Hourigan et al. 2007).  The economically important black corals 

Antipatharia and the golden corals Zoanthidea are also of the subclass Hexacorallia.  In the 

subclass Octocorallia there are several hundred species of deep-sea corals which form “coral 

gardens” or “coral forests” rather than bioherms and are the most abundant corals on most deep-

sea, hard-substrate habitats (Hourigan et al. 2007).  These organisms are slow growing and can 

live for hundreds of years (Andrews et al. 2002; Tracey et al. 2006; Roark et al. 2009).  Corals 

depend on the accelerated currents on seamounts, which prevent sedimentation of their polyps 

and increase the filtering of zooplankton due to the movement of large volumes of water (Rogers 

1994; Thistle 2002; Rogers et al. 2007).  Little is known about the reproductive strategies of 

deep-sea corals (Rogers et al. 2007), but some genera, like Corallium and Paragorgia have 

sexually differentiated polyps and annual reproductive cycles (Hourigan et al. 2007). Most other 

corals are thought to depend on broadcast spawning, but unlike shallow-water corals, how deep-

sea corals optimize fertilization with such low population densities is unknown (Rogers et al. 

2007) Studies have shown both hermatypic scleratinians and fan-like octocorals are important 

habitats and food sources for numerous species including invertebrate epifauna and infauna (e.g. 

Rice and Miller 1991; Krieger and Wing 2002; Kilgour and Shirley 2008; O’Hara et al. 2008; 

Buhl-Mortensen et al. 2009) and numerous fish species (e.g. Husebo et al. 2002; Krieger and 

Wing 2002; Baillon et al. 2012). 

 Sponges also provide habitat and food sources for deep-sea fauna, but are usually not as 

abundant as the deep-sea corals, except for some expansive sponge grounds found on the North 

American Pacific Coast (Hogg et al. 2010).  Sponges are also difficult to study due to the 

complexities in species determinations; sponge morphology is impeded by numerous phenotypic 

convergences and secondary losses (Vargas et al. 2012) so that even distantly related sponges 

can look very similar.  There are currently 8,000 described extant species of sponges from three 

classes, Demospongiae, Hexactinellida, and Calcarea (Hogg et al. 2010), and most described 

species are from shallow tropical waters.  Unlike corals, sponges are active filter feeders, 

pumping water through their choanocytes and out their oscula (Hogg et al. 2010), which allows 

the sponges to colonize areas with slower currents and less food if necessary, but sponges can 

still be sensitive to sedimentation (Thompkins-MacDonald and Leys 2008; Wulff 2012).  Most 
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sponges are hermaphroditic and they can reproduce by broadcast spawning, internal fertilization, 

or clonal production (Hogg et al 2010). Sponges are also long lived and slow growing, though 

their growth rates can increase twenty-fold to speed regeneration after damage (Hogg et all. 

2010).  Sponges are ecologically important because they feed on a smaller size class than all 

other filter/suspension feeders (Wulff 2012) and provide habitat for microbes, crustaceans, 

ophiuroids, and fishes (Buhl-Mortensen et al. 2009; Wulff 2012), but are also economically 

important for the incredible number of chemical compounds and secondary metabolites they 

produce (Hogg et al. 2010). 

 Deep-sea corals and sponges are known to host more than 1300 species of megafauna 

alone (Shank 2010), including, but not limited to, shrimp, crabs, lobsters, crinoids, ophiuroids, 

sea stars, anemones, and fish (Wilson and Kaufmann 1987; Krieger and Wing 2002; Samadi et al 

2006; Baco 2007; O’Hara 2007; Shank 2010).  Few of these species are obligate symbionts, 

usually only polychaetes and some ophiuroids, but the habitat created by sponges and corals can 

be important to opportunistic symbionts for reproduction and feeding (O’Hara et al. 2008; Shank 

2010). Crinoids are likely opportunistic epifauna on corals and sponges considering they can also 

be the dominant filter feeding structure forming organism on some seamounts without an 

association to corals or sponges (Bowden et al. 2011). The sheer number of organisms that use 

corals and sponges as obligate or opportunistic habitats highlights the ecological importance of 

these sessile organisms, which are extremely vulnerable to anthropogenic impacts and possibly 

climate change (Ramirez-Llodra et al. 2011).  The threats to seamount communities are 

expanded upon later in this chapter.  

 

Hypotheses in Current Seamount Literature 

The unique faunal communities often found on seamounts have long been a puzzle to 

marine scientists; they often seem similar to fauna found along continental margins, yet can have 

large enough morphological divergences to appear to be different species (Hubbs 1959).  How 

do these organisms get to these isolated locations, and how do they find enough food there?  

What would seem to be rather straightforward questions have instead proven to be far more 

complicated and are unlikely to have simple answers. 

In the mid twentieth century Hubbs (1959) stated that seamounts could act as stepping 

stones for marine species to move across the ocean basins, while at the same time act as centers 
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of speciation in the deep sea.  Few studies have been able to test the function of seamounts as 

stepping stones (Parker and Tunnicliffe 1994), due to the difficulties in sampling seamounts, but 

numerous studies have described high levels of speciation and endemism on seamounts (Wilson 

and Kaufman 1987; Richer de Forges et al. 2000; Koslow et al. 2001).  Many seamount fauna are 

thought to have long-range dispersal capabilities through long-term planktonic larvae life 

histories, and the high numbers of unique species on seamounts was often attributed to both the 

isolation of many seamount habitats and to the aforementioned Taylor columns retaining 

planktonic larvae and preventing dispersion (Rogers 1994).  However, with evidence suggesting 

these current regimes are not sustained long enough to effectively trap larvae (Mullineaux and 

Mills 1997), support for the larval retention hypothesis has waned.  Parker and Tunnicliffe 

(1994) did find a high proportion of species with short-lived larval stages on Cobb seamount, and 

suggested that rafting adults with long life spans could colonize seamounts and then be retained 

due to short-distance dispersal mechanisms.  

Alternatively, a number of genetic studies of seamount fauna found little to no genetic 

variation in seemingly widespread species (Ball et al. 2000; Smith et al. 2002; Smith et al. 2004; 

Samadi et al. 2006).  Samadi et al. (2006) hypothesized that seamounts did not demonstrate 

island biogeography, but were instead oases of biomass due to higher productivity (from 

localized mixing of the water column), and the estimated endemism was due to insufficient 

sampling.  Only one study has tested the differences in biomass between seamounts and the 

adjacent continental slope (Rowden et al. 2010a) to find if seamounts do have higher mean 

biomass.  While they found more biomass on seamounts, it was only due to the abundance of a 

scleractinian coral, which had likely been removed from much of the slope due to trawling.  

Instead, high biomass on seamounts is not due to high localized primary productivity, but instead 

may be from two sources: the increased incidence of food particles for filter feeders due to 

accelerated currents, known as trophic subsidy, (Clark et al. 2010), and the trapping of diurnally 

migrating plankton, also called the deep-scattering layer, at the pinnacles of seamounts due to the 

accelerated currents at the summits (Rogers 1994; Clarke et al. 2010). One study, however, in an 

attempt to show this occurrence in situ, found little evidence for benthopelagic zooplankton in 

fish guts, to which they concluded fish were not drawn to that seamount because of a deep-

scattering layer (Hirch and Christiansen 2010).  In other areas the grazing of trapped zooplankton 
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is thought to be a major source of trophic input onto seamount habitats for both fish and some 

benthic suspension feeders (Clark et al. 2010). 

 

Current Understandings of Biogeography 

Genetic and community connectivity within seamounts and between seamounts and near 

continental slopes has become important questions for marine scientists, but both relationships 

are still poorly understood.  Studies using genetic methods to define the connectivity of 

seamounts, mostly of coral populations on seamounts, have been limited by the difficulties in 

sampling and assigning species designations to most deep-sea corals. This is especially true for 

population genetic studies, which need many individuals of the same species to compare 

microsatellite data between populations.  Of the few deep-sea population studies, Baco and 

Shank (2005) reported high likelihood of inbreeding among Corallium lauuense individuals, and 

found possible recruitment limitations within coral beds on Hawaiian seamounts, as well as 

between some of the seamounts, but distance did not appear to have a universal correlation to 

population differentiation.  Many other studies instead analyze species ranges as a method to 

understand connectivity, and use mitochondrial genes because they are relatively easier to 

amplify than nuclear genes.  France et al. (1996) found a region in the mitochondrial 16S rRNA 

gene that they found useful for identifying antipatharian species and octocoral genera, but 

noticed the much lower variation in this region between octocoral species when compared to 

antipatharian species.  Smith et al. (2004) then used this gene region and a non-coding region 

between the two mitochondrial genes cytochrome c oxidase I and II (referred to as NCR) in 88 

bamboo (Isididae) species.  They reported global distributions of bamboo coral species when 

defined by common DNA sequences, which contradicted the then widely accepted theory of 

isolated seamount populations.  Later studies showed that COI, proposed as a useful tool for 

species designations (Hebert et al 2003; Meyer and Paulay 2005), and most other mitochondrial 

genes were actually mutating so slowly in octocorals that any single gene lacked intergeneric 

diversity and could not designate species ranges (Huang et al 2008; Shearer and Coffroth 2008; 

Baco and Cairns 2012).  Thus Smith et al. (2004) likely instead was seeing variation between 

genera, or even families.  For other deep-sea organisms, like ophiuroids and crustaceans, the 

Folmer region of COI (Folmer et al. 1994) has much higher mutation rates, and can be used to 

distinguish species from each other, and studies using this gene region have shown corals are 
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likely not the only deep-sea fauna that could have more complicated genetic relationships 

between seamounts than scientists had previously considered (Samadi et al. 2006; Cho and 

Shank 2010).  Subsequent studies used other gene regions, like the mismatch repair gene msh1, 

now referred to as MutS (Bilewitch and Degnan 2011), and a nuclear internal transcribed spacer 

region (ITS) to find a region with enough interspecific diversity to be useful for species 

distinctions (Thoma et al. 2009; Miller et al 2010).  In the North Atlantic MutS showed no 

endemic coral populations (Thoma et al. 2009), but even the most quickly mutating 

mitochondrial gene in octocorals, around 0.2% per million years, are not divergent enough for 

species distinctions (Shearer et al. 2002; McFadden et al 2011; Baco and Cairns 2012).  Instead, 

multiple mitochondrial genes, as well as nuclear genes, will be needed to be analyzed together to 

provide enough genetic divergence for interspecific distinctions (van der Ham et al 2009; Miller 

et al. 2010; McFadden et al 2011; Baco and Cairns 2012).  McFadden et al. (2011) combined 

COI+igr (an intergenic control region)+MutS in an extended barcode that was able to distinguish 

70% of morphologically identified species from character-based genetic differences, or 

haplotypes, alone.  Baco and Cairns (2012) added the NADH gene region ND2 when 

distinguishing primnoid specimens of the genus Narella and were able to fully resolve 83% of 

the morphological species.  In both studies, however, an obstruction to the use of genetic 

character-based species distinctions is the overall weakness in octocoral taxonomy.  Attempting 

to refine interspecies genetic differences is confused by poorly characterized higher taxonomic 

relationships.  Many morphological characters used to distinguish coral individuals are possibly 

less defining than previously thought (France 2007) and many family clades in Octocorallia are 

comprised of more divergent and/or polyphyletic clades, which makes species identification 

extremely difficult (Wirshing et al. 2005; McFadden et al. 2006; Pante et al. 2012; Molodtsova 

2013).  Recently Herrera et al. (2012) studied the genetic connectivity of the widespread 

octocoral Paragorgia arborea using a 3,000 nucleotide long mitochondrial extended barcode and 

found that while the species P. arborea does in fact have a global distribution it also has distinct 

haplotypes for each ocean basin.  They also found that P. arborea likely originated in the Pacific 

then colonized the Indian Ocean basin in the last 8-10 million years, and finally colonized the 

Atlantic basin in the last 5 million years.  Combining the relatively recent colonization of P. 

arborea in the global oceans with the slow mitochondrial mutation rates of octocorals, it seems 

the species is only now starting to experience genetic differentiation on the basin scale and could 
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over time form independent species (Herrera et al. 2012).  While no information exists on the 

dispersal timescales of other deep-sea octocorals, it is possible that what seem like conflicting 

genetic estimates of connectivity scientists have so far found are due to relatively recent 

colonization and slow speciation of these organisms and the lack of intraspecific mitochondrial 

markers. 

Community level information has also become an important indicator of seamount 

isolation when species composition and abundance data, rather than genetic data, are compared 

among seamounts and between seamounts and continental slope.  Some studies have shown that 

seamounts and adjacent continental slopes can have the same species (Hall-Spencer et al. 2007; 

O’Hara 2007; Howell et al. 2010; McClain et al. 2009), but interestingly these habitats will have 

significantly different community structure and β-diversity (Hall-Spencer et al. 2007; McClain et 

al. 2009; McClain et al. 2010).  In a study comparing historical data from five seamounts, two 

islands, and two continental slopes in the NE Atlantic, near the Iberian peninsula, Hall-Spencer 

et al. (2007) found that while the seamounts had only 3% endemic species, two seamounts had a 

maximum 40% faunal similarity with the nearby islands and slopes, yet the islands and 

continents, approximately 1500km apart and separated by three seamounts, shared nearly 60% 

faunal similarity.  It seems the seamounts near the islands and slope should have not been more 

similar to the outlying seamounts than the nearby habitats, yet the seamounts seem to promote 

community assemblages different from those on slope habitats.  Howell et al. (2010) reported no 

distinct fauna between two northeastern Atlantic seamounts and an adjacent bank, all of which 

were separated by approximately 160km.  Rather than finding endemic species on any location, 

or any significant difference between the communities of the combined seamounts and the bank, 

they instead found that the benthic assemblages between the conical seamount and the tabletop 

seamount were the least similar of all three habitats.  The impact of the geomorphology of a 

seamount on the community structure had not been previously considered, and this study 

suggests it would be worth further investigation.  In another study between a seamount and 

adjacent bank, McClain et al. (2009) found 7% of the species on Davidson seamount were likely 

endemic, which seems like a low number, but Davidson seamount is only approximately 150km 

from the California coastline and there is no physical barrier to dispersal between them.  The 

same study also showed a distinct faunal changeover between Davidson and the Monterrey 

Canyon, so that dominant species on Davidson were rare in the canyon and dominant species in 
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the canyon were rare on the seamount (McClain et al. 2009).  Many studies like these are 

showing previous estimates of seamount-wide endemism were likely overstated; instead they 

show seamounts to have unique community structure compared to other deep-sea habitats 

(O’Hara et al. 2010; Rowden et al. 2010b), and that seamounts are not uniform structures that 

can be easily generalized throughout the world’s oceans (Rogers 1994; Sautya et al. 2011; Long 

and Baco 2013) 

Depth also plays a large role in determining the community structure of deep-sea habitats.  

Oxygen content, habitat complexity, productivity, ocean chemistry, and many more biological 

drivers are often structured along depth gradients (McClain et al. 2010; Schlacher et al. 2010; Bo 

et al. 2011).  Deep-sea habitats can experience distinct faunal changeover and variation in 

diversity with changes in depth (Howell et al. 2002).  That same study also found that while 

species ranges may cover more than 1000m, their abundance maximum only spans a depth range 

of 200-300m and is not always in the center of their full distribution, which adds to the effect 

depth can have on entire community structuring.  McClain et al. (2010) reported a faunal 

changeover of 70–80% with a depth change over nearly 2000m, but also found that certain 

faunal groups, like sponges, crinoids, and octocorals experienced extensive species changes with 

depth, while decapods and hexacorals showed no depth structuring.  These gradients can occur 

over broad changes in depth (McClain et al. 2010) or on much smaller scales; Long and Baco 

(2013) found six unique benthic communities, each spanning a depth of about 50m, over a total 

depth range of only approximately 250m, with 93% dissimilarity in the assemblages between the 

deepest and shallowest locations.  Depth structuring can also cause genetic differentiation along 

a gradient (Etter et al. 2005) so that speciation may begin to occur though physical barriers seem 

lacking.   

Studies using community structure to define the connectivity of seamount habitats can be 

complicated by the patchiness of many seamount habitats, which can be caused by changes in 

water chemistry (Levin et al. 1991; Bo et al. 2011), overall habitat heterogeneity (Howell et al. 

2002; Buhl-Mortensen et al. 2009), and/ or faunal distributions (Howell et al. 2002; Miller et al. 

2011).  Patchiness of deep-sea habitats can cause uneven sampling along a feature and confuse 

statistical analysis of communities and environmental drivers, especially when many community 

comparisons are made over small geographic distances (McClain and Hardy 2010).  Further 

complications in determining the connectivity of seamounts by using community data are again 
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caused by the limited sampling of deep-sea habitats (McClain and Hardy 2010; Shank 2010) and 

the difficulty in making species distinctions for many deep-sea organisms using only large-scale 

morphological characters, especially if no voucher specimens are sampled for any study (France 

2007; Rogers et al. 2007; Bo et al. 2011).  As more of the deep-sea is explored, and as taxonomy 

of many megafauna improves, it is unclear if scientists will find that seamounts are indeed 

isolated communities with distinct fauna, or if they will find many deep-sea species with 

cosmopolitan distributions within certain depth ranges. 

 

Human Impacts and the Future of Seamounts 

Connectivity is an important factor in the future health of seamounts.  Due to the large 

aggregations of fish often found around seamounts (Wilson and Kaufmann 1987; Rogers 1994; 

Rowden et al. 2010b) they are focal points of numerous fisheries.  Deep-sea fish species are 

thought to be attracted to seamounts that have dense assemblages of sessile benthic fauna, like 

sponges and corals, that can provide shelter during spawning and migration (Rogers 1994; Hall-

Spencer et al. 2007; Baillon et al. 2012), as well as the possible increased food availability from 

accelerated currents (Genin et al. 1986; White et al. 2005) or the advection of migratory 

zooplankton (Rogers 1994).  However, these fish aggregations are transient in nature and no one 

seamount has enough productivity to sustain large fish populations, thus fishing vessels move 

from seamount to seamount and remove benthic habitat from numerous seamounts.  This 

increases the patchiness of the local seamount habitat (Clark et al. 2010; Pitcher et al. 2010) and 

decreases the connectivity of already isolated habitats.  Fisheries practices cause degradation of 

seamount habitats by extensively bottom-trawling seamounts and consequently destroying the 

benthic habitat by removing sessile megafauna like corals, crinoids, and sponges (Probert et al. 

1997; Koslow et al. 2001; Clark and Rowden 2009), and resuspending sediments, which could 

negatively impact any remaining suspension feeders (Clark et al. 2010).  Most species targeted 

by deep-sea fishing are considered overexploited, meaning their populations are near collapse 

(Pitcher et al. 2010) and their recovery is slow due to the long life spans and slow growth of most 

deep-sea organisms.  Their life histories translates to the nearly 3 million tons of biomass 

removed each year being completely unsustainable for even short-term management (Pitcher et 

al. 2010; Schlacher et al. 2010).  As population densities drop due to overfishing, bottom-

trawling effort exponentially increases, to where hundreds to thousands of trawls can be carried 
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out on just one seamount (Rogers 1994; Clark 2010) and each trawl could cover 140m2 (Clark 

and Rowden 2009).  Each successive trawl destroys more habitat and removes more bycatch 

species.  These species display signs of local depletion at each habitat rather than exhibiting 

regional loss of abundance (Clark 2010; Niklitschek et al. 2010), which further reduces 

connectivity of the seamounts. Fisheries management strategies are slowly adapting to the 

information gained by new research, but little outside political or market pressure exists to 

encourage a change in current fishing practices at a pace fast enough to prevent total habitat loss 

(Pitcher et al. 2010). 

 Unfortunately these habitats have very little chance of recovery once they have been 

destroyed due to slow growth (e.g. Clark and Rowden 2009), long life spans of the key structure-

forming species (e.g. Roark et al. 2009), and limited recruitment (Grigg 1988). Studies on 

previously trawled seamounts have shown little to no recovery of benthic assemblages 5–10 

years after bottom trawling had been banned in that area (Williams et al 2010).  In a unique 

study, 20 years after a fishery for Corallium spp. was closed Grigg (2002) did report a 20% 

increase in the overall area of the Makapu’u coral bed, which provides some hope of deep-sea 

coral recovery, but this region has nearby coral populations for recruitment, whereas heavily 

trawled seamounts could need recruits from much more distant locations.  Marine Protected 

Areas (MPAs), which are limited-take or no-take zones, and Benthic Protected Areas (BPAs), 

which are only closed to bottom-trawling only and not open-water fishing, have been suggested 

to protect some seamount habitats (Clark et al. 2010; Morato et al. 2010), and could be useful if 

both trawled and untrawled seamounts are protected.  In order for MPAs or BPAs to be useful, 

both larval source locations and damaged areas need to be protected; without larval sources 

damaged areas will not have recruit populations (Clark et al. 2010).  Considering the lack of 

information on the connectivity of seamounts (Baco 2007; Hall-Spencer et al. 2007; McClain et 

al. 2009), determining appropriate regions for protection with respective source populations 

could prove difficult, unless large swatches of area are closed.  Large areas are currently 

protected in the Gulf of Alaska, the Northwest Hawaiian Islands, near New Zealand, off 

Tasmania, and near the Azores (Morato et al. 2010).  The impact protection has had on these 

regions is still relatively unknown, but if certain seamounts can be closed for research, as on 

Condor seamount in the Azores, then deep-sea scientists can run short- and long-term integrated 

observations and begin to add to the limited data on seamount processes (Morato et al. 2010).  
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Another management option recently presented is the use of habitat suitability modeling to 

determine optimal habitat and environmental drivers.  These methods have been applied to deep-

sea hermatypic scleractinians and deep-sea octocorals (Tittensor et al. 2009; Yesson et al. 2013).  

Hard substrate features (seamounts and slopes) in the North Atlantic, South Pacific, and Indian 

Ocean have been shown to be good locations for stony coral growth due to high aragonite 

saturation and high dissolved oxygen concentrations (Tittensor et al. 2009; Davies and Guinotte 

2011).  Areas with low levels of dissolved inorganic carbon (DIC), nitrate, phosphate, and 

silicate have also shown to be suitable habitats (Tittensor et al. 2009).  These models still need to 

be ground truthed by sampling, but they can provide useful information about areas that could be 

vulnerable to anthropogenic impacts.  This modeling data of coral likelihood has also been 

combined with commercially targeted fish ranges and seamount summit locations to provide an 

index of risk to stony corals that would be more or less prone to destruction by bottom trawling 

(Clark and Tittensor 2010). 

Deep-sea habitats are in need of protection.  At this point it is likely most large 

seamounts have been severely impacted by bottom-trawling gear (Morato et al. 2010), and the 

increased stress these ecosystems could face in the near future threatens a complete collapse of 

numerous deep-sea communities.  Recent technological advances have created an interest in 

mining the deep-sea floor for manganese nodules, cobalt-rich manganese and polymetallic 

sulfides, which precipitate out at abyssal plains, seamounts, and hydrothermal vent habitats 

respectively (Clark et al. 2009; Clark et al 2010; Ramirez-Llodra et al. 2011).  Mining these 

substrates would likely remove all benthic organisms present, especially in nodule habitats where 

the hard substrate created by manganese precipitation took millions of years to grow (Ramirez-

Llodra et al. 2011), as well as create sediment plumes that could disrupt suspension feeding 

around the mining site (Clark et al. 2010).  These products are commercially important, and 

could provide economic boosts to countries mining them, but careful research needs to be done 

on the proposed mining locations, and the International Seabed Authority (ISA) is currently 

overseeing applications for mining leases (Clark et al. 2009).  Another looming threat to 

seamount habitats stems from the anthropogenic loading of CO2 into the atmosphere, which is 

causing atmospheric warming and ocean acidification (Guinotte et al. 2006; IPCC 2007).  While 

the warming of surface waters is generally more concerning for shallow-water coral reefs 

(Kleypas 2009), surface warming could cause greater stratification in the water column, which 
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some scientists worry could minimize the deep-water formation that drives global thermohaline 

circulation (Ramirez-Llodra et al. 2011).  The acidification caused by increased carbonic acid 

production in oceanic waters is expected to lower the average oceanic pH by 0.3–0.4 units (IPCC 

2007; Ramirez-Llodra et al. 2011), and calcium carbonate, an important mineral for calcifying 

organisms like corals, echinoderms, and some sponges, becomes more soluble in more acidic 

waters and in turn less available for those marine organisms that create calcium carbonate 

skeletons (Orr et al. 2005; Ries et al. 2009).  Deep-sea scleractinians are already depth 

constrained by the saturation horizon of aragonite, which becomes more soluble in deeper waters 

(Orr et al. 2005; Guinotte et al. 2006; Tittensor et al. 2010).  Octocorals and echinoderms, 

however, seem to be more tolerant to lower levels of calcite and aragonite saturation.  For 

octocorals this could be because nearly their entire skeleton is covered with soft tissues, likely 

protecting them from dissolution, unlike the large hermatypic corals (Ries et al. 2009; Thresher 

et al. 2011).  Echinoderms instead seem to incorporate less calcium carbonate while they grow 

when saturation levels are low (McClintock et al. 2011).   However, larvae have shown 

recruitment and developmental complications with decreased calcium carbonate saturation 

caused by deacreses in pH (Byrne et al. 2011; Ramirez-Llodra et al. 2011) and octocorals and 

echinoderms likely have a threshold to their tolerance for low calcium carbonate saturation 

(Thresher et al. 2011; Bramanti et al. 2013; Gabay et al. 2013).  The diverse and important 

ecosystems on seamounts face serious environmental and anthropogenic impacts in the near 

future, and without a better understanding of the biological and environmental drivers that shape 

these ecosystems we are in danger of losing a significant proportion of these ecologically and 

economically important habitats. 
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CHAPTER 2 

DISTRIBUTION AND DIVERSITY OF BENTHIC INVERTEBRATES ON 

NECKER RIDGE  

Introduction 

Throughout the world’s oceans, seamounts provide habitat for numerous deep-sea 

organisms that prefer hard substrates, such as corals, sponges, and crinoids.  Seamounts are 

steeply sloping, sediment-free habitats and are thought to accelerate currents (Genin et al. 1986; 

Wilson and Kaufman 1987), which provides optimal habitat for filter feeding organisms.  The 

ecosystem engineers like corals and sponges provide three-dimensional cover and resources for 

other marine species such as fish, echinoderms, and crustaceans.  These highly productive 

seamounts are also used as fishery locations for an estimated 150 fish species as well as spiny 

lobsters (Froese and Sampang 2004; Parin et al. 1997; Baillon et al. 2012).  Fisheries species are 

typically caught by using large trawl nets that are dragged along the bottom. This method 

unfortunately also removes the ecosystem engineera and the habitat they create.  Corals and 

sponges are slow growing, long-lived, and most likely have limited recruitment capabilities 

(Andrews et al. 2002; Stocks 2004; Roarke et al. 2009; Clark et al. 2010; Lacharite and Metaxas 

2013), which causes great concern over the ability of these ecosystems to recover after 

disturbances from trawling and other human activities, which in the future could also include 

mining for precious metals (Clarke et al. 2009; Ramirez-Llodra et al. 2011). Current studies have 

shown that seamounts that were once heavily trawled in the past, but are currently protected, 

show little to no recovery of the benthic communities on decadal scales (Clarke and Rowden 

2009; Williams et al. 2010).  This lack of recovery also causes concern over the efficacy of 

Marine Protected Areas (MPAs) for deep-sea habitats, especially when the MPAs are designed 

without out much understanding of the biological processes affecting the area.  However, 

providing protected locations of source populations in hopes of providing future recruits will be 

of the utmost importance for the recovery of any impacted seamount habitat. 

One of the largest MPA within U.S. coastlines is the Papahānaumokuākea Marine 

National Monument on the Hawaiian Archipelago (NOAA 2013), and consists of nine islands 

and three atolls spread over 362,073 km2.  The Main Hawaiian Islands are not part of this 

reserve, but they also include fishery locations for four “precious” corals, Antipathes grandis, 

Corallium secunduum, Corallium japonicum, and Kulamanamana haumaeaae (formerly referred 
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Figure 1. Area Map of the Hawaiian Archipelago and Necker Ridge. The Papahānaumokuākea 
Marine National Monument is shown by the black rectangle, and the Makapu’u coral bed is 
denoted by the black point. The ocean basin map is from the Esri online database. 

to as Gerardia (Sinniger et al. 2013)), that have been mostly harvested from the Makapu’u bed 

on Oahu (Grigg 1988; Grigg 2002), but also include smaller beds along the islands.  Deep waters 

of the Archipelago host several other coral families as well as sponges and crinoids (Baco 2007; 

Parrish and Baco 2007; Long and Baco 2013).  Papahānaumokuākea is a no take zone, which 

means it is protected from the deep-sea trawling and long-line fishing that currently do the most 

damage to deep-sea habitats, and could act as a source location to seamount habitats for 

recruiting new ecosystem engineers.  The Hawaii beds show strong recruitment among 

themselves for the commercially harvested species (Grigg 2002), and perhaps those species with 

long dispersal capabilities could colonize outside of the archipelago. 
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Adjacent to the Hawaiian Archipelago is an elongated seamount just south of Necker 

Island, known as Necker Ridge (Figure 1).  The ridge extends approximately 600km from the 

Hawaiian Archipelago into the Mid-Pacific Mountains at a depth range of 1350–4000m below 

the ocean surface.  Necker Ridge is not part of the Papahānaumokuākea Marine National 

Monument, which leaves it open to human impacts.  Its location between the large Mid-Pacific 

Mountains and the Archipelago could make Necker Ridge an important habitat for deep-sea 

corals and sponges because it seems to be the only hard substrate connecting the two seamount- 

rich regions.  However, this structure has not been explored before, thus it is unknown if there is 

any overlap between the communities of Necker Ridge and the Hawaiian Archipelago.  In this 

study we will begin to explore the hypothesis that Necker Ridge has acted as a conduit for 

recruitment between the Mid-Pacific Mountains and the Hawaiian Archipelago by examining the 

current sessile megafauna assemblages on Necker Ridge and comparing them to assemblages 

found on the Archipelago.  We also expect to see changes in beta diversity with changes in depth 

as has been found in many deep-sea habitats (Howell et al. 2002; Rex and Etter 2010; Long and 

Baco 2013).  In this chapter we present the alpha diversity, community structure, and beta 

diversity among five pinnacles along approximately 120km of the ridge, and in Chapter 3 we 

provide preliminary data on the species overlap between Necker Ridge and the Hawaiian 

Archipelago. 

 

Methods  

Video Collection  

 To sample and explore each site at Necker Ridge we used the submersible Pisces IV, 

which is housed on and transported by the research vessel Ka’imikai-o-Kanaloa.  Necker Ridge 

is an elongated seamount with hard substrates spanning from approximately 1400 to 4000m 

below sea level.  Peaks along the ridge were chosen as optimal sampling sites (Figure 2) due to 

the depth capabilities of the submersible and the likelihood of accelerated currents. Areas with 

high currents and low sediments are often better habitats for suspension feeders (Genin et al. 

1986; White et al. 2005).  To describe the area and its fauna, HD video was recorded during 

submersible transects along isobaths during each dive.  Transects were conducted with constant 

depth and speed so that videos were usable for quantitative analyses rather than qualitative.  The 

transect paths for each location are shown in their respective panels in Figure 3.  During video 
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Figure 2. Map of all dive locations on Necker Ridge.  Dives P4-256 and P4-262 were on the same 
pinnacle. The numbers (1-5) are used in later figures as indicators of which pinnacle the samples 
are from. 

sampling it was observed that pinnacles on the northern half of the ridge appeared to have 

different communities present compared to pinnacles on the southern half.  A qualitative 

difference was also observed between transects facing west versus transects facing east; based on 

these observations the sampling plan was modified to test these a posteriori hypotheses by 

including transects on both the east and west side of the same pinnacle. 

 

 

 

 

Between transects invertebrate specimens were also collected for genetic analysis and for 

morphological voucher specimens.  Voucher specimens were then sent to expert taxonomists for 

identification.  Crinoid samples were sent to Dr. Charles Messing at Nova Southeastern 

University.  Sponge samples were sent to Dr. Henry Reiswig at the University of Victoria.  

Iridogorgia specimens were sent to Dr. Les Watling at the University of Hawaii at Mānoa.  
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Chrysogorgia and Metallogorgia specimens were sent to Dr. Eric Pante at the University of La 

Rochelle, and all other coral samples were sent to Dr. Stephen Cairns at The Smithsonian 

National Museum of Natural History. 

 

 
Figure 3. Dive maps with transect tracks for each dive.  
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Video transects were analyzed in 30-second intervals in order to fully capture the 

variability of the habitat.  Organisms were identified to the lowest possible taxonomic unit, 

usually family or species, and given unique identifiers if the species was unknown.  Known 

species were labeled by identifications based on collected voucher specimens identified 

morphologically by aforementioned taxonomists.  For each visible individual that was counted, 

contact substrate type (Figure 4), relief (from Wentworth (1922) and Parish (2007)), rugosity, 

slope, and percent sediment cover were also measured (Table 1).  This video analysis method is 

similar to what is described by Mortensen and Buhl-Mortensen (2004) and was used in Long and 

Baco (2013).  

  

 

 

 

Substrate categories were averaged over each 30-second interval, which were then compiled for 

percent occurrence for each transect (e.g. transect 1 had 57% boulder-type relief, 17% cobble-

type relief, etc.).  These were then further combined into “high” or “low” values so that analysis 

would cover truly independent variables, and not a gradient of variables (Table 1). Average 

salinity, dissolved oxygen, and temperature were gathered from CTD data for each transect, but 

transects 7, 8, 9, 10, and 11 from dive P4-259 did not have any CTD information.   

Figure 4. Representative images of substrate categories. A – outcrop, B – pinnacle, C – boulder, D – 
pebble, E – cobble, F – hardpan. 
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Table 1. Substrate categories used in the video analysis.  The categories were 
adapted from Wentworth (1922) and Parrish (2007).  Percentages of the substrate 
in each category were condensed to a single variable for statistical analysis. 

Substrate categories for 

30 second video intervals 
Description Transect scale groupings 

Slope     

Flat 0–5° 
Low Slope 

Gradual 5–30° 
Steep 30°–90° 

High Slope 
Vertical 90° 

Overhang > 90° Not used at transect scale 

Relief     

Hardpan < .4cm 
Low Relief Pebble .4cm – 6.5cm 

Cobble 6.5cm – 25cm 
Boulder 25cm – 90cm 

High Relief Outcrop 
>90cm and flat 
topped 

Pinnacle >90cm and conical 

Rugosity     

Low 
Little to no folding or 
observable cavities 

Low Rugosity 
Medium 

Some folding and 
observable cavities 

High 
Extreme folding and 
numerous cavities 

High Rugosity 

Percent Sediment Cover 

Amount of sediment 
covering  any 
substrate, from 0% – 
100% 

Averaged over all intervals 

 

 

Other transect scale variables include latitude, maximum depth, the duration of each 

transect, the length of each transect, the mean direction each transect was facing and which side 

of the pinnacle each transect was on, labeled as cardinal direction (i.e. the small-scale 

topography can be sloping to the north (mean direction) but the transect was on the northeast side 

of the pinnacle cardinal direction)).  A combination of ultra-short baseline (USBL) tracking of 

the submersible and Global Positioning System (GPS) tracking of the ship allows for each 

transect to be mapped in ArcGIS 10.0  using XY layers. The distance of each transect was 
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measured using the Geospatial Modeling Environmental (GME) package for R that networks to 

ArcGIS.  Mean direction was computed using aspect layers in ArcGIS (see appendix A) that 

measure the 360° direction a slope is facing, or provides a -1 value for flat areas.  These are then 

linked to the transect tracks and imported into Excel.  Because the aspect is a circular statistic the 

average would not represent overall direction for each transect, thus aspect values were first 

edited to remove all -1 values then converted into sine and cosine values.  Overall aspect is 

calculated using the mean direction equations from Fisher (1996).  Cardinal directions were 

assigned based on whether transects were on the northwest side of the pinnacle or on the 

southeast side of each location and coded as 0 or 1. 

 

Statistical Analysis 

 Statistical analyses were computed in either PRIMER v.6.1.15 (Clark and Warwick 2001) 

or R v.2.15.1 (R Core Team 2012). Species richness (S) and Shannon’s diversity index (H’) were 

calculated in PRIMER.  Transects were generally of the same duration and length, but to test for 

bias in samples, multiple regressions between the time or the length of a transect to the number 

of individuals or to the number of species were executed in R.  Independence of normalized 

environmental variables was assessed using draftsman plots in PRIMER, and then analyzed by 

Principle Components Analysis (PCA) to develop additional hypotheses; salinity, temperature, 

and oxygen concentrations (otherwise known as CTD data) were missing for dive number P4-

259 on pinnacle 3, thus those transects were removed for the environmental data analysis.  

  Species count data for each transect were fourth-root transformed to greatly reduce the 

signal of those few species that were ten-fold more abundant than most organisms recorded from 

the transects.    Community similarity was first analyzed with group average clustering and the 

similarity profile (SIMPROF) test for statistically significant clusters.  This factor was not used 

downstream due to the small number of samples in each SIMPROF group.  NMDS plots were 

then constructed to visualize the rank similarities between transects.  Abundance data was then 

linked to the environmental parameters for each transect and the variables that defined most of 

the variation were analyzed first by BEST, then by DistLM using the AIC and Best fit criteria in 

PRIMER.  BEST uses a rank correlation and tests all combinations of subsets of the 

environmental variables against the abundance matrix to find the best match (Clark and Warwick 

2001).  DistLM, however, uses cloud-based algorithms to find which variables describe first the 
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most variation, then the most new variation within the system.  In this way DistLM can choose 

variables that describe the variation in a system that are not highly correlated on their own, but 

instead describe a small amount of variation that is not described by the highly correlated 

variables (Clark and Warwick 2001).  NMDS bubble plots were also built to demonstrate the 

relationship between the strongest variables as defined by DistLM and the similarities between 

transects.  Finally a one-way SIMPER routine was analyzed using the pinnacles to find the 

organisms that best defined any group and best differentiated between groups. 

 

Results 

Preliminary Statistical Analyses 

Transect lengths ranged from 561m–1834m (average 790±293m) and the duration ranged 

from 12.3min–19.5min (average 15.8±1.4min).  In the assessment of the independence of 

environmental variables, the draftsman plot (Figure 5) demonstrates no correlation between most 

of the normalized variables at a limit of r = ±0.90.  There does seem to be some correlation 

between maximum depth and temperature and also between oxygen concentrations and 

temperature, but neither had a high enough correlation at r = -0.74 and -0.63 respectively.  

Regressions between transect and abundance measurements (Figure 6) show no significant 

correlation (p > 0.1) for three tests, but the number of species counted and the transect length 

showed a significant correlation (p = .006).  However, due to the negative relationship, which is 

opposite from the positive correlation that would be expected if there was bias due to sampling 

effort, this correlation between the length of a transect and the number of species found was not 

considered a confounding factor.  The PCA of all environmental variables (Figure 7) does not 

provide much information to build more a posteriori hypotheses as few variables show a strong 

relationship with PC1 and the first two principle components define only 53% of the variation in 

the environmental variables.  PC1 defines 31.5% of the variation and most correlated to the 

environmental variables percent sediment cover, percent hard substrate, oxygen and temperature.  

PC2 defines 21.5% of the variations and is most correlated to maximum depth, latitude, and 

percent high relief.   In all, 8 axes are needed to define 95% of the variation in the system, which 

indicates no one variable is strongly distinguishing the features we examined. 
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Figure 5. Draftsman plot to determine independence of normalized environmental variables. 
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Figure 5 continued. 
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 Figure 5 continued. 
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 Figure 6. Linear regressions of sampling effort to test for bias.  Only the number of species 
found relative to the length of each transect had a statistically significant correlation, but due to 
the negative relationship we do not anticipate our results will be biased by sample size. 
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  The species accumulation curves, based on the number of species observed (Sobs) and 

several extrapolation indices (Figure 8), appear to begin leveling off and demonstrate a good 

congruence of the observed and expected species accumulation when the Sobs pattern is 

compared to the extrapolation patterns.  For deep-sea samples these plots can often be still 

noticeably increasing after 27 transects, instead we see few new organisms found after 10 

transects.  This indicates that sufficient samples have been collected by the video analysis to 

adequately describe the community on Necker Ridge and to begin addressing the true alpha 

diversity and beta diversity of the region, rather than a small subset of the species. 

 

Figure 7. PCA of normalized environmental variables.  Numbers indicate individual transects.  
PC1 defines 31.5% of the variation, and PC2 defines 21.5%.   
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Univariate and Descriptive Community Analyses 

Histograms provide an overall view of the abundances of the observed taxa by both class 

and family/order for the entirety of Necker Ridge (Figures 9 and 10).  Crinoids are the most 

abundant overall with over 30,000 individuals counted over all transects and crinoids of the 

Charitometridae family comprise 98% of those individuals.  Anthozoans are the next most 

abundant class on Necker Ridge with nearly 8,000 individuals counted.  Of these 

Chrysogorgiidae and Isididae combined make up 80% of the individuals (38.2% and 41.8% 

respectively) found.  Ascidians and ophiuroids are the next most abundant; ophiuroids almost 

always occurred as epifauna.   

Figure 8. Species accumulation curves. “Sobs” is the permuted observed species accumulation, 
and the others are extrapolation indices that use a small subset of the data to predict species 
accumulation. 
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Figure 9.  Abundance by class level for organisms found on Necker Ridge. The y-axis is on a 
log scale due to the high numbers of crinoids found. 

Figure 10.  Abundance within classes for taxa found on Necker Ridge. Hyocrinida, 
Pennatulacea, Zoanthidea, Antipatharia, and Scleractinia are order levels, all others are family 
levels. The y-axis is on a log scale. 
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In order to better demonstrate community compositions at different sites along Necker 

Ridge the abundances of the dominant classes and coral families were graphed by location 

(Figures 11 and 12).  These show the proportional distributions of organisms are not even along 

the ridge, but instead the southern sites appear to be crinoid dominated while the northern sites 

are coral dominated (Figure 11).  Ascidians were extremely dominant on the pinnacle E, and 

none were found on the southern sites.  In contrast, hexactinelid sponges were proportionally 

equal on all of the peaks along the ridge rather than highly dominating any one location.  

Pinnacle C seems to exhibit a community that is an intermediate between the most southern and 

most northern dive locations when all classes are considered, but this peak shows a coral 

Figure 11. Relative abundance by class for each peak explored on Necker Ridge.  The five dominant 
classes were chosen for legibility of the graphs.  This demonstrates the faunal changeover seen from 
southern dives to northern dives. 
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community more like the northern sites (Figure 12).  Corals from Isididae and Chrysogorgiidae 

were extremely dominant in the northern sites, but the southern sites had a broader array of 

abundant families, including antipatharians, zoanthids, and sea pens.  Of the less abundant corals 

and those not shown on Figure 12, Alcyoniidae, Anthothelidae, Acanthogorgiidae, Coralliidae, 

Primnoidae, and Keroeididae were found on all locations, but scleractinians were only found on 

Pinnacle B-2. Paragorgiidae were only found on northern sites, and Plexauridae were only found 

on pinnacle D and E 

 

 

 

 

 

Figure 12.  Dominant coral families for each dive location.  Families were chosen for those with at 
least 100 individuals on at least one dive to make the figure legible. 
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Though it is not well defined for the Pacific Ocean, and is known to vary by location, 

diversity in the deep-sea is thought to generally have a maximum around 2000m for megafauna 

(McClain et al. 2010; Rex and Etter 2010).  This a priori hypothesis was thus analyzed with a 

multiple regression of Shannon’s diversity index against maximum depth to find if this general 

trend holds true along Necker Ridge.  Figure 13 shows an increase in diversity with depth          

(p < 0.001) and demonstrates megafauna here follow the general trend of increasing diversity 

with depth in the depth range sampled.  Due to the submersible’s depth limits we are unable to 

test if Necker Ridge follows the horse-shoe pattern with a maximum at 2000m seen in other 

locations, but we did see an increase in diversity with depth. 

 

Multivariate Community Analyses with Environmental Correlations 

An NMDS (Figure 14) plot shows a strong pattern by the location of the dive site based 

on the community structure at each location.  Pinnacles D and E were the northern most 

locations while pinnacles A and B were the southernmost.  Pinnacle C is geographically closer to 

Figure 13.  Regression of diversity (H’) against max depth of each transect. The relationship 
is significant with p < 0.001 
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the northern sites than the southern sites, but shows more similarity in community structure to 

the southern pinnacles. 

 

 

   

 

 

All but two of the transects on pinnacle B cluster together and separate from the remaining sites.  

The remaining two transects on pinnacle B group with pinnacle C, which is further than pinnacle 

A in terms of geographic distance.  The two most northern pinnacles (D and E) cluster together 

and are separate from the other 3 sites.  Transects 4 and 5 from pinnacle A appear to be quite 

different from all other transects; the environmental data PCA in Figure 7 indicates a strong 

relationship at these two transects with the percent sediment cover vector and further 

environmental analyses may show why these seem to cluster away from other transects.  An 

ANOSIM test reports significant differences between a priori northern and southern groups  

(p = 0.001).  ANOSIM comparing the pinnacles also shows that the transects on a given pinnacle 

are most similar to each other (global p = 0.001) and pairwise tests between each shows unique 

Figure 14.  NMDS plot of Bray-Curtis resemblance matrix for the abundance data from Necker Ridge.  
Pinnacles refer to dive numbers as seen in Figures 2 and 3.  The numbers are the transect samples from 
each location. 
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groups (p < 0.05) with the exception of the comparison between pinnacles B-1 and B-2 (p = 0.3) 

and 2a and 1 (p = 0.1). 

 

 

 

 

Cluster analysis using the group average algorithm (Figure 15) also demonstrates the 

tendencies for transects on pinnacles D and E to separate out from transects on southern sites. 

Transects from pinnacle A cluster together here similarly as on the NMDS plot with transects 4 

and 5 separated out with one transect from pinnacle C while transect 6 clusters with the 

remaining transects from the central location, pinnacle C. Transects 4, 5, and 7 appear to be quite 

different from all other samples.  The remaining four transects from pinnacle C, one from 

pinnacle D, and two transects from pinnacle B-2 form a large yet weakly structured cluster of 

samples that likely have more similar community structuring to northern sites than to southern 

sites.  Most transects from both sampling points on pinnacle B cluster together similarly to the 

group formed on the NMDS plot. 

Figure 15.  Group average cluster analysis of abundance data from all transects on Necker Ridge.  
Symbols demonstrate the a priori groupings based on which pinnacle the dive took place.  Numbers are 
the transect designations. 
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Table 2. Results from BEST analysis for transect scale variables. Variables determined by 
BEST to be most informative are in bold. 

Correlation  Variable 

0.647 Latitude 

0.389 % Sediment Cover 

0.385 Oxygen 
0.376 Temperature 
0.358 % Hard Substrate 
0.339 Length 
0.301 % High Relief 
0.225 Time 
0.211 Max Depth 
0.208 % High Slope 
0.083 Salinity 
0.046 % High Rugosity 
-0.036 Mean Direction 
-0.060 Cardinal Direction 

BEST results 

Correlation  Variables 

0.719 Latitude, % Sediment cover 

0.718 Latitude, Oxygen, % Sediment cover 
0.708 Latitude, Max. Depth, Oxygen, % Sediment cover  
0.703 Latitude, Oxygen, Temperature, % Sediment cover  
0.700 Latitude, Max. Depth, Oxygen, % Sediment cover, % High Relief 

 

 BEST analyses (Table 2), and DistLM (Tables 3 and 4), narrow down environmental 

variables that are most correlated with the community structure to a more manageable number 

than was shown in the original PCA (Figure 7).  The BEST analysis for environmental variables 

compared to the Bray-Curtis correlation matrix showed latitude has the highest correlation to the 

resemblance matrix (Table 2), and latitude combined with percent sediment cover describes 

71.9% of the variation in the community structure data.  Latitude and percent sediment cover 

have a high overlap in the variation they explain, thus they do not have a directly additive 

correlation to the environmental-resemblance correlation matrix, meaning their individual 

correlations (0.647 and 0.389) do not sum up to the 0.719 reported from the combination of the 

environmental variables.  The decrease in correlation with the addition of variables is due to the 

changes in rank correlations when new variables are added that does not describe any new 

variation and thus decreases the correlations of other variables.   
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Table 3. DistLM results for individual environmental variables. SS (trace) = sum of squares; 
Pseudo-F = multivariate analog to Fisher’s F test. Significant p-values are in bold. 

Variable SS (trace) Pseudo-F P 
Proportion of Variation 

Explained 

Latitude 9366.6 11.517 0.001 0.36543 
Max Depth 4931.7 4.7648 0.005 0.1924 
Length (m) 4072.5 3.7779 0.004 0.15888 
Time (min) 827.97 0.66761 0.632 0.032302 
Salinity 2335.5 2.005 0.072 0.091115 
Oxygen 5855.2 5.9213 0.002 0.22843 
Temperature 4186.0 3.9038 0.012 0.16331 
Mean Direction 324.52 0.25646 0.972 0.012661 
% Hard Substrate 4569.6 4.3391 0.002 0.17828 
% Sediment cover 5771.9 5.8126 0.001 0.22518 
% High Rugosity 1302.8 1.071 0.348 0.050828 
% High Slope 3294.4 2.9497 0.029 0.12853 
% High Relief 4713.1 4.5061 0.007 0.18388 
Cardinal Direction 585.5 0.46753 0.814 0.022842 
 

 

Table 4. DistLM results for all variables using the Best selection procedure and AIC selection 
criterion. “Best” uses all possible combinations. AIC = Akaike Information Criterion; RSS = 
residual sum of squares. 
AIC R

2
  RSS Selections 

143.00 0.66919 8479.2 
Latitude, Salinity, Temperature, % Sediment Cover, % High 

Rugosity 

143.03 0.69745 7754.9 
Latitude, Salinity, Oxygen, Temperature, % Sediment Cover,    
% High Rugosity 

143.05 0.69723 7760.6 
Latitude, Length, Salinity, Temperature, % Sediment Cover,     
% High Rugosity 

143.17 0.72204 7124.6 
Latitude, Length, Salinity, Oxygen, Temperature, % Sediment 
Cover, % High Rugosity 

143.17 0.72194 7127.1 
Latitude, Max Depth, Length, Salinity, Oxygen, % Sediment 
Cover, % High Rugosity 

 

 

DistLM, as described in the methods above, uses cloud-based methods to relate environmental 

variables and abundance matrices and it puts more weight on variables that describe new 

variation rather than larger, overlapping sections, thus DistLM found the percent high rugosity 

substrate variable to be important in all combinations even though it explains a very small 

proportion of the variation (0.05) and is extremely weakly correlated to the dataset on its own 
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 (p = 0.348).  Latitude, salinity (which was not selected by BEST in any combination), 

temperature, and percent sediment cover were also considered important variables in all 

combinations. Oxygen, maximum depth, and transect length were chosen for some 

combinations.  Length was likely chosen due to the negative correlation with number of species 

shown in Figure 10, thus we do not consider combinations with length to be useful. Though 

maximum depth, percent hard substrate cover, and percent high slope all significantly correlated 

to the linear model, they were not included in any combination due to their overlap with other 

environmental variables.  From both analyses we find that the mean direction, cardinal direction, 

percent high slope and percent hard substrate are generally not as highly correlated to the 

community structure as other environmental variables, but there was also less variation in slope 

and hard substrate on Necker Ridge overall compared to other environmental variables. 

 

 

 

  Figure 16. PCA of the top three variables determined by BEST analysis.  PC1 describes 
67.8% of the variation and PC2 describes 21.4%.   
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The top three variables indicated by BEST analysis were analyzed by PCA to look at the 

correlations between these environmental variables (Figure 16).  PCA must be run with at least 3 

variables, so a PCA cannot be run with the most optimal BEST output.   PC1 and PC2 describe 

89.2% of the variation in this system, and three axes describe 100% of the variation.  Latitude 

has the strongest correlation with both PC1 and PC2, dissolved oxygen correlates most strongly 

with PC1 and PC3, and percent sediment cover is evenly correlated with all three axes.       

 

 

 

 

 

 

 

Figure 17.  dbRDA of DistLM analysis of environmental variables.  Fitted variation refers 
to the variance within the linear model created during the DistLM analysis, while total 
variation refers to the variance within the original data.  
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The primary axis of the dbRDA (Figure 17) describes 40.2% of the total variation, but 

60.1% of the variation within the linear model created by DistLM to analyze the environmental 

variables.  The secondary axis describes 18.5% of the total variation and 27.6% of the fitted 

variation.  Five axes describe 100% of the variation in the fitted model, but that decreases to 

66.9% when considering total variation.  The shorter vectors for rugosity and salinity suggest 

these variables are not strongly correlated with the community structure and may explain why 

BEST did not identify them as important.  It is important to note that neither analysis found 

depth to be an important environmental variable, which is unusual because depth typically is a 

driving factor in marine community changes.  Instead, on Necker Ridge, location and 

sedimentation are the two most important environmental factors correlated to faunal changeover. 

 

  

 

 

 

 

Bubble plots can demonstrate the relationship between community structure and the 

environmental parameters identified as important by DistLM. Figure 18 shows the latitude of 

Figure 18.  NMDS bubble plot for abundance data from Necker Ridge with bubbles representing 
the latitude transect. Samples are labeled with pinnacle letter and transect number. 
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each transect.  Figure 19 demonstrates the relationship between percent sediment cover and the 

community structure on Necker Ridge.  Transects from pinnacle three (the northern sites in the 

middle of the NMDS plots) appear to have sedimentation levels more closely resembling 

southern locations, and many transects from pinnacle B-2 (the topmost southern points to the 

right) have very low sediment cover.  Also, the apparent differences split between transects on 

pinnacle B is likely related to differences in sedimentation, which has been shown to be 

correlated to community structures on Necker Ridge (Tables 3 and 4).  Transects 4 and 5 

(bottom-left southern transects) have typically plotted outside of most other groups (Figures 14, 

16, and 17) and the high sediment cover at these locations relative to all other transects could be 

the cause of their distinctiveness.   

 

 

 

 

 

 

Figure 19.  NMDS bubble plot for abundance data from Necker Ridge with bubbles representing 
the average percent sediment cover of each transect. Samples are labeled with pinnacle letter and 
transect number. 
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Figure 20 demonstrates how temperature could also have a strong relationship to community 

structure.  Many of the northern sites appear to be warmer than the southern sites, though by only 

1°C.  Unfortunately temperature data is missing for pinnacle C, which limits some analysis of 

temperature’s effect, but the similarity of the values at each group suggests that even a small 

temperature change could cause changes in community structure, and based on previous figures 

it is possible temperature values for pinnacle C would be intermediate to northern and southern 

sites. 

 

 

Figure 20.  NMDS bubble plot for abundance data from Necker Ridge with bubbles representing 
the average temperature of each sample. Transects from pinnacle 3 are missing due to the lack of 
CTD data.  Samples are labeled with pinnacle letter and transect number. 
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SIMPER analysis provides insight into which organisms from each pinnacle could be 

driving the differences among groups.  Figure 21 shows the percent contribution at the genus 

level of all organisms to each group’s community structure.  The high percent contribution of the 

crinoids Glyptometra lateralis and Poecilometra acoela on the southern sites becomes evident, 

while the high contributions of the bamboo corals, Isididae, and corals of the genus 

Chrysogorgia demonstrate how the communities on the northernmost pinnacles are so very 

different from those on the southernmost.  Glyptometra lateralis also has a high contribution to 

pinnacle C, which may partially explain why the community structure of this pinnacle is more 

like the southern sites.  Pinnacle 1 is unique in the higher contributions of a number of crinoids, 

including the stalked Proisocrinus ruberrimus and the purple Sarametra triserialis, which 

contribute less to pinnacle 2.  Most of the sponge genera contribute to the community structure 

all six locations, with the exceptions of the large leuconoid sponge, Semperella sp. H-39, only 

contributing to pinnacles D and E, and the stalked sponge Saccocalyx peduncula only occurs in 
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Figure 21. Graph of percent contribution from SIMPER for organisms that best define the a 

priori pinnacle grouping combined to genus level for legibility.   
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enough abundance on pinnacle C to contribute to the community structure.  Surprisingly the 

brown ascidian, Styela sp., does not have a large percent contribution to pinnacle E (5.09%) 

considering the high abundance of this organism on that pinnacle compared to all other locations. 

 

Table 5. Dissimilarity within and between pinnacles from SIMPER 
analysis. 
  A B-1 B-2 C D E 

A 37.97           
B-1 48.29 34.30         
B-2 53.13 39.86 39.01       
C 44.15 45.00 43.11 36.19     
D 54.79 55.00 47.23 43.64 32.03   
E 66.93 66.31 53.30 50.88 31.66 21.13 

 

Table 5 shows the dissimilarity within and between the pinnacles from SIMPER output, 

and it is important to note that the dissimilarity within most pinnacles, except pinnacle E, is not 

much lower than the dissimilarity between pinnacles on the same half of the ridge.  Sites are 

ordered from south to north, and the increases in dissimilarity with increases in distance can be 

seen reading down the columns, except for the comparison between pinnacle A and B-2. 

 

Discussion 

 Histograms show the skewed distributions of sessile fauna on Necker Ridge, with two 

species of crinoids together a full order of magnitude more abundant than all anthozoan species 

found (Figure 9).  When viewed in combination with the distribution map (Figure 11) the highly 

uneven dispersion of organisms along Necker Ridge calls into question why the southern 

pinnacles support such strong recruitment and survival of the crinoids, and why the corals and 

ascidians so much more abundant on the northern pinnacles?  Notably the hexactinellid sponges 

have a generally even, though less abundant, distribution along the ridge.  The distribution of 

organisms suggests that if the community structure is highly determined by the environment, 

then there is likely a gradient of habitat change along the ridge that has a strong impact on corals 

and crinoids, but less so on sponges.  The strong break in community structure could also be due 

to competition between crinoids and corals for space on the pinnacles, but unfortunately the 

question of competition is beyond this study.   
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 When considering the impacts environmental variables have on community structure we 

would predict that percent sediment cover is likely the most important variable correlated to 

changes in community structure along Necker Ridge, due to the sensitivity of filter feeding 

organisms to sedimentation.  The southern sites tend to have higher sedimentation levels than the 

northern pinnacles which can be easily seen in the NMDS bubble plot with percent sediment 

cover (Figure 19), which is a highly correlated factor with the distribution of organisms on 

Necker Ridge, but the lack of a skewed distribution of sponges, which are also sensitive to 

sedimentation (Carballo 2006; Thompkins-MacDonald and Leys 2008), suggests sediment cover 

is not the only environmental element affecting this area.  The high numbers of crinoids at 

locations with more sediment also suggests a decreased sensitivity to sedimentation in the 

crinoids compared to the octocorals.  Corals use mucus-covered polyps to filter-feed while 

crinoids use specially arrayed tube feet (Meyer 1979), which suggests crinoids could be less 

sensitive to sediment loads, and previous studies have seen crinoids on substrates with relatively 

more sediment and with less abundant corals (Buhl-Mortensen et al. 2009; Bowden et al. 2011). 

Sedimentation can also be a proxy for current speed; sedimentation and current speed are 

inversely proportional so that hard substrate habitats with fast currents typically have low 

sediment cover. The Hjulstrӧm diagram (Hjulstrӧm 1935)  show the general current velocities 

required to displace grains of varying sizes; Necker Ridge was characterized by fine sand grains 

(.07–.09µm)  which requires an average velocity of 0.7cm/sec to maintain transportation of 

sediments (sensu Press and Siever 1986).  A decrease in velocity by just 0.2cm/sec could cause 

the increased sedimentation seen at the southern sites.  Depending on the general direction the 

current comes from in the region, there could be a slowing along Necker Ridge that prevents 

transportation of sediments past the southern pinnacles, or the general morphology of the 

southern pinnacles could prevent the acceleration of the currents over the substrate as strongly as 

on the northern pinnacles. If the currents are weaker on the southern sites, there could also be a 

relationship between currents and the amount of food available to the filter-feeding organisms. 

  Based on the trophic subsidy hypothesis (Clark et al. 2010), which states filter feeders 

thrive on seamounts due to accelerated currents increasing the incidence rate of food particles, 

without the accelerated currents, less food is available on the southern pinnacles, which then 

prevents large coral forests from growing.  A larger food requirement by the corals compared to 

the crinoids would need to be determined experimentally, but this would also begin to explain 
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how the sponge abundance is unaffected by location due to their ability to actively pump water 

through their choanocytes regardless of current velocity. 

Although percent sediment cover was an important variable, of all the environmental 

variables, latitude was the most correlated to the community data in all analyses (Tables 2 and 3).  

Latitude is likely a proxy for more complicated interactions between temperature, sedimentation, 

primary productivity, geomorphology, and salinity happening at any location, but if latitude is 

excluded from BEST and DistLM analysis there is a 14.3% and 14.1% reduction respectively in 

the variation of the community abundances explained by environmental variables, so latitude is 

an important variable.  The loss of the CTD data for P4-259 could be hampering the analysis of 

environmental variables of the overall communities; without environmental data for the middle 

site the ability to detect any gradient may be lost.  However, the abundance by location graphs 

(Figures 11 and 12) and the NMDS plot (Figure 14) suggest the middle site shares some 

commonality in community structure with both the northern and southern peaks, but that the two 

northern peaks are quite different from the two southern peaks. The slight changes in 

temperature (range 2.14–3.02°C) between locations (Figure 19) show some distinct differences 

between the pinnacles, but temperature does not show a gradient along the ridge in the same 

manner as community structure. Temperature differences could indicate different water masses 

between locations, but with the small range of temperatures and the short distances between 

peaks, it is unlikely to be different water masses causing the large differences in community 

structures. Salinity and percent high rugosity do not show a distinct trend with NMDS bubble 

plots, though in general locations with higher percent sediment cover show slightly less rugosity, 

but this trend is not consistent, which partially explains the small contribution the two variables 

make in explaining the variation in the community structure (Figure 19). 

The dissimilarity values between locations seem to be strongly related to the differences in 

only a few species on Necker Ridge due to their extremely high abundances on one or two 

locations.  SIMPER analysis shows that differences between the two southern sites are generally 

attributable to the much lower abundance of bamboo corals and chrysogorgiids on the 

southernmost site as well as to the much higher abundance of crinoids.  Moving north along the 

ridge the purple crinoid Sarametra triserialis is lost from the community and chrysogorgiid 

corals are gained between pinnacles two and three. Then between the central pinnacle and the 

northern pinnacles the crinoids Glyptometra lateralis and Poecilometra acoela. decrease strongly 



46 

 

in abundance while Chrysogorgia and Isididae corals dominate the community. Even though the 

ascidian Styela sp. is a thousand times more abundant on pinnacle five than on pinnacle four, the 

general abundance of bamboo corals and chrysogorgiid corals on those two pinnacles (and one 

southern transect) makes the northern sites different from the southern sites (Table 5).  

The lack of a strong correlation between faunal changeover with depth is especially 

surprising based on the prevailing effect depth has on many other deep-sea habitats (Etter et al. 

2005; McClain et al. 2010; Wei et al. 2010; Long and Baco 2013).  Typically changes in beta 

diversity with changing depths are normally seen in deep-sea habitats, including seamounts, but 

on these peaks the change in community structure occurs along the latitudinal gradient instead.  

Maximum depth also shows no trend with the NMDS plot and minimal correlation in BEST and 

DistLM analyses.  In the previously mentioned studies where depth was found to be the major 

factor structuring beta diversity it is usually also considered a proxy for other oceanographic 

variables that often change with depth.  On Necker Ridge those same variables (temperature, 

salinity, oxygen, sedimentations rates, etc.) seem to change more with location rather than depth. 

The lack of signal from depth could be due to few of the depth bins having representative 

transects on all pinnacles, which would make it difficult to analyze the effect of depth with 

community change across the ridge.  One pinnacle did have numerous transects which covered 

from 1500–1900m, and when those transects are analyzed alone there does appear to be some 

clustering by depth where the two shallowest transects cluster together and the two deepest 

transects cluster together, but the remaining seven transects do not cluster by depth (see appendix 

B).  The clusters, however, still show a strong trend with percent sediment cover, which can 

already be seen in Figure 18.  There is also the possibility that Necker Ridge has slower rate of 

changeover along a larger bathymetric zone than the Makapu’u coral beds (Long and Baco 

2013), and that this research did not sample deep enough to see the faunal changeover with 

depth. Howell et al. (2002) found that the shallower depth zone in that study (150–700m) had a 

much higher rate of faunal changeover than deeper bathymetric zones (nearly two-times greater 

than the 1500–2000m zone).  Similarly, the shallower Makapu’u region (320–530m) may 

demonstrate a faster rate of faunal changeover than the deeper Necker Ridge, and a larger depth 

gradient is needed to fully resolve the species turnover.   Further sampling on the pinnacles of 

Necker Ridge along specified depth gradients and with equipment able to sample deeper than 

2000m would help answer if beta diversity on Necker Ridge is truly not depth stratified.  
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The distinct faunal changeover along a relatively small distance seen on Necker Ridge is 

surprising for a deep-sea habitat because many deep-sea species are thought to have wide 

dispersal capabilities and there does not appear to be any distinct barrier to dispersal for corals or 

crinoids along the ridge.  Deep-sea communities are also not typically thought to be controlled 

by competition for space, but instead by recruitment limitation and the slow growth of most 

deep-sea megafauna (Rogers et al. 2007), but on Necker Ridge it appears there could be 

competition for space, preventing coral-crinoid cross colonization; however, there could simply 

be limited recruitment in general, which in turn causes slow colonization along the ridge and the 

apparent barrier to coral growth is simply time.  More likely there is a strong barrier to 

colonization for corals on the southern pinnacles in the form of higher sedimentation rates that 

prevent the larvae of many coral species from settling or surviving.  If currents are slowed in the 

southern sites, then there could also be limited recruitment from outside the pinnacles that is 

reinforcing the differences between northern and southern sites.  Empirical data on current 

velocities over time in this area would provide a better picture of how strongly the currents 

impact communities on Necker Ridge.  If the currents are not slowed on the southern sites, the 

high numbers of corals could be preventing sedimentation on the northern sites, which would 

again suggest a space limitation for crinoid recruitment on the northern pinnacles.  

The distinctiveness of the communities found on either side of Necker Ridge suggests that 

Necker Ridge does not provide extensive dispersal habitat between the Mid-Pacific Mountains 

and the Hawaiian Archipelago, but instead provides extremely heterogeneous habitat within a 

very small area.  If Necker Ridge was a strong conduit for dispersion of deep-sea sessile species, 

the communities would be highly similar along the length of the ridge as sponges, corals, 

crinoids, and other benthic species propagate from one location to another. Instead we see a 

strong change in beta diversity from north to south, but it will still be useful to compare the 

overall species composition on Necker Ridge with species known from the Hawaiian 

Archipelago to try and estimate how similar the two habitats are and compare genetic data as 

well to estimate the level of connectivity between Hawaii and Necker Ridge.  
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CHAPTER 3 

PRELIMINARY ANALYSIS OF THE CONNECTEDNESS OF THE 

HAWAIIAN ARCHIPELAGO AND NECKER RIDGE 

Introduction 

Seamount habitats have become important locations for numerous fishery species that are 

typically caught by the use of large bottom-trawling gear (e.g. Pitcher et al. 2012), which 

destroys ecological habitats formed by corals and sponges for juveniles and other epifauna that 

live on the seamounts (reviewed in Clark and Rowden 2009; Ramirez-Llodra et al. 2011).  

Marine Protected Areas (MPAs) and Benthic Protected Areas (BPAs) are currently being 

considered to alleviate the stresses on some of the sensitive deep-sea habitats and also hopefully 

provide source locations of coral and sponge recruits to impacted locations.  

Protected areas, like fishery locations, are not without their own management issues, and 

the development of any new MPA requires intensive ecological and life history studies in a 

region to provide appropriate protection.  In some locations seamounts have higher abundances 

of short-range, direct development larvae, which would limit their use as long-range source 

habitats (Parker and Tunnicliffe 1994), while other regions have provided good evidence of 

stepping-stone type dispersal over relatively long distances (Rowden et al. 2010), (though none 

of these are based on genetic data).  These wide ranges in dispersal patterns demonstrate the need 

to understand the dispersal and life histories of seamount fauna before erecting any new 

regulatory system, and without this understanding the management of the respective MPA could 

be quite difficult.  The heterogeneity of habitat types that are lumped together as seamounts also 

reinforces the need for site-specific management; coral and sponge habitats can be patchy and 

widely dispersed (Parrish and Baco 2007).  Compounding the need for better data, political and 

budgetary limitations also require MPAs to be extremely effective over a relatively small 

geographic range. 

Areas of the Mid-Pacific Mountains are part of a proposed mining operation for 

manganese crusts rich in cobalt and other commercially important metals that coprecipitate out 

of seawater at greater depths.  Mining processes would remove all organisms in the locally 

effected area, but could also create sediment plumes that would impact nearby sessile filter 

feeders (Clark et al. 2010).  Recovery would be a long, slow process, thus before communities 

are removed scientists need to better understand how Pacific seamounts are connected, and only 
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then can any hypotheses of recruitment and recovery be made.  Necker Ridge is an optimal 

geographic location to provide hard substrates for recruits coming from the protected areas in the 

Hawaiian Archipelago.  The analysis on Necker Ridge from the previous chapter showed two 

uniquely structured communities on the north and south ends of the ridge, the goal of this chapter 

is to compare these communities to the Hawaiian Archipelago to infer the role of Necker Ridge 

as a dispersal stepping stone from Hawaii to the Mid-Pacific Mountains.  A second goal is to 

assess the connectivity between Necker and Hawaii using DNA barcoding to better constrain 

species overlap and therefore potential connectivity. 

 

Methods 

Morphological Analyses 

 The voucher specimens mentioned in Chapter 2 methods section were also used to 

compare how many sampled specimens were previously unknown to science based on 

examination by taxonomic experts (crinoids – Dr. Charles Messing at Nova Southeastern 

University, sponges – Dr. Henry Reiswig at the University of Victoria, Iridogorgia – Dr. Les 

Watling at the University of Hawaii at Mānoa, other chrysogorgiids – Dr. Eric Pante at the 

University of La Rochelle, and other octocorals – Dr. Stephen Cairns at The Smithsonian 

National Museum of Natural History) and thus considered new species unique to Necker Ridge.  

Species designations for octocorals typically require microscopic analyses of polyp 

characteristics, which exclude specimens seen only in video from possible new species 

designations. Therefore only specimens designated as new to science by the listed experts were 

considered new species at this point. 

 

Genetic Analyses 

Genetic data was analyzed by first extracting the full genomic DNA from each collected 

specimen following the instructions of the DNeasy Blood and Tissue Kit (Qiagen) with two 

modifications: samples were digested overnight, and the final extraction volume was lowered to 

150 µL from 400µL.  For the octocorals three mitochondrial gene regions were then amplified 

for each specimen: cytochrome oxidase subunit I (COI), NADH dehydrogenase subunit 2 (ND2), 

and a section of the active mismatch repair gene (MutS).  These three markers in combination 

provide the highest level of taxonomic resolution currently available for DNA barcoding of 
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octocorals (Baco and Cairns 2012). Each 50µL reaction used approximately 50ng of DNA, 

1.5mM MgCl2, 1mM each dNTP, 1µM each primer, and 1.5 U GoTaq polymerase (Promega). 

Amplification protocol included a 2 minute hot start at 96°C, 35–40 cycles for amplification (1 

minute denaturation at 94°C, 1–1.5 minutes annealing at varying temperatures (Table 6), 1.5 

minute elongation), and a final 5 minute extension period.  Primers and annealing temperatures 

for each gene region are shown in Table 6; due to gene rearrangements specialized primers were 

required for some taxa.  PCR products were then sent to the University of Washington High-

Throughput Sequencing facility for Sanger sequencing, and the resulting sequence data were 

aligned, cleaned, and compiled into consensus sequences for each respective gene in Sequencher 

4.7.  The sequences obtained were verified as corals through the Basic Local Alignment Search 

Tool (BLAST) from the National Center of Biotechnology Information.  Consensus sequences 

within each gene region for each specimen were then aligned and compared for character 

differences to designate unique haplotypes, thus each specimen has one haplotype per gene 

region sequenced.  Haplotypes from Necker Ridge were then compared to 263 haplotypes found 

in the Hawaiian Archipelago from Dr. Baco-Taylor’s data.  However, haplotype designations 

from the Hawaiian Archipelago are only currently available for MutS, thus the current analysis 

can only use one of the three available markers.   

 

Results 

Morphospecies Overlap 

 New species designations using only morphological characteristics showed few coral or 

crinoid species unique to Necker Ridge (Table 7).  Of 73 coral samples, 35 species were 

sampled, but only 2 were previously unknown to science.  Of 14 crinoid samples, 4 species were 

present and of these only one was a previously undescribed species; of the others 5 were 

Poecilometra acoela and 4 were Glyptometra lateralis.  The new crinoid specimen belongs to 

the family Hyocrinidae, but could not yet be identified further.  Nearly half of the sponges 

sampled were specimens that had not been seen outside of Necker Ridge, and very few of the 

specimens sampled were of the same species.  New sponge species found on Necker Ridge come 

from the genera Bolosoma, Walteria, Caulophacus, Farrea, and Poliopogon. Those coral species 

unique to Necker Ridge include a Chrysogorgiidae n. gen. n. sp. that appears to have a 

relationship to Iridogorgia and new species of the genus Chrysogorgia. 
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Table 6. Primers and PCR temperatures for octocoral barcoding.  Taxon specific primers are required due to mitochondrial gene 
order changes between and within families of Octocorallia.  MutS forward primers for each specific taxon were paired with the same 
reverse primer.  COI primers were used as two unique paired sets depending on the taxa.  

Gene Taxa Primer Name Primer Sequence (5’–3’) 

Annealing 

Temperature 

(°C) Reference 

MutS Corallium, Paragorgia  COB-NAD6F TACTAAGACAGTGGGACAAG 54–56 (1) 
  Bamboo CO3BAM5657F GCTGCTAGTTGGTATTGGCAT 54–56 (2) 
  All other octocorals ND42599F GCCATTATGGTTAACTATTAC 54–56 (3) 

 All octocorals MUT-3458R TSGAGCAAAAGCCACTCC   (4) 

 ND2 All octocorals 16S-647F ACACAGCTCGGTTTCTATCTACAA 53–54 (5) 

 
  ND2-1418R ACATCGGGAGCCCACATA   (5) 

 COI All other octocorals HCO2198 TAAACTTCAGGGTGACCAAAAAATCA 44–46 (6) 

 
  COII-8068F CCATAACAGGACTAGCAGCATC   (5) 

  

Corallium, 
Paragorgia, 
Anthomastus 1R ATAARTGCTGRAATAAAAT 44 (7) 

    1F ATGAACAAATATCTTACACG   (7) 

References: (1) Figueroa and Baco in prep (2) Brugler and France 2008; (3) France and Hoover 2002; (4) Sanchez et al. 2003; (5) 
McFadden et al. 2004; (6) Folmer et al. 1994; (7) Figueroa and Baco 2013.   
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Table 7. Number of unique and shared species from Necker Ridge samples using 
morphological characteristics only. 

Phylum 
Number of 

specimens 

Number of 

species 

Number of new 

species unique to 

Necker Ridge 

Number of species 

known outside of 

Necker Ridge 

Anthozoa 73 35 2 33 
Porifera 22 20 9 11 
Crinoidea 14 4 1 3 

 

 

Haplotypes and Genetic Connectivity 

 Of the 73 anthozoan samples taken for genetic studies, three zoanthid and eight 

antipatharian samples were not amplified for the three gene regions because those are not the 

appropriate genes for informative barcodes for those taxa.  The antipatharians will have the 

appropriate barcode as found by Brugler (2011) sequenced at a later time.  Four octocoral 

samples were also not included in haplotype analyses due to possible contamination shown 

during BLAST checks; these include a Chrysogorgia, two Anthomastus, and a sea pen 

Distichoptilum. One bamboo sample has also not yet amplified for only MutS.  Table 8 shows 

the number of unique haplotypes found within each family of octocorals for each gene region.  

Once all three regions can be compared to the haplotypes from the Hawaiian Archipelago, the 

haplotypes will be concatenated and the number of fully unique haplotypes on Necker Ridge can 

be assessed.  

From the data that is currently available for MutS haplotypes, 35 different haplotypes 

were found from Necker Ridge samples. From the 57 remaining anthozoan genetic samples, 19 

have haplotypes endemic to Necker Ridge (approximately 33%).  The haplotypes unique to 

Necker Ridge are generally evenly spread among the more abundant organisms sampled, with 

three haplotypes from the genus Chrysogorgia, three from Iridogorgia, four from Isididae, three 

from Primnoidae, and one unique haplotype each from Anthothelidae, Plexauridae, and 

Acanthogorgiidae. Samples from the genus Chrysogorgia had the highest proportion of endemic 

haplotypes, with six of seven samples only from Necker Ridge; Iridogorgia and Primnoidae had 

the second highest proportion of local haplotypes, with three of six samples found only on 
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Necker Ridge. The Isididae had a strong overlap with Hawaii haplotypes, and only four of 

twenty-three samples had haplotypes unique to Necker Ridge. 

 

Table 8. Number of haplotypes per gene for Octocorallia samples from Necker Ridge. 

Octocoral 

Family/ Order 

Number of 

samples (number 

successfully 

amplified) 

Number 

of MutS 

haplotypes 

Number 

haplotypes 

unique to 

Necker 

Ridge 

Number 

of COI 

haplotypes 

Number of 

ND2 

haplotypes 

Acanthogorgiidae 1 (1) 1 1 1 1 
Alcyoniidae 3 (1) 1 0 1 1 
Anthothelidae 3 (3) 2 1 1 1 
Chrysogorgiidae 18 (17) 9 5 8 10 
Coralliidae 2 (2) 1 0 1 1 
Isididae 23 (22) 12 4 8 13 
Paragorgiidae 3 (3) 2 0 2 3 
Plexauridae 1 (1) 1 1 1 1 
Primnoidae 6 (6) 5 3 5 5 
Pennatulacea 2 (1) 1 0 1 1 
Totals 57 (MutS) 35 15 29 37 

 

  

Discussion 

Morphological data suggests there is a strong similarity between the communities of 

Necker Ridge and the Hawaii Archipelago, with only 2 of the sampled corals and 1 of the 

crinoids found solely on Necker Ridge.  However, when considering genetic samples the number 

of specimens unique to Necker Ridge increases from 2 to 19.  There is still a strong similarity 

between the two communities, but adding genetic information, even from just one gene region 

(which distinguishes only about 50% of octocoral species (McFadden et al. 2011; Baco and 

Cairns 2012), decreases the high overlap across all octocoral groups and only the Isididae had 

high overlap on Necker Ridge and Hawaiian seamounts.  Genetic samples also increase the 

number of unique specimens sampled compared to morphology from voucher specimens and 

video identifications.  For example, 23 bamboo corals were collected as voucher specimens and 

gross morphology designates 8 different species.  11 bamboo species were identified by video, 

but concatenating the haplotypes for the 23 genetic samples shows 16 unique genotypes.  The 
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extreme differences in the number of species sampled when using morphological versus genetic 

data is due to the difficulty in assigning species designations to octocorals using only 

morphological characters.  Scanning Electron Microscopy is required to fully visualize the small 

structural sclerites in octocoral polyps, and these sclerites then can be used as morphological 

characters to differentiate species (Kӧlliker 1864).  Larger morphological characters such as 

branching patterns, colors, and polyp size are sometimes inconsistent within any species (France 

2007), and their use in species designations is usually only for higher taxonomic distinctions. 

Thus many of our octocoral voucher specimens, especially those of the Isididae family, have not 

yet been identified to the species level, though exceptions include samples from Primnoidae and 

Iridogorgia, which have been identified to the species level by the respective experts.   

Interestingly sponge samples identified by morphological characteristics demonstrate a 

unique assemblage of sponge species on Necker Ridge, with very few samples also known from 

the Hawaiian Archipelago.  This could be attributed to a general lack of taxonomic information 

due to limited expertise available for morphological distinctions (Hebert et al. 2003), but also to 

possible limits of sponge colonization.  Even though most sponges release sperm into the water 

column, the eggs are often fertilized internally, which limits how far offspring could travel from 

parental locations; sponges also can reproduce asexually, again limiting the distance sponge 

recruits can travel (Hogg et al. 2010).  Crinoid samples show strong overlap with the Hawaiian 

Archipelago, but two species were so dominant that only four species comprised all 14 voucher 

specimens.  This limited species pool and the current lack of genetic data from these samples 

also limits our ability to find differences between Necker Ridge and Hawaii.  Further research for 

this study will include the remaining genetic data for the octocoral samples, as well as the 

antipatharian barcodes, which will likely again increase the number of unique specimens from 

Necker Ridge.  Crinoid genetic data could also increase the number of species sampled, but that 

seems less likely.  

The use of genetic data and DNA barcodes for species distinctions in octocorals are not 

without their own complications.  Slow mitochondrial mutation rates, mitochondrial gene 

rearrangements, and the lack of reference nuclear genomes makes interspecies comparisons 

difficult (DeSalle et al. 2005; Huang et al. 2008; Shearer and Coffroth 2008).  However, the use 

of mitochondrial sequence data when more than one gene region is used has shown to be 

generally successful in species distinctions and phylogenetic analyses of octocorals (McFadden 
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et al. 2011, Baco and Cairns 2012).  Current taxonomists are working to fully integrate 

morphological and genetic data in order to provide the strongest characterizations and prevent 

the need for further taxonomic revisions, and an inclusive method will most likely provide deep-

sea researchers with the strongest understandings of the relationships between regions. 

So far this preliminary data combined with the community data from Chapter 2 indicates 

that Necker Ridge does not have as strong of a connection with the Hawaiian Archipelago as 

would be expected from their geographic relationship alone.  Grigg and Bayer (1976) indicated 

that Necker Ridge could have aided dispersal from the Indo-Pacific to the more isolated 

Hawaiian Archipelago during the early Tertiary, but over the last several million years as the 

features have sunk, our data indicates less connectivity, though not isolation, between Necker 

Ridge and the Hawaiian Archipelago.  Further genetic information from the remaining two 

barcodes for the octocorals, the barcodes for the antipatharians, and COI data from the crinoids, 

will help better define the level of genetic connectivity between the two regions.  The strong 

community changeover along the nearly 120km separating the most northern and most southern 

pinnacles studied on Necker Ridge suggests over time a barrier to dispersal has emerged that is 

promoting differentiation between the Hawaiian Archipelago and Necker Ridge, which also 

suggests little connectivity between the proposed mining sites on the Mid-Pacific Mountains and 

the reserve within the Archipelago. 
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APPENDIX A 

ASPECT MAPS FOR THE PINNACLES ON NECKER RIDGE

 
Figure 22. Aspect maps from ArcGIS for each pinnacle 
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  Figure 23. Description of the color denoting 
each direction for Aspect in ArcGIS 
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APPENDIX B  

INVESTIGATION OF COMMUNITY STRUCTURE BY DEPTH AND 

CARDINAL DIRECTION ON PINNACLE 2 

 

 

 

 

Figure 24. NMDS plot of transects on pinnacle B.  Symbols denote depth bin 

Figure 25. NMDS plot of transects on pinnacle B.  Symbols denote cardinal direction 
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Table 9.  ANOSIM by depth for pinnacle B 
 Global R Global  

p-value 

   

 0.68 0.003    
Pairwise Tests 
Depth Bins 
Tested 

R Statistic p-value Possible 
Permutation
s 

Actual 
Permutations 

Number >=  
Observed 

1700.00, 1550.00 0.25 0.30 10 10 3 
1700.00, 1900.00 1.0 0.25 4 4 1 
1700.00, 1800.00 1.0 0.25 4 4 1 
1700.00, 1600.00 0.333 0.30 10 10 3 
1700.00, 1500.00 1.0 0.10 10 10 1 
1550.00, 1900.00 1.0 0.33 3 3 1 
1550.00, 1800.00 1.0 0.33 3 3 1 
1550.00, 1600.00 0.25 0.66 3 3 2 
1550.00, 1500.00 1.0 0.33 3 3 1 
1900.00, 1600.00 1.0 0.33 3 3 1 
1900.00, 1500.00 1.0 0.33 3 3 1 
1800.00, 1600.00 1.0 0.33 3 3 1 
1800.00, 1500.00 1.0 0.33 3 3 1 
1600.00, 1500.00 1.0 0.33 3 3 1 
1800.00, 1900.00 N/A N/A N/A N/A N/A 
 
 
 
Table 10.  ANOSIM by cardinal 
direction for pinnacle B 
Global R 0.005 

p-value 0.394 
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