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Abstract 
Understanding to what extent a particular ecosystem can influence the larger 

environment is the driving question behind my research.  To begin examining this topic, 

several factors should be considered including 1) the community composition within a 

certain ecosystem 2) what factors drive community assembly, to predict the composition 

and organization of other related communities, and 3) the extent of influence of the 

ecosystem on the surrounding environments. 

Chemosynthetic ecosystems are systems that are dependent on chemicals as the 

base of the food chain, rather than light as in photosynthesis.  These systems are 

frequently biological hotspots within the ocean, where benthic communities can 

research a higher density than surrounding regions.  Methane seeps, where methane 

and other hydrocarbons migrate through sediments to the seafloor, are one of the major 

forms of chemosynthetic ecosystems.  The known environmental influence of seeps 

grows stronger as the number of discovered seeps increases, making understanding their 

breath of impact increasingly relevant. 

Data collected in this study utilized two types of underwater research tools, an 

autonomous underwater vehicle (AUV) and a remotely operated vehicle (ROV).  The 

study begins by examining seep fields about 200 nm off the South Carolina coast, at the 

Blake Ridge (~2150 m depth) and Cape Fear (~2580 m depth) Diapirs.  Geophysical and 

photographic data were collected during surveys were used to examine the relationship 
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between biomass-dominant invertebrates (mussels, Bathymodiolus heckerae, and clams, 

Vesicomya cf. venusta) and seafloor physiography.  Concentric zonation of mussels and 

clams at each of the four sites within the seep field suggests the influence of chemical 

gradients on megafaunal distribution. Distributions of dominant seep features (bivalves, 

carbonates, bacterial mats) were used to define the active seep site.  The relationship 

between seeps and nearby non-endemic fauna is examined in this study, with a focus on 

trophic guilds.  Geospatial mapping indicated that non-seep-endemic taxa (those not 

hosting chemoautotrophic endosymbionts) either show positive association (e.g., squat 

lobsters, cake urchins), negative association (e.g., sea urchins, certain sea cucumbers), or 

no distributional bias (e.g., sea stars, certain fish) to the presence of a seep.   

Further investigation into these faunal relationships may improve understanding 

of predictive community assembly rules, as well as clarifying the services that seeps 

provide to the larger ocean ecosystem.  Data collection and analytical techniques used 

here yielded high-resolution habitat maps that can serve as baselines to constrain 

temporal evolution of seafloor seeps, and to inform ecological niche modeling and 

resource management.  

Another aspect of the study is how seep communities differ when in an 

extremely low oxygen environment.  Methane seeps are typically biological hotspots on 

the seafloor, with dense faunal communities relative to background (non-

chemosynthetic) areas (Carney, 1994).  However, some areas of the ocean are extremely 
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low in oxygen, leading to decreases in overall fauna diversity, which can sometimes also 

affect seep communities. The eastern Pacific contains extensive oxygen minimum zones 

(OMZs), areas where the dissolved oxygen concentration falls below 22 µM, or 0.5 mg/L 

(Helly and Levin, 2004; Karstensen et al., 2008), as opposed to averages of 180-270 µM 

(4-6 mg/L) typically found in the ocean.  These zones can intersect the continental slope, 

affecting benthic organisms, including those found at methane seeps in the region. 

The Redondo Knoll Seep (~900 m depth), located just ~30 km off the California 

coast, shares features of both a seep and an oxygen minimum zone.  High-resolution 

imaging providing a highly detailed photo mosaic and 1 cm resolution bathymetric 

maps, allowed for a comprehensive site view to further the geologic and microbial 

examinations.  Particularly notable were the extensive microbial mats and, due to its 

location near the core of a local OMZ (averaging <1 μM oxygen), the lack of endemic seep 

megafauna or other non-endemic fauna.  

While both seeps and OMZs are common by themselves, only a small number of 

studies have examined them together, such as off the coast of Chile (Sellanes et al., 2010), 

Pakistan (Fischer et al., 2012; Himmler et al., 2015), and Oregon (Levin et al., 2010).  

Consequently, there is still much to learn about the ecosystem and organisms at these 

combination sites.   

 Overall, this study considers the sphere of influence methane seeps provide the 

surrounding area through examination of the relationship between endemic fauna, their 
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geologic habitat, and non-endemic fauna, with the intention to use these interactions to 

better inform seep roles in the environment in the face of anthropogenic disruptions, 

such as deep-sea mining and climate change, and as well as sites to consider for 

astrobiological studies. 
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1. Introduction  
Understanding to what extent a particular ecosystem can influence the larger 

environment is the driving question behind my research.  To begin examining this topic, 

several factors should be considered including 1) the community composition within a 

particular ecosystem 2) what factors drive community assembly, to predict the 

composition and organization of other related communities, and 3) the extent of 

influence of the ecosystem on the surrounding environments. 

Chemosynthetic ecosystems are a prime example of a hotspot in the marine 

system, where a confluence of resources, not found elsewhere in the ocean, is available; 

as a result, these areas tend to have higher biomass than surrounding communities, 

including many endemic species (Turnipseed et al., 2003).  Chemosynthetic systems are 

driven by the presence of chemicals, such as methane and sulfide, that form the base of 

the food chain; as bacteria act as the primary producers to convert these chemicals into 

energy.  This is in contrast to photosynthetic systems, where plants act as primary 

producers to convert light into energy.  As one of the major areas of higher biomass in 

the deep-sea, chemosynthetic ecosystems have been proposed as deep-sea oases 

(Carney, 1994).  However, they cannot be considered completely isolated islands, given 

the potential for chemical and nutrient export, as well as resources provided to non-

endemic fauna that may pass through or make these sites their home.   
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These chemosynthetic communities, such as hydrothermal vents and methane 

seeps, are composed of endemic fauna dependent on chemosynthetic production (e.g., 

Van Dover and Hessler, 1990), as well as non-seep endemic fauna that may non-

exclusively reside in or pass through these habitats (Desbruyères et al., 2001).  Methane 

seeps, where methane and other hydrocarbons migrate through sediments and 

authigenic carbonates (formed during in situ sedimentation) to the seafloor, are one of 

the major forms of chemosynthetic ecosystems.  These seep systems are becoming 

increasingly relevant to the ocean ecosystem as they are discovered to be more abundant 

than previously thought (e.g., Brothers et al., 2013; Skarke et al., 2014), leading to a 

greater influence on the larger ocean ecosystem than what was formerly considered. 

Relationships among seep community biomass, diversity, and physiographic 

controls such as underlying geology are not well understood.  This study looks at 

endemic and non-endemic distribution of megafauna relative to the seep environment, 

as a step toward looking at the sphere of influence methane seeps provide the 

surrounding area in terms of habitat structure, nutrient sources, and geochemical 

environment.  The study further analyzes the structure of a seep found in an extremely 

low oxygen minimum zone.  This research considers how the combination of a methane 

seep and low oxygen environment affects both the seep-endemic and non-endemic 

communities, and how climate change may expand these effects to a broader region of 

the ocean.  
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Other methane seep research experiences along the U.S. East Coast (Brothers et 

al., 2013; Meyer et al., 2016; Billings et al., 2017) and U.S. West Coast (Levin et al., 2016), 

along with a number of other research expeditions looking at hydrothermal vents in the 

Gulf of California (Soule et al., 2018), deep-sea corals of a U.S. National Marine 

Sanctuary (Roletto et al., 2017) and the Mesoamerican Reef (Etnoyer et al., 2015), fauna 

around fault systems of the Caribbean (Cormier et al., 2015), and biological communities 

on shipwrecks off California (Roletto et al., 2017) and in the Gulf of Mexico (Irion et al., 

2014) broadened the author’s exposure to deep-sea communities.  These opportunities 

helped the author frame her research questions, and further highlighted the contrasting 

communities between chemosynthetic and other deep-sea environments, as well as 

showing some of their range of influence through altered faunal diversity and densities.  
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2. Cold-seep habitat mapping: High-resolution spatial 
characterization of the Blake Ridge Diapir seep field  
2.1 Introduction  

Chemosynthetic communities associated with methane seeps on continental 

margins occur in a variety of geographical and geological contexts (Sibuet and Olu, 

1998), including brine pools (MacDonald et al., 1990) and mounds (MacDonald et al., 

2003) in the Gulf of Mexico, fault lines at the Florida Escarpment (Paull et al., 1984), mud 

volcanoes in the Barbados Accretionary prism (Olu et al., 1997), and salt diapirs on Blake 

Ridge (Paull et al., 1996; Van Dover et al., 2003). Exploration of deep-sea cold seep 

systems continues to yield insight into the diversity and structure of chemosynthetically-

based biological communities, and habitat mapping of these communities in their 

geological context will be a critical tool to facilitate sustainable management of offshore 

resources (Cochrane and Lafferty, 2002; Degraer et al., 2008). Cold seep communities are 

often associated with irregular bathymetry (mounds, pockmarks, authigenic carbonate 

outcrops) related to seabed methane escape in an otherwise undifferentiated 

sedimentary environment (Hovland and Judd, 1988; MacDonald et al., 1990; MacDonald 

et al., 2003). Mapping techniques that resolve and ground-truth seafloor physiographic 

irregularities have promise for regional-scale characterization of benthic habitats.  

The Blake Ridge Diapir, located off the coast of South Carolina, eastern USA (Fig. 

1A), includes several depressions or pockmarks (e.g., Paull et al., 1995), one of which 

[Ocean Drilling Program (ODP) Site 996] is known to support a cold seep community 
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(Van Dover et al., 2003). Based on submersible observations, this seep community was 

reported to extend across an area measuring ~120 m x 240 m and to be dominated 

(biomass) by large mussels (Bathymodiolus heckerae; average adult shell length ~200 mm) 

that host symbiotic methanotrophic and thiotrophic bacteria and form dense beds at the 

center of the seep field (Van Dover et al., 2003). Vesicomyid (Vesicomya cf. venusta) clam 

beds are also abundant elements of the faunal assemblage, though individual clams are 

small (average shell length ~20 mm). These clams host thiotrophic bacteria and are 

generally found at the edges of the mussel beds and peripheral regions of the seep field 

(Van Dover et al., 2003). This seep also hosts a number of other abundant invertebrates, 

including several species of ophiuroids, holothuroids, asteroids, echinoids, octopus, 

squat lobster, and shrimp, along with several species of fish.  

 

Figure 1: Nested Study Areas. (A) Location of Blake Ridge Diapir study site, 
off the coast of South Carolina, eastern USA. (B) Detailed map of the study area 
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(hillshaded bathymetry with 5 m depth contours); dark grey box: area of sub-bottom 
survey; thick black line: sub-bottom profile line, shown in Fig. 3; light grey box: Blake 

Ridge Diapir seep and area of AUV coverage, shown in Fig. 1C. (C) Sentry 
photosurvey tracklines, Blake Ridge Diapir seep. White circle indicates the location of 

ODP Site 996.  

In addition to the multiple pockmarks seen in the area (Hornbach et al., 2007; 

Paull et al., 1995), branching migration pathways beneath the Blake Ridge Diapir 

reported from CHIRP seismic reflection data (Hornbach et al., 2007) suggest that there 

might be additional pockmarks in the area where methane-rich fluids escape the 

seafloor and fuel chemosynthetic communities.  

In this study, we examined the spatial distribution and patterns of mussels and 

clams around ODP 996, as well as at 3 newly discovered adjacent seep communities. In a 

previous investigation of the Blake Ridge Diapir seep, conducted with Woods Hole 

Oceanographic Institution’s (WHOI) deep- submergence vehicle Alvin, a relatively 

course-resolution map of megafauna distributions was generated from Alvin video (Van 

Dover et al., 2003). In the current study, we used WHOI’s autonomous underwater 

vehicle (AUV) Sentry equipped with high-resolution mapping tools (sidescan sonar, 

multibeam echo- sounder, digital still camera) that, when employed close to the seabed 

(5 to 20 m above bottom), yield multi-scale datasets that can be integrated to create 

habitat maps of the seafloor. We have used these tools to explore for seep communities 

and to characterize the relationship between biomass-dominant invertebrates 

(Bathymodiolus heckerae and Vesicomya cf. venusta) and seafloor physiography.  
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2.2 Methods 

The Blake Ridge Diapir (Fig. 1A) was explored using the NOAA Ship Okeanos 

Explorer (research cruise EX1205L1) and WHOI’s AUV Sentry in July 2012. Operations 

focused on a 360 m x 360 m area (Figs. 1B, 1C) that included ODP Site 996 (herein 

referred to as Pockmark A; 32° 29.6230 N, 76° 11.4670 W; 2155 m depth). The Okeanos 

Explorer collected 3.5 kHz subbottom data using a Knudsen 3260 CHIRP system with up 

to 40 m penetration (Fig. 2) to image and identify the subsurface gas conduit underlying 

the study area.  

 

Figure 2: Subsurface CHIRP profile beneath Pockmark A (see Fig. 1B).  

In one pass of the AUV Sentry survey, sidescan sonar backscatter data were 

collected using an Edgetech 2200-M 120 kHz/ 410kHz sidescan sonar (5 m altitude, 70 

tracklines, 360 m length, 5 m spacing). In a separate pass, a Reson 7125 multibeam 

echosounder (400kHz) was used to collect bathymetric data (20 m altitude, 14 tracklines, 

360 m length, 25 m spacing), covering an area of about 0.165 km2. Concurrent with the 
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sidescan sonar run, a photo survey (~7 s intervals; 12-bit, 1024 x 1024 pixels, down-

looking digital color camera) was conducted at an average speed of 0.73 m/s, covering 

an area of about 0.131 km2 (Fig. 1C).  

Each of the 5,568 georeferenced photos from the Sentry photo survey was 

classified into one of six categories based on the dominant faunal characteristic (Fig. 3): 

(1) scattered clams; (2) dense clams; (3) dead mussels; (4) both live and dead mussels; (5) 

live mussels; or (6) no evidence of seep. After classification, Esri ArcGIS software was 

used to map the distribution of megafauna overlain on the geophysical data (processed 

sidescan sonar imagery mosaic and multibeam bathymetry). ArcGIS analysis tools (e.g., 

3D Analyst, Interpolate Line) were used to create depth profiles of the main pockmarks 

from the final gridded bathymetry data. Nearest neighbor analysis in ArcGIS was 

conducted on each dominant faunal characteristic to determine the spatial statistical 

significance of the distribution of each faunal type (Mitchell, 2005). Specifically, the 

average Euclidian distance between each georeferenced data point representing 

dominant faunal type was compared to a hypothetical random distribution of such 

points within the study area. This type of analysis assesses the likelihood that a given 

distribution pattern (clustered or dispersed) is a product of chance.  
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Figure 3: Example photographs of classification: (i) scattered clams; (ii) dense 
clams; (iii) live mussels; (iv) dead mussels. Scale bar = 1 m.  

2.3 Results 

Seismic reflection profiles across Pockmark A reveal an acoustically transparent 

zone, which likely indicates the presence of gas in the pore space underneath the Blake 

Ridge Diapir seep (Fig. 2). The sidescan sonar imagery within the study area revealed 

four distinct patches of high backscatter (Fig. 4A), each coincident with one of four 

discrete bathymetric pockmarks (pockmarks A, B, C and D; Fig. 4B); pockmark 

diameters ranged from 25 m to 70 m, and maximum relief ranged from 1.5 m to 3.5 m. 
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Pockmarks A, C and D showed evidence of mound formation within each pockmark; 

pockmark B exhibited simple concavity. Several smaller mounds and pockmarks (< 15 m 

diameter) were also evident within the high-resolution bathymetric data, surrounding 

the major pockmarks. Apart from these pockmark/mound features, the bathymetry 

demonstrates relatively little local relief, and the sidescan sonar backscatter illustrates 

that the surrounding seabed is generally featureless in terms of seafloor texture (Figs. 

4A, B).  
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Figure 4: Sidescan sonar, bathymetric, and faunal distribution maps from the 
Blake Ridge Diapir seeps site: (A) Sidescan sonar; areas of elevated backscatter are 

light while areas of low backscatter are dark; arrows highlight prominent high 
backscatter features. Sidescan sonar has a 2 m resolution. (B) Bathymetric map 

showing four major depressions (Pockmarks A, B, C & D). Multibeam data was 
gridded at 1 m resolution. (C) Seep megafauna distributions overlain on sidescan 
sonar map. (D) Seep megafauna distributions overlain on bathymetric map. Black 

lines through each pockmark indicate the depth profiles, shown in Fig. 5.  

Dense mussel beds in photographs (Fig. 3iii, 3iv) were coincident with higher 

backscatter areas in the sonar mosaic (Figs. 4A, C). Pockmarks A, B, C, and D all showed 

similar patterns of megafaunal composition and zonation, with dense bathymodiolin 
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mussel beds occurring either at the local low (Pockmark B) or central high (mounds 

within Pockmarks A, C and D) of all four pockmarks. The most extensive live mussel 

beds tended to be surrounded by beds of dead mussels, but minor live and live/dead 

mixed mussel beds were also observed in association with smaller areas (< 15 m) of 

irregular bathymetry (e.g., ~35 m southeast of Pockmark D; Fig. 4D). Pockmark A 

supported the largest mussel beds, with live and dead mussels covering a combined 

area of ~4700 m2. Mussel beds in Pockmark D were only half as extensive (~2400 m2) and 

Pockmarks B and C hosted still smaller mussel beds (~450 m2 and ~600 m2, respectively). 

Dense patches of vesicomyid clams were peripheral to the mussel beds and, with 

increasing distance from the mussel center, became more scattered (Figs. 4D, 5). While 

mussels were mostly restricted to pockmarks and mounds within pockmarks, clams 

were found in relatively featureless terrain based on sidescan sonar and covered a much 

greater areal extent than the mussels, up to 150 m beyond inferred localized sources of 

active fluid flow.  
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Figure 5: Faunal distributions along pockmark depth profiles; profile lines 
shown in Fig. 4D. A, B, C, and D indicate the pockmark of origin for each depth 

profile, shown in Fig. 4B. (A) i, ii, iii, and iv indicate where the example photos in Fig. 
2 were taken.  
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Nearest neighbor analysis of each faunal type revealed that, with one exception, 

all faunal types are non-randomly distributed throughout the study area (Table 1), 

indicating that each group’s clustered distribution pattern is statistically significant and 

not a product of chance. Live mussels are the only faunal type with a distribution 

pattern that may be random, though live mussel data is limited by a much smaller 

sample size (n=22, Table 1) than the other categories and is confounded by overlap of 

live mussels and the live/dead mussel category.  

Table 1: Frequencies and nearest neighbor analysis of faunal distribution  

Dominant	
Bio-type	
Character	

Bio-type	
frequency	

Ratio	of	
observed/expected	
average	distance	of	
bio-types	in	the	field	

p-
Value	

Pattern	 Likelihood	
the	pattern	is	
random	(%)	

Scattered	
clams	

656	 0.79	 0.01	 Clustered	 <1	

Dense	
clams	

465	 0.73	 0.01	 Clustered	 <1	

Dead	
mussels	

100	 0.68	 0.01	 Clustered	 <1	

Both	live	
and	dead	
mussels	

89	 0.52	 0.01	 Clustered	 <1	

Live	
mussels	

22	 0.83	 0.15	 Somewhat	
clustered	

The	pattern	
may	be	due	to	
random	
chance	

2.4 Discussion  

Three previously unreported seep communities were discovered in this study, all 

within 240 m of the ODP 996 seep site (Pockmark A) described by Paull et al. (1996), Van 

Dover et al. (2003), and Hornbach et al. (2007) and all hosting similar dominant benthic 

invertebrates (i.e., clams and mussels). This finding – that three seep communities could 
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be so close to an area previously explored yet remained undiscovered – underscores the 

challenge of characterizing deep-sea ecosystems and the value of nested, systematic 

surveys. Regional sub-bottom profiles (this study) indicated a large (> 130 m diameter) 

acoustically transparent region underlying the four pockmarks identified in the Sentry 

high-resolution multibeam survey (Fig. 2). The pockmarks presumably originate from 

gas in pore spaces and sediment collapse (Hovland and Judd, 1988). While sub-bottom 

profile data from this study did not resolve individual conduits to each of the 

pockmarks, the presence of four large pockmarks with associated chemosynthetic 

communities suggests that methane migrates to the seafloor in at least four discrete 

locations.  

Bathymodiolin mussels and vesicomyid clams rely on symbiotic chemosynthetic 

bacteria for nutrition and are limited to areas where chemical flux is sufficient for 

endosymbiont nutrition (Sibuet and Olu, 1998). The roughly concentric patterns of both 

mussel and clam bed distribution reported here suggest that these species differ in their 

habitat requirements or are competitively interactive. The mussel holobionts at Blake 

Ridge seeps are inferred to host methanotrophic and sulfide-oxidizing endosymbionts 

(Van Dover et al., 2003). The ‘bulls-eye’ distribution of mussels with respect to the 

seabed pockmarks indicates that the mussels are centered on bathymetric irregularities 

generated by point-source methane seepage where fluid flux and methane and sulfide 

concentrations are greatest. Mussel beds tended to be live or dead, rather than mixed, 
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suggesting that where mortality occurs, it is locally catastrophic, with a common cause 

and timing. An explanation for the pattern of mussel mortality mapped in this and other 

studies may be temporal variability in fluid flux and starvation or toxicity (Heyl et al., 

2007; Van Dover et al., 2003). An alternative or confounding interpretation could be 

death caused by disease or parasitism. Previously, a viral-like cellular inclusion in 

epithelial cells of digestive tubules in Blake Ridge mussels was deemed pathogenic, 

causing lysis of cells (Ward et al., 2004), and could be responsible for the mussel 

mortality observed. Parasitism was implicated as a factor in clam mortality in a previous 

study at Blake Ridge (Mills et al., 2005), and could also play a role in the mortality of 

mussels, especially where organisms are nutritionally or physiologically stressed. 

Repeated, high-resolution mapping of mussel beds can be used to estimate population 

dynamics; mapping in combination with measures of porewater geochemistry (e.g., 

sulfide, sulfate, and methane concentrations) will help to resolve the question of 

whether biological or geochemical factors are the dominant cause of mortality in this 

system.  

In contrast to mussels, which host methanotrophs and thiotrophs, clam 

holobionts rely only on thiotrophic bacteria (Van Dover et al., 2003). We infer that 

relatively high sulfide concentrations in porewater fluids exist over an areal extent much 

greater than that covered by mussel populations and hypothesize that this sulfide flux 

alone in the clam zone is insufficient to support mussel holobionts. The alternative 
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explanation that clams out-compete mussels in this region cannot be excluded, but 

seems unlikely. The apparent absence of clams in the core of the pockmarks is also 

striking; mussels are stacked one on top of another, in such dense array that there is no 

sediment visible, suggesting that competition for space could occur and that mussels 

outcompete clams in these areas. We cannot exclude the possibility, however, that fluid 

chemistry in the pockmark sediments is not suitable to survival of the clams. Obviously, 

questions remain regarding what specific factors control the striking zonation of clams 

and mussels.  

Cold seep biological communities are typically described as long-lived due to the 

stability of fluid flow at these sites relative to hydrothermal vent systems (Fisher et al., 

1997). However, lateral variation in the conduit system beneath seeps could cause flow 

intensity to fluctuate over time, consistent with bivalve mortality observed at the Blake 

Ridge Diapir. Analysis of carbonates from the Blake Ridge seep indicates that fluid flux 

is irregular and occurs over long periods of time (Paull et al., 1996). Fluid flux at each 

Blake Ridge Diapir pockmark may be variable, both in time and in relation to 

neighboring pockmarks. Conceptually, such findings would be consistent with the idea 

of ‘‘self-sealing’’ seeps, in which individual outlets go through cycles of active seepage 

and inactivity, due to factors such as carbonate precipitates that can clog sub-surface 

conduits (Hovland, 2002). While transient flow may impact the longevity of individuals 

and populations associated with each pockmark, long-term biodiversity in the seep 
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system will be maintained at other nearby points of seepage. High-resolution seafloor 

geophysical data create a baseline for continued research of the spatial and temporal 

changes in faunal populations at the Blake Ridge Diapir. By tracking the temporal 

dynamics of the underlying conduit structure (Brothers et al., 2013) and combining this 

with time-series habitat maps and fluid geochemical measures, we can develop a 

comprehensive bio-physico-chemical model of seep dynamics.  

Habitat mapping is an important tool for characterizing seafloor ecosystems, and 

it informs policies related to the use and protection of marine environments. Habitat 

mapping is a frequent practice in near-shore marine environments (e.g., Brown and 

Blondel, 2009; Cochrane and Lafferty, 2002; Kostylev et al., 2001), but only recently is 

this practice being adapted for and applied to mapping deep-sea habitats on multiple 

scales (several hundred meters, as in Jerosch et al., 2007; Jones et al., 2010; Olu-Le Roy et 

al., 2007, or 15 m area, as in Lessard-Pilon et al., 2010). Backscatter data from sidescan 

sonar delineates seep-associated hard substrata (e.g. shellbeds, carbonate) from muddy 

seafloor and provide a first-order assessment on presence/absence of likely seafloor 

seeps, without requiring extensive photo surveys. Techniques used in this study 

improve our understanding of offshore ecosystems and can be applied to habitat 

mapping, studies of temporal evolution of seafloor seeps, ecological niche modeling, 

and resource management.  
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3. Community assembly of endemic and non-endemic 
megafauna at methane cold seeps 
3.1 Introduction 

Chemosynthetic ecosystems are one of the major areas of higher biomass in the 

deep-sea, and have been proposed as deep-sea oases (Carney, 1994).  These biological 

communities are composed of 1) endemic fauna, dependent on chemosynthetic 

production, as well as 2) “colonists,” which have a higher density at chemosynthetic 

sites, but are not exclusively found there, and 3) “vagrants,” which are found both 

outside and inside chemosynthetic communities without any elevated population levels 

within chemosynthetic communities (Carney, 1994).  

3.1.1 Community Assembly at Chemosynthetic Ecosystems 

Studies examining the composition and structure inside and outside the 

chemosynthetic environment have shown variability with vent or seep activity and 

geographical location. 

Spatial variation of community composition within vents can show strong 

gradients, associated with the benthic structure and environmental conditions 

(particularly temperature and chemical composition).  For instance, Hessler and Smithey 

(1983) found distinct variation with distance from the vent opening and with temperate 

decline away from the vent, with most species closest to the vent being endemic (such as 

vestimentiferan tubeworms), and with species further away having a mix of endemic 

and non-endemic species (such as anemones and ophiuroids).  Other studies had similar 
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findings while also examining the chemical gradients such as pH, sulfide, and nitrate, 

with non-vent endemic species around the periphery (e.g., Desbruyères et al., 2001).   

Within a biogeographic area, similar dominant endemic species are often found 

at hydrothermal vents, such as the Van Dover and Hessler (1990) study that found 

similar endemic megafauna within a vent field, among vents along a ridge, and among 

ridges when comparing the East Pacific Rise and the Galapagos Spreading Center vents.  

Non-endemic members of the community can also be found to vary near vents, as seen 

by the higher density and abundance of macrozooplankton around vents at the East 

Pacific Rise compared to non-vent areas (Berg and Van Dover, 1987). 

Hydrothermal vents, which can be disrupted by eruptions, have often been 

examined for temporal variation in community composition.  Distinct phases of 

colonization and variation of dominant species have been shown with time and changes 

in the chemical environment and temperature post disruption (e.g., Durand et al, 2002, a 

3-year study; Shank et al., 1998, a 5-year study).  This transition is seen with both vent 

endemic and non-endemic species, with few non-endemics present in the earliest phases 

of colonization, then increasing as the vent ages (Durand et al, 2002; Shank et al., 1998). 

Unlike active hydrothermal vent systems, where communities can experience 

frequent, large-scale disruption due to volcanic activity, cold seeps appear to be a more 

stable environment.  Like at vents, studies at methane seeps have revealed spatial 

variation in community structure that correlates with benthic topographic, though 



 

21 

rather than chimneys, at seeps this often takes the form of pockmarks, mounds, and 

carbonate outcrops (Olu Le-Roy et al, 1996).  Though temperature variations are very 

small at seeps (if any detectable difference from background, often only a few tenths of a 

degree, up to 1-2 degrees Celsius) compared to what is seen at vents (which can reach 

hundreds of degrees Celsius above background), chemical gradients have also been 

found to influence distributions.  For example, at a cold seep pockmark off Africa, 

bathymodiolin mussels were found in areas of greater methane concentration than 

vesicomyid clams (Olu-Le Roy et al., 2007). 

3.1.2 Carbon Export at Cold Seeps 

Stable isotope studies reveal some of the influence seeps have on the 

surrounding area through export of carbon to mobile predators and other non-endemic 

fauna.  Studies in the Gulf of Mexico reveal that all the invertebrate species taken from 

tubeworm bushes, such as several species of gastropods (snails and limpets), 

crustaceans (including squat lobsters and shrimp), and worms (including polynoids and 

polychaetes) derived the majority of their nutrients from free-living bacteria (MacAvoy 

et al., 2005).  Other species sampled from seep also showed utilization of chemosynthetic 

compounds, such as a sea star with most nutrients chemosynthetically derived, a spider 

crab (38% chemosynthetic origin of fatty acids), and 2 species of eels that showed 

evidence of feeding on bathymodiolin mussels, (MacAvoy et al, 2003; MacAvoy et al, 

2005, MacAvoy et al., 2008).  Giant isopods did not show evidence of chemosynthetic 
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usages, while hagfish from different sites show no or very low (5%) chemosynthetically 

derived compounds (MacAvoy et al, 2003; MacAvoy et al, 2005, MacAvoy et al., 2008).  

Overall, these Gulf of Mexico cold seep studies reveled that among the mobile 

predators, some of the benthic fauna obtain almost all nutrients from seep production, 

while there is less seep reliance by the vagrant, swimming fauna, variable amounts of 

chemosynthetically derived compounds were found both within and among species 

(MacAvoy et al., 2002). 

3.1.3 Ecotones 

Ecotones are the transition zones between neighboring ecosystems, with a 

unique set of characteristics defined by the gradient between the adjacent systems 

(Holland, 1988).  These zones can be examined at different spatial scales, from the biome 

level to micro-gradients around individuals, as well as different time scales (Gosz, 1993).  

Despite decades of research, there is a dearth of systematically collected, quantitative 

information on the distribution of megafauna in the transitional (ecotone) region 

between the core habitats of native seabed and discrete chemosynthetic ecosystems.   

Instead, emphasis has been on faunal distributions, zonation, and succession within 

chemosynthetic ecosystems, of which there are many, many examples (e.g., Fustec et al. 

1987; Hessler et al. 1988; Olu et al. 1996; Wagner et al. 2013).  An early exception was the 

recognition of the so-called ‘crab gradient’ at hydrothermal vents, where the 

exponentially increasing distribution of the vent-endemic brachyuran crab Bythograea 
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thermydron along transects towards vents provided an exploration tool to locate vents 

(Lichtman et al., 1984; Van Dover et al., 1987).  Ecotones are recognized as important for 

material flow between systems (Hufkens et al., 2009), and, in chemosynthetic 

ecosystems, patterns of distribution of megafauna in ecotones and core habitats can 

provide insight into non-endemic taxa that may either capitalize on enhanced food or 

habitat resources of chemosynthetic ecosystems, avoid chemosynthetic environments, or 

be indifferent to the presence of a chemosynthetic oasis. 

3.1.3 Study Purpose 

In this study, we use autonomous underwater survey tools to obtain high-

resolution imagery of core habitats (seep and non-seep) and their ecotones at the Blake 

Ridge and Cape Fear Diapirs, off the US Atlantic margin.  Geospatially referenced 

images were analyzed to quantify and visualize megafaunal invertebrate abundances 

and distributions relative to the boundaries of the seep areas.  Our approach was 

motivated by the following questions:  Which non-seep-endemic megafauna had 

enhanced (positive association), diminished (negative association), or indifferent (no 

bias) distributions with regard to seep areas, and were the patterns of these distributions 

site-specific?  By documenting these faunal distribution patterns, we gained insight into 

species and processes that dominate material flow and trophic interactions (represented 

by feeding guilds) between chemosynthetic and non-chemosynthetic core habitats. 
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3.2 Methods 

3.2.1 Study Sites 

3.2.1.1 Blake Ridge (BR) Diapir 

The Blake Ridge Diapir (Figures 6,7) is the most southern of about 20 salt diapirs 

along the U.S. East Coast (Dillion et al., 1982).  The first evidence of methane seepage 

and chemosynthetic activity was found during site survey activities of the Ocean 

Drilling Program (ODP; Site 996, 2155 m) in 1995 (Paull et al., 1995; Paull et al., 1996), 

including gas plumes extending up to 320 m above bottom, sediments consisting of 20-

40% authigenic carbonate, high concentrations of porewater methane (1000–3400 µM) 

and sulfide (1300 µM), and a serendipitous collection of bathymodiolin mussels at the 

sediment-water interface of a core.  DSV Alvin dives in 2001 enabled extensive in situ 

visualization of the geological setting, including gas hydrate formation under a 

carbonate overhang, and the chemosynthetic community comprising dense beds of 

Bathymodiolus heckerae mussels and Vesicomya cf. venusta clams, at ODP Site 996D (Van 

Dover et al., 2003).  Live clam beds were found in sediment with a wide range of 

subsurface sulfide concentrations (0.1 to 6.4 mmol/L at 10 cm depth; Heyl et al., 2007).  

At the porewater interface of live clam beds, sulfide concentrations were low (<1 

mmol/L) compared to the higher concentrations found at shell beds with only dead 

clams at Blake Ridge (3.3 to 12.1 mmol/L; Heyl et al., 2007). 
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Figure 6:  Study locations. (A) Overview map showing the location of study 
sites off the east coast of the United States.  (B) Close-up of the box in (A) showing the 

centerpoints of the Cape Fear and Blake Ridge Diapir seep complexes. 
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Figure 7: Blake Ridge Diapir Bathymetry and Photo Survey Areas.  Photo 
survey areas at the four BR seeps are indicated by white outlines.  Sentry dives at the 
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BR sites were: 145 and 150 at North, 150 at Mid, 147 at Main, and 148 at South.  
Bathymetry resolution = 1 m grid. 

Multiple subsurface conduits evident in chirp echosounder 1.5 to 11.5 kHz 

profiles suggested the presence of a seep complex (Hornbach et al., 2007) at the Blake 

Ridge Diapir.  Three additional seep communities within 200 m of one another and of 

the ODP hole 996 seep site were subsequently discovered using autonomous 

underwater vehicle (AUV) Sentry in 2012 (Brothers et al. 2013).  High-resolution maps 

detailed the relationship of seep-associated bivalves and authigenic carbonates at the 

Main Blake Ridge seep (Wagner et al. 2013).   The seeps are referred to herein as BR 

North, BR Mid, BR Main (ODP Hole 996), and BR South (Table 2). 

Table 2: Study site coordinates, depths, and near-field photosurvey effort. BR: Blake 
Ridge Diapir; CF: Cape Fear Diapir. 

Site	 Latitude	 Longitude	 Depth	
(m)	

Photosurvey	
Area	(m2)	

#	of	Photos	
Analyzed	

BR	North	 32.505142	 -76.196501	 2148	 115,016	 6817	
BR	Mid	 32.499759	 -76.193087	 2151	 101,213	 6933	
BR	Main	 32.494987	 -76.190958	 2155	 136,306	 4364	
BR	South	 32.490030	 -76.192798	 2169	 97,666	 4654	
CF	Seep	 32.979574	 -75.926573	 2582	 116,080	 7857	

3.2.1.2 Cape Fear (CF) Diapir 

The Cape Fear Diapir is located 55 km northeast of the Blake Ridge seep complex 

(Brothers et al., 2013; Figures 6,8).  Unlike at Blake Ridge, where the salt diapir remains 

subsurface, at Cape Fear the diapir has breached the seafloor (Cashman and Popenoe, 

1985; Schmuck and Paull, 1993).  While it was theorized that there were methane seeps 
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in the region and that they may have caused the extensive Cape Fear landslide 

(Carpenter, 1981), drilling at the Cape Fear Diapir did not reveal evidence of 

contemporary seepage (ODP holes 991, 992, and 993; Paull et al., 1996).  Subsurface fluid 

migration pathways were not identified in seismic studies (Dillion et al., 1982; Paull et 

al., 1996) and seeps were not discovered during Alvin dives to this site in 2001 (Van 

Dover, pers. obs.)  Seep activity was finally discovered in 2012, first through 

documentation of a gas plume rising 1160 m above the seafloor and then by AUV Sentry 

photos of clam beds and bacterial mats (Brothers et al., 2013). 

 

Figure 8: Cape Fear Diapir Bathymetry and Photo Survey Area.  Photo survey 
area at the CF seep is indicated by the white outline.  Bathymetry resolution = 1 m 

grid. 

3.2.2 Data Collection  

The Blake Ridge and Cape Fear Diapirs were explored AUV Sentry (Woods Hole 

Oceanographic Institution) deployed from the NOAA Ship Okeanos Explorer (EX1205 Leg 

1; CL Van Dover, Chief Scientist) during 11-23 July 2012.  Sentry collected high-
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resolution multibeam (Reson 7125 echosounder, 400 kHz) bathymetric data ~20 m above 

bottom at Blake Ridge (Figure 7) and Cape Fear (Figure 8).  Photo surveys (~7-s 

intervals; 12-bit, 1024 x 1024 pixels, down-looking digital color camera) were conducted 

at an average speed of 0.7 m/s at ~5 m above bottom.   

3.2.2.1 Near- and far-field surveys 

Four Sentry missions (S145, S147, S148, S150) at the Blake Ridge Diapir site 

(Figure 7) and two missions (S149, S151) at the Cape Fear Diapir site (Figure 8) 

documented the distribution of dominant seep features (carbonates, microbial mats, 

bathymodiolin mussels, vesicomyid clams) and associated megafauna at the seep sites 

and adjacent (within 250 m) to the seeps.  Line spacing of phototransects was ~5 m 

within each photobox and covered areas ranging from ~97,000 to ~136,000 m2 (Table 2). 

These photoboxes are referred to herein as ‘near-field’ surveys, to contrast with ‘far-

field’ surveys (S143, S144, S146), where distributions of megafauna taxa were 

documented along more widely spaced phototransects (~150 m) that extended >800 m 

from the seep boundaries and covered a total of ~2.5 to ~3.0 km2.  

3.2.3 Photo Classification 

All photos from the Blake Ridge and Cape Fear seeps were classified based on 

the seep features and background fauna present using a combination of ordinal and 

discrete classification schemes. 
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3.2.3.1 Ordinal Classification 

Dominant seep features that covered extensive areas (carbonates, bacterial mats) 

or occurred at high densities (mussels, clams) were classified on ordinal scales.  

Carbonate outcrops (Figure 9A) and bacterial mats (Figures 9B,C,D) were classified as 

absent (0) or present (1).  Mussel beds were coded as absent (0), dead (1; Figure 10A), 

mixed live and dead (2; Figure 10B), and live (3; Figure 10C), to reflect the progression 

from dead to live.  Mussels were defined as ‘live’ when living mussels strongly 

dominated the photo, though a few dead shells may be present (Figure 10C).  Clam beds 

were coded as absent (0), scattered (1; Figure 10D) and dense (2; Figures 10E,F), to reflect 

the higher densities found in some areas.  It was not possible to distinguish dead clams 

from live clams. 
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Figure 9: Authigenic carbonates and bacterial mats, Blake Ridge seep complex.  
A) Authigenic carbonate outcrops, with live/dead mussels and scattered clams (BR 
South); B) thick, white bacterial mat on soft sediment near a dense clam bed (BR 
Main) C) thinner, white bacterial mat on soft sediment among dead mussels (BR 

North); D) white bacterial mats (lower left) on mixed live/dead mussel bed (BR Main). 
Scale bar = 1 m. 
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Figure 10: Mussels and clams, Blake Ridge seep complex. A) Extensive bed of 
dead mussel shells (BR Main); B) mix of live mussels (darker brown) and dead 

mussels (white when the inside of the shell is visible, pale brown when partially 
covered with sediment), with carbonate (lower left and center) and a white bacterial 
mat (right) (BR Main); C) live mussels (BR South); D) Scattered clams (small white 

dots; BR Main; E) dense clams covering extensive area (BR North); F) dense clams in 
small patches (BR North). Scale bar = 1 m. 
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3.2.3.2 Discrete Classification 

Other taxa (sponges, anemones, octopuses, shrimp, squat lobsters, sea stars, sea 

urchins, cake urchins, sea cucumbers, fish) found at seeps occurred in low abundance 

and were recorded were counted in each photo.  These taxa are referred to here as ‘non-

seep-endemic’ because they are not restricted to seep sites. 

3.2.4 Mapping Distributions 

3.2.4.1 Dominant seep features (near-field surveys) 

A matrix of geo-referenced ordinal and discrete data for each photograph was 

created and ArcGIS (Esri) was used to map distributions of organisms and carbonates 

onto bathymetry for Blake Ridge and Cape Fear.  Distributional data for the dominant 

seep features were interpolated using the Ordinary Kriging tool in ArcMap (ArcGIS 

10.2, ESRI, USA).  The outline of the area occupied by dominant seep features was used 

to define the seep boundary for both near-field and far-field surveys.   

3.2.4.2 Non-seep-endemic taxa 

Presence-absence records for all taxa with > 50 individuals at any seep site (Blake 

Ridge or Cape Fear) were mapped and distributions were first visually interpreted post-

mapping as predominantly within the seep site (positive association), predominantly 

outside the seep site (negative association), and no evident bias.  

To test the validity of these visual association classifications, 1000 permutations 

performed on the non-seep endemic taxa data with >25 individuals (see Appendix Table 
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7).  For each taxon, each permutation assigned the number of individuals observed in a 

single photo to a new, random location, until all photos that contained members of that 

taxon had been assigned to a random location with the survey, without replacement.  To 

simplify assessment of whether a taxon was found more inside or outside a seep, it was 

assigned a positive or negative value: whenever a random photo fell within the 

boundaries of a seep, it was assigned a value of -1; outside the boundaries of a seep, it 

was assigned a value of +1.  At the completion of a permutation run, the mean value for 

each taxon was averaged, to give a value between -1 and +1. 

At the completion of the 1000 permutations, each average was compared to the 

“real” average (based on the actual locations of the individual photos for each taxa) to 

derive the p-value (see Appendix Table 8).   

3.3 Results 

A total of 22,768 photos distributed across 4 sites at the Blake Ridge Diapir and 

7,857 photos at the one Cape Fear Diapir site were analyzed (Table 2).  Near-field 

distributions of taxa were restricted to within ~230 m of seep boundaries at Blake Ridge 

and within 170 m of the seep boundary at Cape Fear.  Far-field distributions were within 

~830 m of Blake Ridge seeps and within ~1300 m of the Cape Fear seep. 
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3.3.1 Dominant Seep Features  

3.3.1.1 Blake Ridge Seeps 

The physical setting of the four Blake Ridge seeps includes soft sediment 

interspersed with hard substrata (authigenic carbonates, Figure 9A).  Bacterial mats 

were typically thick, dense white patches that occurred on soft sediment (Figure 9B), 

though occasionally thinner mats were found on sediment (Figure 9C) and on mussels 

(Figure 9D).   

Extensive mussel beds (up to ~30m2 dimensions) comprising only dead (Figure 

10A), live and dead (Figure 10B), or live (Figure 10C) mussels were observed at BR 

North, BR Main, BR South, and were usually associated with carbonate (Figure 10B).  

Mussels at BR Mid were only found in small patches.  Clams were only found on soft 

sediment, and could be scattered (Figure 10D), or dense.  Dense clams sometimes 

covered extensive areas (multiple meters in maximum dimension; Figure 10E) or were 

restricted to small patches of a meter or so in diameter (Figure 10F).  Clams do not live 

on mussels or carbonates, though they may be in close proximity to these substrata.   

Distribution maps provide a larger context within which to visualize the relative 

distributions of dominant seep features (Figure 11), but at lower resolution than 

individual photos.  The extent of seep activity is captured in the envelope that 

encompasses all of the dominant seep features.  For the Blake Ridge seep sites, this 

envelope is generally the outline of the probability distribution of scattered and dense 
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clams (Figure 11).  Seeps at the Blake Ridge Diapir can be > 100,000 m2 in area, based on 

the photosurveys (Table 3).  

 

Figure 11: Distribution maps: dominant seep features (carbonates, bacteria, 
mussels, clams), Blake Ridge seep complex.  Resolution is at the scale of an individual 

photo (i.e., ~20 m2). The color-coded outline of the area of each feature [carbonate 
(purple), bacteria (pink), and mussels (black)] is sequentially added across columns to 

facilitate visualization of distributional relationships. Gradient legends represent 
interpolated probability of presence/absence of carbonates and bacteria; live, dead, or 

absent mussels; dense, scattered, or absent clams. 
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Table 3: Dominant seep feature coverage at study sites, where percent (%) area 
is normalized by the total area with dominant seep features. BR: Blake Ridge Diapir; 

CF: Cape Fear Diapir.  

Site	
Carbonate	 Bacteria	 Mussels	 Clams	
Area	
(m2)	

%	
Area	

Area	
(m2)	

%	
Area	

Area	
(m2)	

%	
Area	

Area	
(m2)	

%	
Area	

BR	North	 27,944	 45%	 15,110	 24%	 30,942	 50%	 62,222	 100%	
BR	Mid	 10,507	 25%	 5,830	 14%	 5,230	 12%	 41,939	 100%	
BR	Main	 15,502	 15%	 23,077	 23%	 20,271	 20%	 101,232	 100%	
BR	South	 6,098	 15%	 8,288	 21%	 12,941	 33%	 39,713	 100%	
CF	Seep	 12,279	 29%	 6,085	 14%	 0	 0%	 30,090	 71%	

3.3.1.2 Cape Fear Seep 

Like the Blake Ridge seep sites, the Cape Fear seep is characterized by authigenic 

carbonate outcrops in soft sediment (Figure 12A).   Bacterial mats (Figure 12B) and clams 

were present (Figures 12C,D), as at the Blake Ridge seep complex, but mussels were not 

observed at Cape Fear.  Clams observed in individual photos at the Cape Fear seep 

tended to occupy smaller areas (<1 m diameter) and were less dense than clams at the 

Blake Ridge seep complex (compare Figures 10E,F, Figure 12D).  Carbonate outcrops, 

clams, and bacterial mats were not as closely associated with one another at the Cape 

Fear seep site as at the Blake Ridge seep complex (Figure 13).  Based on the photo 

survey, the CF seep covers an area > 30,000 m2 (Table 3). 
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Figure 12: Dominant seep features, Cape Fear seep.  A) Carbonate rubble; B) 
extensive bacterial mat; C) scattered clams; D) most dense patch of clams observed at 

CF. Scale bar = 1 m. 

 

 

Figure 13: Distribution of dominant seep features (carbonates, bacteria, clams), 
Cape Fear seep.  Resolution is at the scale of an individual photo (i.e., ~20 m2). The 
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color-coded outline of carbonate (purple) and bacteria (pink) is sequentially added 
across columns to facilitate visualization of distributional relationships. Gradient 

legends represent interpolated probability of presence/absence (carbonates, bacteria) 
and dense/scattered (clams).   

3.3.2 Distribution of Non-Seep-Endemic Taxa 

Non-seep-endemic taxa from five phyla (Porifera, Cnidaria, Arthropoda, 

Echinodermata, Chordata) at Blake Ridge (Table 4) and four phyla (Porifera, Cnidaria, 

Arthropoda, Echinodermata) at Cape Fear (Table 5) were observed in sufficient numbers 

(>50 individuals per site) to explore for patterns in their spatial distribution relative to 

the seep.  Distributions of non-seep-endemic taxa generally fall into three general 

categories consistent with behavioral traits of i) positive seep association, ii) negative 

seep association, iii) no seep bias.  In the following sections, we highlight some 

representative examples of these patterns for Blake Ridge and Cape Fear seeps using 

both near-field (Figures 14-17) and far-field (Figures 18,19) surveys.  Distribution 

patterns for the remaining taxa may be found in the appendix. 
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Table 4: Distribution of abundant non-seep-endemic taxa relative to the 
location of dominant seep features at Blake Ridge (BR). Abundance is characterized 
by n > 50 individuals at a site. Table is organized by a qualitative measure of degree 

of association. +: positive association; -: negative association; 0: no bias; ( ): n < 50 
individuals. *Some sea stars may be in the class Ophiuroidea rather than Asteroidea; 
photo resolution was insufficient to reliably make this distinction. **Some unknown 

"Scyphozoa" may be members of Ctenophora rather than Cnidaria; there was 
insufficient photo resolution and focus when found in the water column rather than 

on the seafloor to make this distinction.   

Phylum	 Taxa	 BR	North	 BR	Mid	 BR	Main	 BR	South	
Cnidaria	 Actiniaria	sp.	2	 +	 +	 +	 +	
Arthropoda	 Galatheoidea	sp.	1	 +	 +	 +	 +	
Echinodermata	 Sarsiaster	griegi	 +	 +	 +	 +	
Chordata	 Argentiniformes	sp.	 (+)	 +	 +	 (+)	
Porifera	 Porifera	spp.	 (+)	 +	 +	 (0)	
Echinodermata	 Psychronaetes	hanseni?	 +	 +	 +	 0	
Arthropoda	 Caridea	sp.	1	 0	 0	 0	 +	
Arthropoda	 Caridea	sp.	2	 0	 0	 0	 0	
Arthropoda	 Paguroidea	sp.	 0	 0	 0	 0	
Echinodermata	 Paelopatides	spp.	 0	 	0	 0	 0	
Echinodermata	 Asteroidea	sp.*	 0	 0	 0	 0	
Cnidaria	 Coral	spp.		 0	 0	 0	 (0)	
Cnidaria	 Scyphozoa	sp.**	 (0)	 (0)	 0	 (0)	
Chordata	 Halosauridae	sp.	 0	 0	 (0)	 0	
Chordata	 Synaphobranchidae	sp.	 (-)	 0	 (0)	 0	
Echinodermata	 Oloughlinius	sp.	 -	 0	 0	 -	
Cnidaria	 Actiniaria	sp.	1	 -	 (0)	 (0)	 -	
Porifera	 Hexactinellida	sp.	 -	 0	 -	 -	
Echinodermata	 Echinothuriidae	sp.	 -	 0	 -	 -	
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Table 5: Distribution of abundant non-seep-endemic taxa relative to the 
location of dominant seep features at Cape Fear (CF). Abundance is characterized by n 

> 50 individuals at a site. Table is organized by a qualitative measure of degree of 
association. +: positive association; -: negative association; 0: no bias. *Some sea stars 

may be in the class Ophiuroidea rather than Asteroidea; photo resolution was 
insufficient to reliably make this distinction. 

Phylum	 Taxa	 CF	Seep	
Cnidaria	 Stauromedusae	sp.	 +	
Arthropoda	 Paguroidea	sp.	 +	
Echinodermata	 Sarsiaster	griegi	 +	
Cnidaria	 Coral	spp.		 0	
Cnidaria	 Actiniaria	sp.	2	 0	
Arthropoda	 Caridea	sp.	1	 0	
Arthropoda	 Caridea	sp.	2	 0	
Echinodermata	 Asteroidea	spp.*	 0	
Echinodermata	 Oloughlinius	sp.	 -	
Porifera	 Porifera	spp.	 -	
Porifera	 Hexactinellida	sp.	 -	
Porifera	 Euplectella	aspergillum	 -	
Echinodermata	 Echinothuriidae	sp.	 -	

3.3.2.1 Blake Ridge Near-Field Seep-Associated Taxa 

Four non-seep-endemic taxa were predominantly found within the four Blake 

Ridge seep sites (Table 4): an anemone (Actiniaria sp. 2), a squat lobster (Galatheoidea 

sp. 1), a cake urchin (Sarsiaster griegi), and a fish (Argentiniformes sp.).  Sarsiaster griegi 

in particular showed considerable fidelity to the seep site, with this pattern consistent 

across all four seep sites (Figure 14A).  Two additional taxa [a group of unidentified 

sponges (Porifera spp.) and a sea cucumber (Psychronaetes hanseni?; Figure 14B)] were 

positively associated with BR North, Mid, and Main seeps, but showed no bias at BR 

South (Table 4). 
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Figure 14: Near-field distribution of selected non-seep-endemic taxa showing 
positive or negative seep association, Blake Ridge.  Positive seep-associated taxa 

include A) Sarsiaster griegi and B) Psychronaetes hanseni.  Negative seep-associated 
taxa include C) Hexactinellida sp. and D) Oloughlinius sp.  The seep boundary is 

indicated by the black outline at each site.  Resolution is at the scale of an individual 
photo (i.e., ~20 m2). 

Two taxa [a sponge (Hexactinellida sp.) and a sea urchin (Echinothuriidae sp.)] 

had negative associations with the seep seeps (predominantly found outside seep 

boundaries) at BR North, Main, South (Table 4).  Hexactinellida sp. shows a strong 

negative seep association at these sites (Figure 14C).  Two additional taxa [an anemone 

(Actiniaria sp. 1) and a sea cucumber (Oloughlinius sp.; Figure 14D)] were negatively 
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associated with BR North and South seeps (Table 4).  At BR Mid, no negative 

associations were observed.    

Seven taxa showed no clear bias toward seep association (i.e., they are randomly 

distributed; Table 4): corals (Coral sp.), jellyfish (Scyphozoa sp.), a shrimp (Caridea sp. 2; 

Figure 15A), hermit crabs (Paguroidea sp.), sea stars (Asteroidea spp.; Figure 15B), one 

sea cucumber (Paelopatides spp.), and a fish (Halosauridae sp.).  Two other species had no 

distributional bias at three of the Blake Ridge seeps, but did show an association with a 

forth seep: Caridea sp. 1 showed no bias at BR North, Mid, and Main, but showed a 

positive association at BR South, and Synaphobranchidae sp. showed no bias at BR Mid, 

Main, and South, but had a weak negative association at BR North (Table 4).   
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Figure 15: Near-field distribution of selected non-seep-endemic taxa showing 
no bias to seep location, Blake Ridge. Taxa displaying no major bias to seep location 
include A) Caridea sp. 2 and B) Asteroidea spp.  The seep boundary is indicated by 
the black outline at each site.  Resolution is at the scale of an individual photo (i.e., 

~20 m2). 

3.3.2.2 Cape Fear Near-Field Seep-Associated Taxa 

Four taxa were predominantly found within the seep (Table 5):  a sponge 

(Porifera spp.; Figure 16B), an anemone (Stauromedusae sp.), a hermit crab (Paguroidea 

sp.), and a cake urchin (Sarsiaster griegi; Figure 16A).  Four taxa were predominantly 

found outside of the seep (Table 5):  two sponges (Hexactinellida sp., Euplectella 

aspergillum), a sea cucumber (Oloughlinius sp.), and a sea urchin (Echinothuriidae sp.; 
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Figure 16D).  Of these taxa, Euplectella aspergillum had the strongest negative association 

with the seep (Figure 16C).   

 

Figure 16: Near-field distribution of selected non-seep-endemic taxa showing 
positive or negative seep association, Cape Fear. Taxa with positive seep association 
include A) Sarsiaster griegi and B) Porifera spp.  Taxa with negative seep association 
include C) Euplectella aspergillum and D) Echinothuriidae sp.  The seep boundary is 
indicated by the black outline at each site.  Resolution is at the scale of an individual 

photo (i.e., ~20 m2). 

Four taxa showed no clear bias toward seep association (Table 5): corals (Coral 

sp.), a anemone (Actiniaria sp. 2), two shrimp species (Caridea sp. 1, Caridea sp. 2; 

Figure 17A), and sea stars (Asterodea sp.).  

 

Figure 17: Near-field distribution of selected non-seep-endemic taxa showing 
no bias to seep location, Cape Fear. Taxa displaying no major bias to seep location 

include A) Caridea sp. 2.  The seep boundary is indicated by the black outline at each 
site.  Resolution is at the scale of an individual photo (i.e., ~20 m2). 
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3.3.2.3 Far-Field Seep-Associated Taxa 

Patterns of association of taxa with seeps at the near-field level (~200 to 300 m 

scale) were also consistent at the far-field, diapir level (~1.5 to 2 km scale) at Blake Ridge.  

This was true for positive seep associations, such as for Galatheoidea sp. 1 (Figure 18A) 

and Psychronaetes hanseni? (Figure 18B), and for negative seep associations, such as for 

Actiniaria sp. 1 (Figure 18C) and Oloughlinius sp. (Figure 18D). 
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Figure 18: Far-field distribution of selected non-seep-endemic taxa showing 
positive or negative seep association, Blake Ridge.  Taxa with positive seep 

association include A) Galatheoidea sp. 1 and B) Psychronaetes hanseni.  Taxa with 
negative seep association include C) Actiniaria sp. 1 and D) Oloughlinius sp.  The seep 
boundary is indicated by the grey outline at each site.  Black lines show the tracklines 
from the Sentry dives.  Resolution is at the scale of an individual photo (i.e., ~20 m2). 
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Cape Fear also showed consistent patterns of taxon association with seeps on the 

near field and far field scales.  Good examples include Sarsiaster gregi, which showed 

very strong positive seep association (Figure 19A), and Oloughlinius sp., which had a 

negative seep association (Figure 19B). 

 

Figure 19: Far-field distribution of selected non-seep-endemic taxa showing 
positive or negative seep association, Cape Fear. A) Sarsiaster griegi shows positive 

seep association.  B) Psychronaetes hanseni shows negative seep association. The seep 
boundary is indicated by the grey outline at each site.  Black lines show the tracklines 
from the Sentry dives.  Resolution is at the scale of an individual photo (i.e., ~20 m2).   

3.4 Discussion 

Deep-sea seeps form biological “hotspots” on the seafloor, where higher 

concentrations of biomass can be found relative to background levels.  These biological 

communities are composed of 1) endemic fauna, as well as 2) “colonists” and “vagrants” 
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(Carney, 1994).  In this study, colonists correspond to the positive seep association 

morphotypes, and vagrants correspond to the no-bias morphotypes.  

There is not a rigid boundary between seep and non-seep environment; instead, 

this study attempts to characterize the extent of influence seeps are having on the 

surrounding region by examining the ecotone, or environmental gradient created by the 

transition zone between two ecosystems (Risser, 1995) – in this case, between seep and 

non-seep.  Ecotones can be found in any ecosystem transitional zone, including between 

land environments (Risser, 1995; Kark and Van Rensburg, 2006), at the land-water 

interface (Décamps and Naiman, 1990), or within the sea (Levin et al., 2016a). 

Within chemosynthetic systems, ecological relationships impact the community 

based on multiple factors, including mobility and nutrition.  Trophic guilds characterize 

the seep communities, including chemoautotrophs (clams, mussels), 

detritivores/scavengers (sea cucumbers, sea stars, squat lobsters), filter feeders 

(anemones, jellies), and predators (shrimp, fish).  Though the species differ between the 

Blake Ridge and Cape Fear Seeps, each of these guilds is represented inside and outside 

the seeps (Table 6).  



 

50 

Table 6: Trophic guilds of abundant taxa at Blake Ridge and Cape Fear. 
Abundance is characterized by n > 50 individuals at a site. Green indicates a positive 

seep association; red indicates a negative seep association; grey indicates no apparent 
seep bias. *Some unknown "Scyphozoa" may be members of Ctenophora rather than 
Cnidaria; there was insufficient photo resolution and focus when found in the water 
column rather than on the seafloor to make this distinction.  **Some sea stars may be 
in the class Ophiuroidea rather than Asteroidea; photo resolution was insufficient to 

reliably make this distinction.  

Site	
	

Blake	Ridge	 Cape	Fear	
Primary	
producers/	
autotrophic	
microorganisms	

	
Mussel	symbionts	
Clam	symbionts	
Free-living	chemoautotrophic	
microbes	

	
Clam	symbionts	
Free-living	chemoautotrophic	
microbes	

Primary	
consumers	

Symbiont	
hosts	

Bathymodiolus	heckerae	
(mussels)	

Vesicomya	cf.	venusta	(clams)	

	
	
Vesicomya	cf.	venusta	(clams)	

Deposit	
feeders	

Sarsiaster	griegi	(cake	urchins)	
Psychronaetes	hanseni	(sea	
cucumber)	

Oloughlinius	sp.	(sea	cucumber)	
Paelopatides	spp.	(sea	
cucumber)	

Sarsiaster	griegi	(cake	urchins)	
	
	
Oloughlinius	sp.	(sea	cucumber)	

Suspension	
feeders	

Porifera	spp.		(sponges)	
Coral	spp.		
Hexactinellida	sp.	(glass	
sponges)	

Porifera	spp.	(sponges)	
Coral	spp.	
Hexactinellida	sp.	(glass	
sponges)	

Euplectella	aspergillum	(flytrap	
anemones)	

Grazers	 Caridea	sp.	1	(shrimp)	
Caridea	sp.	2	(shrimp)	
Echinothuriidae	sp.	(sea	
urchins)	

Caridea	sp.	1	(shrimp)	
Caridea	sp.	2	(shrimp)	
Echinothuriidae	sp.	(sea	
urchins)	

Secondary	
consumers	

Predators,	
scavengers,	
omnivores	

Scyphozoa	sp.*	(jellyfish)	
Galatheoidea	sp.	1	(squat	
lobsters)	

Paguroidea	sp.	(hermit	crabs)	
Actiniaria	sp.	1	(anemones)	
Actiniaria	sp.	2	(anemones)	
Asteroidea	spp.**	(sea	stars)	
Synaphobranchidae	sp.	(fish)	
Halosauridae	sp.	(fish)	
Argentiniformes	sp.	(fish)	

Stauromedusae	sp.	(sedentary	
jelly)	

	
Paguroidea	sp.	(hermit	crabs)	
	
Actiniaria	sp.	2	(anemones)	
Asteroidea	spp.**	(sea	stars)	

 
Food is a limiting factor in the deep-sea, and chemosynthetic sites, like the Blake 

Ridge and Cape Fear cold seeps sites, are a stable source of food (Jumars et al., 1990). 
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Given this abundance of resources in a food-scarce region, some non-endemic organisms 

would be drawn to the sites to feed.  Previous studies have found that colonist and 

vagrant species can get a portion of their nutrients from seep sources, based on stable 

isotope data that is available for a subset of the species examined in this current study.   

3.4.1 Potential Colonists 

Squat lobsters (Munidopsis sp.) in a Gulf of Mexico seep were determined to 

primarily use chemosynthetic food sources, with stable isotopes reflective of a predator 

which predominately feed on small heterotrophs that had consumed free-living 

chemoautotrophic bacteria, in addition to the squat lobsters consuming a small portion 

of mussel tissue (MacAvoy et al. 2005; MacAvoy et al., 2008).  However, this finding was 

for a shallower site (~1500 m shallower), where more photosynthetic material would be 

available (Tyler et al. 2007); at the deeper sites of Blake Ridge and Cape Fear, it is likely 

that squat lobsters would rely even more heavily on chemosynthetic food sources. 

Given the primary diet of these squat lobsters is small heterotrophs, the finding 

that squat lobsters are primarily found within the seep at Blake Ridge and the scarcity of 

squat lobsters at Cape Fear matches up well with the likely availability of this food 

source.  Mussels provide structure to the habitat, by creating dense shell beds where 

polychaetes, amphipods, isopods, and other small heterotrophs can find heterogeneous 

structure to live within (Van Dover et al., 2003?).  Therefore, the squat lobsters would be 
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found around areas with some complex substrates, like the mussel beds of Blake Ridge 

seeps, or at other seep or vent sites that have tubeworm beds. 

While corals are found in both Blake Ridge and Cape Fear, their distributions 

differ based on the location of hard substrate (carbonate).  At Blake Ridge, the carbonate 

is found within the seep boundary, whereas at Cape Fear, the bulk of the hard substrate 

is older carbonate where there is no longer active seepage, so it doesn’t fall within the 

current, active seep area.  This is a good example of a secondary benefit seeps provide 

certain classes of organisms – those that require hard substrate to attach to.  It is likely 

that the corals are benefiting from the increased flux of organic matter around the high 

biomass seeps as well. 

3.4.2 Potential Vagrants  

If species were relying on other sources of nutrients, they would appear in non-

seep areas. These include suspension feeders, which gather nutrients from particulate 

matter in the near bottom of the water column, carnivores, which gather nutrients from 

live or dead organisms, and deposit-feeders, which gather nutrients from detritus from 

organic matter in the bottom sediment (Sokolova, 1972; Kennicutt et al., 1985).  

The cake urchins (Sarsiaster griegi) are deposit feeders and may – as a species – 

get nutrients from both seep and non-seep sites, but rely more on seeps sites since they 

tended to aggregate there.  Though no stable isotope data is available for this species, 
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cake urchins appear to have much denser populations in and near the seeps (Van Dover 

et al., 2003). 

3.4.3 No apparent bias 

Organisms that are distributed evenly over seep and non-seep areas are most 

likely gathering nutrients from both the seep sites and the background environment. 

This would be true for the other taxa with no pattern or discrimination between seep 

and non-seep sites. 

For example, a seastar (Sclerasterias cf. tanneri) sampled from a seep in the Gulf of 

Mexico was found to derive 95% of its fatty acids from chemosynthetic production 

(MacAvoy et al., 2003).  At Blake Ridge and Cape Fear, seastars were abundant both 

inside and outside the seep, so within the bounds of this study (~2000 m range around 

seeps), food did not appear to be a limiting factor.  However, the MacAvoy et al. (2003) 

study shows when available, chemosynthetic food resources can be fully utilized by this 

seastar species. 

Sea cucumbers (holothurians) present an interesting pattern; as a larger group, 

they are found throughout the seep and non-seep areas.  However, on the species scale, 

the two dominant holothurians at Blake Ridge had opposite distribution patterns: 

Psychronaetes hanseni found mainly inside the seep, and Oloughlinius sp. found mainly 

outside the seep.  As deposit feeders, these two taxa may be avoiding competition by 

feeding in opposite areas.  An interesting possibility is that Oloughlinius sp., which 
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covers its body with small shell fragments and sediment, is getting protection from 

predators through physical defensive, while P. hanseni may rely on the seep chemicals as 

a predator deterrent; if so, these differing defense mechanisms could allow them to 

occupy different niches.  At Cape Fear, Oloughlinius sp. is found slightly more outside 

the seep, though with a weaker trend; perhaps with few P. hanseni or other holothurians 

in the area to compete with, Oloughlinius sp. follow a broader distribution pattern, 

though may still have some avoidance of high methane/sulfide concentrations.  

Hermit crabs (Paguroidea sp.) are grazers and secondary consumers, and are 

mostly found inside the Cape Fear Seep, but their distribution had no clear bias at in the 

Blake Ridge region.  This may reflect the higher abundance of nutrients in the Blake 

Ridge region, which is rich in mussel biomass and an increased flux of organic material 

as a result, compared to Cape Fear, which lack mussels and is instead fairly sparsely 

populated by small clams, limited the range that hermit crabs can spread and still 

receive sufficient nutrient input. 

3.4.4 Sphere of influence conclusions  

The seeps at Blake Ridge and Cape Fear exert significant influence over the 

surrounding environment, increasing the density of non-seep endemic organisms in and 

around the seep within a 200 to 2000 m radius. 

The sphere of influence of these seeps can be considered at multiple levels.  At 

first look, benthic transitions may seem abrupt, such as at the edge of a mussel bed.  
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However, the mobility of species and close proximity of several seeps within a wider 

field can blur these boundaries and extend the ecotone region, as seen in this and other 

studies (Levin et al., 2016a).  The near-field scale of the seeps in this study particularly 

appears to reflect ecotone faunal distributions, with more dense concentrations around 

the seeps than further regions at the far-field scale.  However, dense data was not 

collected at background areas during this survey, so it cannot be quantified here.  

A differing sphere of influence can be seen between the Blake Ridge and Cape 

Fear seep sites.  Mussels act as foundation species at seeps, providing structure with 

their shells that are then utilized by other fauna as attachment or concealment surfaces 

(Cordes et al., 2010).  The greater biomass and structure provided by the mussels creates 

more opportunities for vagrant predators and scavengers, as well as more particulate 

carbon to be released out in surrounding waters (Levin et al., 2016a).  This difference in 

highlighted in the more diverse range of species found around the Blake Ridge seeps 

relative to the Cape Fear seep.   

Because of elevated risk to seep (and vent) habitats as mining, extraction, 

trawling, and drilling move into deeper waters (Levin et al., 2016a), this study is 

important to improve understanding of patterns in order to gauge human stressors on 

deep-sea environments. 

Previous studies have determined that loss of species and decreased species 

richness within an ecosystem causes reduced numbers of the dominant trophic groups, 
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and consequently, incomplete utilization of available resources (Cardinale et al., 2006; 

Duffy et al., 2007).  In the current study, this “loss” could be represented by the absence 

of mussels at Cape Fear, and based on the lower diversity of megafauna biomass at Cape 

Fear, this could match with the conclusion that some nutrient resources may be 

underutilized in the region.  However, since mussels probably cannot survive at Cape 

Fear due to probable lower levels of available methane and sulfide for chemosynthesis, 

the absence of mussels cannot represent a true “loss,” and it is also possible resources 

are utilized comparably well at Cape Fear and Blake Ridge.  In either case, the lower 

biomass seep habitat, like that at Cape Fear, could be considered a hypothetical habitat 

for what a thriving seep community, like Blake Ridge, could look like after a disruption 

event that caused the loss of a major seep foundational species, like mussels. 
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4. The Redondo Knoll oxygen minimum zone seep site: 
extensive microbial mats in a novel California 
Borderlands setting 
4.1 Introduction 

Historically, our understanding of cold seep distributions and their attendant 

chemosynthetic fauna (e.g. Sibuet & Olu, 1998) was limited due to the cost, time, and 

technology required for systematic search patterns with which to explore for their 

existence and location at the seafloor.  However, more accessible modern multibeam 

bathymetric approaches allow detection of gas-rich bubble flares rising above cold-seep 

sites within the overlying water column (Merewether et al., 1985; Weber et al., 2012; 

Skarke et al., 2014; Levin et al., 2016b).  In this study, we utilized these techniques to 

locate a unique environment off the Los Angeles coast, which, despite its proximity to a 

major U.S. city, had yet to be visually explored.  The focus of this paper is to examine a 

30 x 40 m site, designated “Triton,” which shares features of both a methane seep and an 

oxygen minimum zone. 

Along the Pacific coast of North and South America the majority of cold seeps 

located, to-date, have been characterized by various combinations of soft sediments, 

exposed authigenic carbonates, methane-rich fluid flow, microbial mats, and endemic 

megafauna.   In the case of cold seeps located along the U.S. West Coast, the 

predominant megafauna reported from such sites are vesicomyid clams, although 

vestimentiferan tubeworms and diverse less abundant megafauna (including solemyid 
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clams, galatheid crabs, limpets, and snails) have also been described, as well as a 

diversity of macrofaunal and meiofaunal species (Barry et al., 1996; Levin et al., 2003, 

2010; Grupe et al., 2014, 2015).   

Oxygen minimum zones (OMZs) are widespread along the Eastern Pacific 

Ocean, where the dissolved oxygen concentration falls below 22 µM, equivalent to 0.5 

mg/L (Helly and Levin, 2004; Karstensen et al., 2008), in comparison to 180-270 µM (4-6 

mg/L) typically found in the ocean.  Strong upwelling of nutrients along the continental 

slope results in rapid growth of phytoplankton and zooplankton biomass, which then 

sinks and decomposes, overwhelming the rate of dissolved oxygen resupply during the 

degradation process (Wyrtki, 1962; Karstensen et al., 2008).  In combination with 

reduced circulation and mixing, stratification can create a persistent zone of low oxygen 

levels within the water column, typically within the 200-1000 m depth range (Levin, 

2003).  Along the Eastern Pacific boundary, such oxygen minimum zones repeatedly 

intersect the continental slope, affecting benthic ecosystems by limiting fauna and 

decreasing diversity within the zones.  Helly and Levin (2004) estimated that there are 

more than one million km2 of shelf and seafloor along the margins of the Eastern Pacific, 

Western Atlantic, and Indian Ocean basins under permanent OMZ conditions. 

In this study, we report the discovery of a unique seafloor fluid flow: a 

chemosynthetic cold seep ecosystem associated with the Redondo Knoll, in the 

California Borderlands ~30 km from Los Angeles, situated at the same depth as the core 
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of the local oxygen minimum zone.  The high-resolution imaging and mapping (to 1 cm 

resolution) carried out in this study is rare, and allowed us a detailed examination of the 

site’s surface and the extensive ~135 m bacterial mat without disturbing the pristine 

ecosystem. 

4.2 Methods 

4.2.1 Geological Setting and Site 

The California Borderlands extend up to 200 km offshore from the densely 

populated Californian coastline and display an unusually rugged topography for a 

continental margin.  They are made up of a series of deep (500 - 2,000 m) basins 

separated by shallow ridges - some of which outcrop above sea level as islands, such as 

Catalina Island.  Surprisingly, the area has only been sparsely investigated despite its 

proximity to metropolitan Los Angeles.  Geologically, the California Borderlands are a 

component of the same Pacific/North American tectonic plate boundary as the San 

Andreas Fault.  But while the latter, which lies above sea-level, is now increasingly well 

characterized, about 20% of all plate motion associated with the San Andreas Fault 

system takes place offshore within the relatively poorly studied California Borderlands.  

This includes multiple sub-orthogonal faults that extend onshore through the Los 

Angeles metropolitan area and, thus, represent a major earthquake and coastal tsunami 

hazard.  While much of the seafloor of the California Borderlands remains unmapped, 

our work illustrates that the tectonic faults crossing this highly tectonized region of 
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seafloor also have the potential to host a diversity of sites of seafloor fluid flow with 

associated chemosynthetic ecosystems. 

The Redondo Knoll (Figure 20) represents just one of numerous uplifted blocks 

of seafloor within the larger California Borderlands area.  It is centered at ~33°40’N, 

118°40’W, ~30 km north of Catalina Island’s most northwestern limit and less than 30 

km west of Palos Verdes, CA.  As such, it defines the southeastern limit of the deep 

Santa Monica Basin, which extends NW for ≥ 70 km.  Bubbles associated with a 

previously unknown site, Triton, at the NW limit of the Knoll were revealed during 

multibeam mapping within the California Borderlands region in 2015, at a location 

immediately adjacent to the primary shipping lanes between the port of Los Angeles 

and San Francisco harbor.  Active fluid flow and an associated chemosynthetic 

ecosystem were then confirmed with a remotely operated vehicle at ~900 m depth. 
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Figure 20: Study location. Inset overview map (upper right) shows the location 
of our study area within the California Borderlands region, SW United States.  The 

larger map (seafloor topography derived primarily from satellite altimetry) shows the 
Redondo Knoll, ~30 km offshore from Palos Verdes (CA), north of Catalina Island 
and at the southeast limit of the Santa Monica Basin.  Triton, the oxygen minimum 

zone cold-seep site discussed in this paper, is located at the NW limit of the Redondo 
Knoll at a depth of ~900m (yellow circle). 
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4.2.2 E/V Nautilus  

The tandem remotely operated vehicles (ROV) Hercules (Figure 2A) and Argus, 

deployed from E/V Nautilus (Ocean Exploration Trust), were used for exploring, 

imaging, and surveying the site.  Data for this study was collected during E/V Nautilus 

Cruise NA067 in August 2015, on ROV Hercules dive H1461 (Levin et al., 2016b).  The 

active cold seep site Triton was centered at 33°45’N, 118°40’W. 

Seafloor mapping was initially conducted from the E/V Nautilus using a hull 

mounted Kongsberg EM 302 multibeam sonar system. Operating at 30 Hz, this system is 

capable of gathering bathymetric data at depths of up to 7000 m, resulting in grid 

resolutions of up to 1% of water depth. Resulting seafloor data products may indicate 

bathymetry maps and acoustic backscatter, which can be useful for investigating the 

geologic processes at the seafloor including changes in sediment cover (thickness and 

composition). Additionally, data collected within the water column can indicate 

differentials in acoustic impedance, thus allowing for the detection of rising “bubble-

flares” indicative of gas-rich seafloor seep activity (e.g., Merewether et al., 1985). Bubbles 

rising from a vigorous seep are typically apparent within 2-5 multibeam water column 

fan images and appear rising tens to hundreds of meters above the seafloor. Correlation 

between acoustic water column images and the ships differential GPS allow for the 

location of the seep producing the detected gas bubbles to be accurately estimated on the 

seafloor.   
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In this study, sonar data from the EM302 multibeam system revealed bubbles 

rising through the water column over the NW corner of Redondo Knoll.  As this was a 

previously unknown seep site, it was selected for further exploration with ROV Hercules. 

4.2.3 ROV Hercules Systems 

A forward mounted high definition video camera (Deep Sea Power and Light) 

was used for site reconnaissance and recording video footage.  The vehicle was also 

equipped with a Sea-Bird FastCAT 49 conductivity, temperature, and depth sensor 

(CTD), an Aanderaa 3830 Oxygen sensor, and a temperature probe (0◦C - 450◦C).   

Mapping and imaging surveys at the Triton site were conducted using the high-

resolution imaging suite (Inglis et al., 2012; Roman et al., 2012) on ROV Hercules (Figure 

21).  Optical and acoustic data for centimeter resolution bathymetric and photographic 

maps were collected to gain a spatial understanding of the site both visually and 

bathymetrically. Color and mono stereo images were collected with two 12-bit Prosilica 

GC1380 computer vision cameras. The structured light laser sensor, for high-resolution 

bathymetric data collection, consisted of a 12-bit mono Prosillica camera and verged 100 

mW 532 nm Coherent Powerline sheet laser mounted on a rigid frame with known 

relative geometry. The stereo camera frame rate was 0.33 Hz, interlacing images with the 

structured light laser system, which imaged at 20 Hz. Acoustic bathymetric data was 

collected by a 1350kHz BlueView multibeam sonar system. Placing the imaging suite at 

the back of the vehicle separated it from the forward mounted operational HD video 
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camera and lights to minimize lighting artifacts. All imaging data were collected 

simultaneously and, hence, were both navigationally and temporally co-registered.  

 

Figure 21: ROV Hercules system A) During deployment; the imaging suite is 
mounted on the aft of the vehicle. B) CAD drawing showing the high-resolution 

imaging system and sensor footprints. 
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During high-resolution imaging surveys, a closed loop control system on the 

ROV was used to complete organized trackline surveys at prescribed velocities and 

altitudes. High-resolution mapping data that could be gridded at a sub-centimeter scale 

were collected from 3m above the seafloor along tracklines completed at a velocity of 

0.15-0.20 m/s. The navigation sensor suite included a 600 kHz Teledyne RDI Doppler 

velocity log (DVL), a Paroscientific pressure depth sensor and an IXSEA Octans fiber 

optic gyro system for heading and attitude information.   

4.3 Results 

4.3.1 Overview of Triton, the Redondo Knoll OMZ seep site 

Triton, located just off the California coast, shares features of both a seep and an 

oxygen minimum zone.  An initial transect of the area, from roughly east to west, 

progressed from flat tan sediment onto a region of rougher, elevated seafloor covered in 

extensive white bacterial mats (Figure 22A).   Continuing west toward our sonar-derived 

bubble target, the ROV next encountered a distinct transition associated with a region of 

lower-lying terrain, where white microbial mats changed into an area of equally 

extensive bright yellow-orange mat cover (Figure 22B).  At the very center of this low-

lying were deep, dark pits exposing dark grey sediment.  These pits were devoid of any 

visible microbial life, and a vigorous plume of bubbles was observed rising from one of 

them – the same plume detected by the ship multibeam (Figure 22C).   



 

66 

 

Figure 22: Triton site overview.  Still images captured from the forward-
looking HD Video Camera mounted on ROV Hercules during a preliminary ~E-W 
reconnaissance transect across Triton, the oxygen minimum zone cold seep site at 
Redondo Knoll.  (A) At the periphery of the site, monotonous brown sediment 
transitions into elevated terrain covered in extensive white microbial mat; (B) closer to 
the center of the site, a shallow depression (~10m in diameter, 0.5m deep) is coated in 
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bright yellow-orange microbial mat; (C) at the center of the site, a vigorous bubble 
plume was observed rising from a pit of dark grey sediment that was completely 
devoid of any visible microbial life.  Copyright Ocean Exploration Trust, Inc. 

Subsequently, an imaging survey of the entire site (see next section) revealed that 

this same observational sequence was repeated in all directions away from the center of 

the site with quasi-radial symmetry (Figures 23, 24).  The bacterial mat extended for ~135 

m at the longest diameter.  Located at close to 900 m water depth, and therefore close to 

the base of the East Pacific oxygen minimum zone (Helly & Levin, 2004), what was 

perhaps just as notable as the presence of abundant bacterial mats across this seep site 

was the corresponding absence of any endemic seep megafauna.  Unlike adjacent seep 

sites observed elsewhere within the California Borderlands (Levin et al., 2016b), the only 

evidence for non-microbial life observed were dark red cnidarians (jellies) swimming in 

the water column and a few small kelp falls, covered in microbial mat.   
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Figure 23: Photomosaic of Triton. An ~ 30 x 40 m area of the seep was selected 
for an imaging survey.  This photomosaic is comprised of approximately 1500 color 
images. Within this image white microbial mats cover dark seafloor, while the area 

10 m 
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around the active seep has higher rugosity and brighter yellow-orange microbes. 
Images were taken 3 m above seafloor. Co-registered with Figure 24 bathymetry. 

	

Figure 24: Bathymetric map of Triton. Map was created using the structured 
light laser data, and gridded to one-centimeter level resolution.  Bathymetry was 

obtained while ROV surveyed 3 m above the seafloor.  Co-registered with Figure 23 
photomosaic. 
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4.3.2 High-Resolution Spatial Surveys of Triton OMZ seep site 

Following our initial reconnaissance of the site, a 30 m by 40 m area that included 

the actively bubbling seep was mapped using the high-resolution imaging suite outlined 

in Section 4.2.2.  A north-south ‘raster’ survey pattern was established, which was 

completed at a vehicle altitude of 3m above seafloor and a programmed velocity of 0.18 

m/s.  The resulting photomosaic (Figure 23) comprises ~1500 separate color still images.  

To create a bathymetric map from the same survey, the structured light laser data were 

gridded to centimeter level resolution co-registered with ROV vehicle navigation.  Track 

lines were spaced to ensure 30-40% overlap between adjacent survey lines to ensure 

complete coverage of the site (Figure 24).   In situ sensor data (including CTD and 

oxygen) were collected from the ROV along the same track lines to provide co-registered 

information about overlying water column properties (Figure 25).   
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Figure 25: Oxygen concentrations and tracklines overlaying bathymetric map 
of Triton. Very low oxygen levels were observed over the seep, as measured 3 m 
above ground during surveying. Co-registered with Figures 23 and 24. 

Consideration of the imagery and bathymetric data, together, reveals a near 

concentric pattern in which an extensive area covered in white microbial mat surrounds 

a 1-2 m lower lying central region, ~10 m in diameter, that is covered in bright yellow-
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orange microbial mat. It is within this central region that discrete sub-circular pits are 

observed lined with dark grey sediments, lacking visible microbial life, and displaying 

the most vigorous bubble plume activity (Figure 22C).  Across the entire survey, 

dissolved oxygen concentrations were close to the limits of detection at <1.0 µM which 

represents <0.2% of saturation levels at the ocean surface.  Beyond the limits of the 

imaged area, the surrounding habitat consisted of soft tan sediment, which was much 

flatter than the rugose (1-2m topography) region associated with the seep site itself 

(Figures 23, 24).  No evidence for authigenic carbonate was observed throughout the 

dive. 

4.3.3 Time-variable fluid flow at Triton OMZ seep site 

Active gas bubbles at the NW limit of Redondo Knoll were originally detected, as 

discussed in Section 4.2.2, from the ship-mounted multibeam system.  Imaging of the 

cold seep site included an initial reconnaissance of the site, which revealed a steady 

stream of rising bubbles early in the dive at 03:24:09 GMT (Figure 22C).  During the 

subsequent high-resolution survey centered on the same site, however, bubbles 

remained visible within the stereo images, but appeared much less vigorous, on a like-

for-like basis, from the forward-looking HD video imagery witnessed by the watch 

leaders just one hour later (04:35:43 GMT).  Upon completion of the survey, the ROV 

returned to the center of the field to conduct temperature probe measurements of fluid 
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flow at the site of prominent bubble activity only to find, at 05:26 GMT, that active fluid 

flow at the site had (at least temporarily) ceased completely (Figure 26). 

 

Figure 26: Temporal variability in fluid flow. Temperature probe deployment 
at the same deep pit site as imaged in Figure 22C, but bubbling had ceased by 05:26 
GMT. No temperature differential was noted. Copyright Ocean Exploration Trust, 
Inc. 

4.4 Discussion 

4.4.1 Seafloor fluid flow at Triton OMZ seep site 

The zonation of microbial mats and the presence of a central region with 

disrupted sediments and devoid of microbial life at Triton are all consistent with a seep-

site that is host to active seafloor fluid flow (de Beer et al., 2006; Jørgensen and Boetius, 

2007; Feseker et al., 2014).  Notably, the time-variant nature of this flow aligns with 

diurnal tidal cycle.  With respect to Triton’s varying fluid flow (vigorous at 03:24 GMT, 
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Aug. 16, Figure 22C; low at 04:35 GMT, Aug. 16; off at 05:26GMT, Aug 16), high flow 

corresponded to ~4h after local low-tide along the adjacent Los Angeles shoreline (23:20 

GMT, Aug 15; 49 cm height) and no flow was almost perfectly coincident with local 

peak high tide (05:21 GMT, Aug. 16, 171 cm height). 

Tidal related changes in seafloor fluid-flow at hydrothermal vents have been 

well documented for decades (e.g., Johnson et al, 1988; Little et al., 1988) and a similar 

correlation between methane flux and tidal height at cold seeps has now been 

hypothesized to arise from a causative mechanism in which fluxes vary according to a 

reduction in hydrostatic pressure at low tide (e.g., Boles et al., 2001; Torres et al., 2002; 

Krabbenhoeft et al., 2010).  It is entirely consistent with such a hypothesis that the flow 

of bubbles from the seafloor at Triton only ceased completely as peak high tide was 

approached.  Had this ROV dive (H1461) continued any longer before an enforced 

vehicle recovery, we anticipate that the flow of bubbles from the site would have 

resumed within no more than 1 hour. 

Interestingly, some previous flow studies (Levin et al., 2003) found no 

measurable flow for several months at a time in bacterial mats, followed by highly 

variable flow.  So, while the current study did find a correlation between tide and flow 

at Redondo Knoll, it is also possible that the shift was due to changes in subsurface 

conduits, such as a buildup of methane hydrate, which is an ice-lattice form of methane 

(Tyron and Brown, 2001). 
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Additionally, it is possible that seeps, such as Redondo Knoll, could enhance 

local nutrient upwelling and improve productivity in waters above the OMZ.  Seeps 

with highly actively bubbling may provide a conduit for nutrients unable to be utilized 

within the low oxygen environment to cycle back into the larger ocean system and 

relieve nearby nutrient limitations (Levin et al., 2016a).  In addition to bubble streams, 

occasional “blowout” events (Leifer, 2015), where a sizeable amount of methane is 

suddenly released, could also send nutrients back into the water column through larger-

scale sediment disruption; given the seafloor rugosity within Triton, it is likely that 

occasional blowout events do occur at this site.  Benthopelagic coupling has been 

reflected by higher concentrations and changes in microbial composition observed in the 

water column over seeps, even up to the photic zone (Rakowski et al., 2015; Levin et al., 

2016a).  Thus, another affect the Redondo Knoll seep could be having is bringing 

nutrients out of the OMZ and back up into circulation. 

4.4.2 Microbiological distributions across Triton OMZ seep site 

Because Triton appeared to represent such an unusual setting, located within the 

core of an OMZ, a conscious decision was made during exploratory dive H1461 not to 

conduct any immediate physical seafloor sampling that might perturb this otherwise 

pristine site.  High power zoom allowed for visual inspection, however, of the mats 

observed at the Redondo Knoll OMZ seep site (Figure 27), which appears to be 

dominated by Beggiatoa-type microbes, a large (20-200 µm diameter, up to 2 cm in 
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length) filamentous sulfur-oxidizing organism (Larkin and Henk, 1996).  These are one 

of the most common types of microbes found at seeps worldwide (Larkin and Henk, 

1996; Gilhooly et al., 2007; Fischer et al., 2012), and are also known to thrive in OMZs 

(Jorgensen and Gallardo, 1999; Schulz et al., 1999).   

	

Figure 27: Microbial mats of Triton. Close zooms on the dominate types of 
microbial mats observed at the seep. A) Thick white mat, the most prevalent 
microbial type observed. B) Thick yellow mat, shown here in an area of higher 
rugosity, with a small exposed crevice underneath. C) Patchy, thin white mat, 
typically seen on the edges of thicker white mats. D) Small patch of yellow mat in the 
center of a dark sediment layer, overlain with very thin white mat. Copyright Ocean 
Exploration Trust, Inc. 

Mats of Beggiatoa spp. have been previously found to exhibit bi-modal 

distributions similar to those shown here, with orange coloration at areas of greater 

sulfide flux, and white coloration at areas of lower sulfide flux at seeps.  Such 

structuring of microbial coloring (just as observed here; Figure 23) has been reported 
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previously from the Gulf of Mexico, where sulfide concentrations were up to 5 times 

higher in fluids collected from beneath orange-colored mats (6.1 ± 0.7 mM) than beneath 

white mats (Gilhooly et al., 2007).  Similar variations have also been reported from along 

the Pakistan margin (Fischer et al., 2012) where sulfide levels in the sediment pore-fluids 

underlying orange mats were significantly higher (~6 mM) than in comparable samples 

collected from under white mats (~0.75 mM).   

Combining these prior results with our direct observations of concentric 

microbial color-zonation as well as direct observations of gas-rich seafloor fluid flow it 

seems evident that the maximum flow of methane from the seafloor at Triton must occur 

at the center of our survey area.  Yellow-orange mats would then correspond to regions 

where sulfate reduction coupled to methane oxidation leads to a locus of maximum 

hydrogen sulfide generation which is correspondingly lower in the surrounding areas 

where white microbial mats are observed.  Continuing that analogy further, the central 

dark grey sediment pits that are devoid of microbial life but where vigorous bubble 

activity was observed would then correspond to similar environments reported 

elsewhere (e.g. at the center of the Arctic Haakon Mosby Mud Volcano) where the 

physical flux of reductants exiting the underlying sediments is so high that it 

overwhelms the ability of any chemosynthetic microfauna to exploit redox couples at 

the seafloor leading to a central “dead zone” (de Beer et al., 2006).  The occurrence of 
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such a system at Triton is, of course, all the more plausible because of the extremely low 

dissolved oxygen concentrations observed across the entire survey area (Figure 25). 

4.4.3 Absence of Macrofauna Triton OMZ seep site 

While Triton lacked any endemic seep-related megafauna and macrofauna, the 

adjacent Point Dume seep site, located ~40 km to the NW, was found to host dense 

populations of vesicomyid and lucinid clams, aggregations of polychaetes, and 

foraminifera, galatheid crabs, anemones, soles, rockfish, and catsharks (Levin et al., 

2016b).  Importantly, however, the Point Dume site was 150-200 m shallower than 

Redondo Knoll, at 700-750 m water depth rather than 900 m.  This meant that it was 

poised at a shallower depth within the East Pacific OMZ, such that the benthos at that 

location were exposed to significantly higher dissolved oxygen concentrations of 1-5 µM 

when compared to the ~0.75 µM that is more typical of seafloor conditions at the much 

deeper (~900 m) Triton site.  We hypothesize that it is the notably lower levels of 

dissolved oxygen found at the Redondo Knoll seafloor (with a concomitant impact on 

potential energy yields from available oxidant/reductant couples) that act as a barrier to 

colonization of this site by complex endemic megafauna and macrofauna. 

Similar results have been reported from other OMZs.  For instance, in waters off 

Chile, Pakistan, and USA (Oregon), the community structure at seep sites appears to 

vary depending on the location within the OMZ: near the fringes (where oxygen levels 

are higher) or closer to the core (where oxygen levels approach zero).   Seep sites with 
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nothing but microbial mats have previously been observed at OMZ settings off Chile 

and Pakistan, while others have hosted not just mats, but also vesicomyid clams, and 

polychaete worms (Sellanes et al., 2010; Fischer et al., 2012; Himmler et al., 2015).  In a 

less extreme fashion, select seeps within the Oregon OMZ host bacterial mats and 

polychaetes, while another site also hosts vesicomyid clams and diverse other 

meiofauna and macrofauna (Levin et al., 2010).   

However, in the absence of any direct sampling, it is also possible that small 

fauna were present at Triton, either within the local sediments or at a length-scale that 

was below the spatial resolution of the seafloor imaging undertaken and high definition 

camera capabilities. OMZs typically result in low species richness and high dominance 

of fauna present (Levin, 2003).  Foraminiferans are often more tolerant of hypoxic 

conditions than many other deep-sea fauna (e.g., Bernhard and Sen Gupta, 1999; 

Gooday et al., 2008), but as no samples were taken during this dive, it cannot be 

determined if foraminifera were present or not.  Other common OMZ tolerant species 

include nematodes (meiofauna) and annelids (macrofauna) (Levin, 2003), and have the 

potential to be present in this seep OMZ. Nevertheless, a like for like comparison 

between the seabed areas at the Point Dume and Redondo Knoll sites provided clear 

contrasts.  Using the same ROV capabilities throughout a single expedition with the 

same science and ROV teams reassures us that the differences we report here from 
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Redondo Knoll are both consistent and significant.  Only future return study can 

determine what fauna might be present subsurface. 

4.5 Broader Implications  

4.5.1 Global warming and the expansion of OMZs 

With more than one million km2 of shelf and seafloor under permanent OMZ 

conditions (Helly and Levin, 2004), climate change is predicted to drive expansion of 

OMZs (Levin, 2002; Diaz and Rosenberg, 2008; Stramma et al., 2008), both in terms of 

volume and further decreases in oxygen (Stramma et al., 2010; Oschlies et al., 2018).  

Warming climate will affect solubility of oxygen, particularly at the ocean-air interface 

where gas exchange occurs, given that solubility decreases with increasing temperature 

(Oschlies et al., 2018).  Altered circulation and increased stratification are also predicted 

to rise, as already seen in some equatorial regions (Oschlies et al., 2018).  Accelerated use 

of oxygen via respiration is also predicted with warmer temperatures (Bendtsen et al., 

2015).   

These effects are not limited to the upper ocean, but also extend to the deep sea 

as well; reductions in oxygen have been observed in almost every deep-ocean basin 

(~1000 m and below) over the last 50 years (Schmidtko et al., 2017; Oschlies et al., 2018).  

Thus, with Triton falling on the very low end of the OMZ spectrum, and with a potential 

trend in some regions from low oxygen to almost no oxygen as climate change 

progresses (Levin, 2002), the Redondo Knoll OMZ seep site represents a model setting 
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for what might occur at other faunal-rich seep-sites (e.g. the adjacent Point Dume seep) 

in the future as the intensities as well as the volumetric extents of OMZs expand.   

For example, while chemosynthesis can occur in both aerobic and anaerobic 

conditions (Van Dover, 2000), most deep-sea communities are dominated by aerobic 

processes due their potential for higher ATP yield during these reactions (Jannasch, 

1985; McCollom and Shock, 1997).  Even Beggiatoa spp. are aerobic bacteria that oxidize 

sulfide via: 2H2S + O2 → 2S + 2H2O (Mills et al., 2004), though in low oxygen or anaerobic 

environments, some species can instead oxidize sulfide using nitrate (NO3-) converted to 

nitrogen (N2) (Sweerts et al., 1990).  We propose that in concert, the Triton (Redondo 

Knoll) and Point Dume OMZ seep sites represent a compelling and readily accessible 

natural laboratory that could be used to help inform how expanding OMZs might 

impact available ocean resources produced by bacteria during metabolism (Levin, 2002; 

Wright et al., 2012).  Further exploration may reveal how abundant or scarce these types 

of low oxygen seep sites are currently in the Eastern Pacific region, which could also 

assist in tracking potential expansions of these zones in the future. 

4.5.2 The Redondo Knoll OMZ seep site as a natural laboratory for 
astrobiology 

While the modern-day Earth is characterized primarily by aerobic 

chemosynthesis, dissolved oxygen concentrations in Earth’s early oceans, when 

microbial life originated, were significantly lower (Hendrix et al., 2019).  Further, while 

other ocean worlds in the outer solar system have now revealed compelling evidence 
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that they host seafloor fluid flow akin to Earth’s seafloor (e.g. Hsu et al., 2015) what is 

also apparent is that those oceans, too, may be considerably more reducing than Earth’s 

oxic deep oceans with implications for what rates of energy supply might be available 

and, hence, what metabolisms might be supportable in any potentially habitable 

environments (e.g. Waite et al., 2017; Seewald, 2017).  Consequently, poised within the 

core of the East Pacific OMZ and hosting clear evidence for at least microbial 

chemosynthetic life, Triton offers clear potential as a future analog study site for 

astrobiology – to investigate the relative abundances of different redox couples present 

in this delicately poised environment, the energetic yields available from any 

geochemical reactions arising, and the diversity and efficacy of any microbial 

metabolisms they support. 
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5. Conclusion  
Methane seeps, found on the deep seafloor hundreds to thousands of meters 

below sea level, form communities that thrive despite the near-freezing temperatures, 

intense pressure, and absence of light.  Rather than a sunlight-based ecosystem reliant 

on photosynthesis to start the food chain, these seeps are a chemosynthetic ecosystem. 

Here, microbes convert chemicals like methane and sulfide into energy, in the form of 

organic molecules that other animals can consume and use.  Some fauna shares 

symbiotic relationships with these microbes, and together form the basis for these 

benthic, biological hotspots in the deep sea. 

Geospatial mapping indicated that non-seep-endemic taxa (those not hosting 

chemoautotrophic endosymbionts) either show positive association (e.g., squat lobsters, 

cake urchins), negative association (e.g., sea urchins, certain sea cucumbers), or no 

distributional bias (e.g., sea stars, certain fish) to the presence of a seep.  Further 

investigation into these faunal relationships may improve understanding of predictive 

community assembly rules, as well as clarifying the services that seeps provide to the 

larger ocean ecosystem.   

Examination of a seep near the core of a local oxygen minimum zone, averaging 

<0.75 µM oxygen, placed this site at the extreme low end of the OMZ spectrum.  

Extensive bacterial mats dominated the site, and typical seep endemic fauna were 

noticeably absent due to low oxygen conditions.  This or similar sites can be ideal for 
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examining low oxygen seeps in the face of climate change and spreading OMZs, and for 

a natural laboratory aimed at astrobiological studies looking at water-rock-microbe 

interactions without larger megafauna complications. 

Overall, this study considers the sphere of influence methane seeps provide the 

surrounding area through examination of the relationship between endemic fauna, their 

geologic habitat, and non-endemic fauna.  Data collection and analytical techniques used 

here yielded high-resolution habitat maps that can serve as baselines to constrain 

temporal evolution of seafloor seeps, and to inform ecological niche modeling and 

resource management. Further, these interactions can be used to better inform seep roles 

in the environment in the face of anthropogenic disruptions, such as deep-sea mining 

and climate change. 
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Appendix 

 

Figure 28: Additional near-field invertebrate distributions at Blake Ridge 
seeps, set 1 
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Figure 29: Additional near-field invertebrate distributions at Blake Ridge 
seeps, set 2 
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Figure 30: Additional near-field invertebrate distributions at Blake Ridge 
seeps, set 3 
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Figure 31: Additional near-field vertebrate distributions at Blake Ridge seeps 

 

 

Figure 32: Additional near-field invertebrate distributions at Cape Fear seeps, 
set 1 
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Figure 33: Additional near-field invertebrate distributions at Cape Fear seeps, 
set 2 

 

 

Figure 34: Additional near-field invertebrate distributions at Cape Fear seeps, 
set 3 

 

 

Figure 35: Additional near-field invertebrate distributions at Cape Fear seeps, 
set 4 



 

90 

 

Figure 36: Additional far-field invertebrate distributions at Blake Ridge seeps, 
set 1 



 

91 

 

Figure 37: Additional far-field invertebrate distributions at Blake Ridge seeps, 
set 2 
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Figure 38: Additional far-field invertebrate distributions at Blake Ridge seeps, 
set 3 
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Figure 39: Additional far-field vertebrate distributions at Blake Ridge seeps 
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Figure 40: Additional far-field invertebrate distributions at Cape Fear seeps, 
set 1 
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Figure 41: Additional far-field invertebrate distributions at Cape Fear seeps, 
set 2 
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Table 7: Counts for taxa with greater than 25 occurrences at the near-field and 
far-field survey areas. *BRNear = average of 4 near-field seep surveys at Blake Ridge; 
CFNear = near-field seep survey at Cape Fear; BRFar = far-field survey encompassing 
4 seeps at Blake Ridge; CFFar = far-field survey encompassing the seep at Cape Fear 

Phylum Taxa BRNear CFNear BRFar CFFar 
Porifera Hexactinellida sp. 2582 10916 1405 679 
 Porifera sp. 975 321 406 415 
Cnideria Anthozoa spp. 339 207 244 26 
 Actiniaria sp. 1 938 309 438 295 
 Actiniaria sp. 2 11701 10339 10386 167 
 Actiniaria sp. 3 70     
 Actiniaria sp. 4 54     
 Stauromedusae sp. 707 1171 734 169 
 Scyphozoa sp. 392 43 94 144 
Mollusca Graneledone sp.  50     
 Grimpoteuthis sp. 53     
Anthropoda Caridea sp. 1 1731 598 577 608 
 Caridea sp. 2 1287 788 626 337 
 Galatheoidea sp. 1 5128 656 798 256 
 Galatheoidea sp. 2 47     
 Paguroidea sp. 2710 978 763 395 
Echinodermata Asterodea sp. 16438 9550 8556 4368 
 Echinothuriidae sp. 2447 494 783 841 
 Sarsiaster griegii 30647 5464 5266 1817 
 Benthodytes sp. 1377 196 207 644 
 Oloughlinius sp. 3865 1255 1399 1922 
 Bathyplotes sp. 51     
 Paelopatides sp. 594 144 203 166 
 Psychronaetes hanseni? 2043 234 331 140 
 Synallactes sp.? 61     
Chordata Rajidae spp. 58 34 31   
 Congridae sp.  32     
 Anguilliformes sp. 1 79     
 Ophidiidae sp. 31     
 Synaphobranchidae sp. 212  36   
 Argentiniformes sp. 232 31 44 47 
 Macrouidae sp. 34 40 15 34 
 Halosauridae sp. 333 25 62   
 Ipnops sp. 38 34     
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Table 8: P-values for taxa (n>25) denoting significant/near-significant 
occurrences inside or outside seeps. *BRNear = average of 4 near-field seep surveys at 
Blake Ridge; CFNear = near-field seep survey at Cape Fear; BRFar = far-field survey 

encompassing 4 seeps at Blake Ridge; CFFar = far-field survey encompassing the seep 
at Cape Fear; green cells: inside seep; orange cells: outside seep. 

Phylum Taxa BRNear CFNear BRFar CFFar 
Porifera Hexactinellida sp. <.001 <.001 0.035   
 Porifera sp. 0.057 <.001 0.001 0.037 
Cnideria Anthozoa spp. <.001  0.048   
 Actiniaria sp. 1 <.001  <.001   
 Actiniaria sp. 2  <.001    
 Actiniaria sp. 3 <.001     
 Actiniaria sp. 4 <.001     
 Stauromedusae sp. 0.01 <.001 <.001 0.001 
 Scyphozoa sp. 0.002  0.036   
Mollusca Graneledone sp.  <.001     
 Grimpoteuthis sp. <.001     
Anthropoda Caridea sp. 1 0.001 <.001 0.038 0.023 
 Caridea sp. 2 0.004     
 Galatheoidea sp. 1 <.001 <.001 <.001   
 Galatheoidea sp. 2 <.001     
 Paguroidea sp. <.001 <.001  0.028 
Echinodermata Asterodea sp. <.001 <.001  0.028 
 Echinothuriidae sp. <.001 <.001    
 Sarsiaster griegii <.001 <.001 <.001 <.001 
 Benthodytes sp. <.001 <.001  0.01 
 Oloughlinius sp. <.001  0.005 <.001 
 Bathyplotes sp. 0.01     
 Paelopatides sp. <.001 <.001 0.05   
 Psychronaetes hanseni? <.001  <.001   
 Synallactes sp.?      
Chordata Rajidae spp.   0.008   
 Congridae sp.  0.06     
 Anguilliformes sp. 1 0.007     
 Ophidiidae sp.      
 Synaphobranchidae sp. <.001     
 Argentiniformes sp. <.001  <.001   
 Macrouidae sp. <.001  0.02   
 Halosauridae sp.  0.056    
 Ipnops sp. 0.01       
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