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Highlights:
e An approach for ecosystem-services based image analysis is developed and tested.
e We leverage existing deep-sea video and an adapted trait-based approach.
e Three southern California methane seeps are qualitatively described and compared.
e Del Mar seep may have elevated contributions to local deep-sea ecosystem services.

e Steps are made towards quantifying ecosystem services of deep-sea habitats.

Abstract: Deep-sea images are routinely collected during at-sea expeditions and represent a
repository of under-utilized knowledge. We leveraged dive videos collected by remotely-
operated vehicle Hercules (operated by Ocean Exploration Trust), as well as adapted biological
trait analysis, to develop an approach that characterizes ecosystem services. Specifically,

fisheries services and climate-regulating services related to carbon are assessed for three
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southern California methane seeps: Point Dume (~725 m), Palos Verdes (~506 m), and Del Mar
(~1023 m). Our results enable qualitative intra-site comparisons along a gradient of seep activity
and site-to-site comparisons that suggest the Del Mar seep and adjacent areas provide the highest
relative contributions to fisheries and carbon services. This study represents a first step towards
ecosystem services characterization and quantification using deep-sea images. The results
presented herein are foundational, and continued development should help guide research and

management priorities by identifying potential sources of ecosystem services.

Keywords: Deep ocean, benthic ecology, carbon cycling, fisheries, Southern California

Borderlands, methane seeps, ecosystem services, image analysis, biological trait analysis

1. Introduction

The deep sea (here defined as greater than 200 m water depth) hosts diverse habitats with
a myriad of ecological processes that enable ecosystem services (Armstrong et al., 2012; Thurber
et al., 2014). Ecosystem services can be categorized as provisioning, regulating, cultural, and
supporting services. Provisioning services in the deep sea include fisheries landings for food
(Clark et al., 2016) and genetic resources for industrial and pharmaceutical uses (Blasiak et al.,
2019). Regulating services refers to processes such as carbon cycling (Cartapanis et al., 2016;
Sweetman et al., 2019), and other elemental and biogeochemical cycles that are integral to global
environmental health (Blothe et al., 2015; Huang et al., 2019). Additionally, deep-sea habitats
provide cultural services including education and outreach (Hoeberechts et al., 2015). Supporting
services are those that enable these other categories of services, i.e. ecological functions and

physical processes. From an ecosystem services perspective, human well-being is increased by
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the existence and health of ecosystem structures and ecological functions (Millennium
Ecosystem Assessment, 2005; Haines-Young & Potschin-Young, 2018), providing a tangible
argument for more holistic environmental management and protection (Le et al., 2017).

Ecosystem services can be difficult to quantify, especially in marine environments such
as deep continental shelf habitats (among others) where interactions and boundaries can be
dynamic and loosely-coupled (Barbier et al., 2011). However, technological developments have
greatly aided deep-sea scientific research (e.g. Corinaldesi 2015; Aguzzi et al., 2019). Advances
in deep-sea imaging (visual data in the form of pictures and videos) provide useful information
on physical and biological characteristics of underwater habitats (Macreadie et al., 2018).
Imagery can be collected via underwater observatories (de Leo et al., 2018), drop cameras
(Clayton & Dennison, 2017), landers (Lavaleye et al., 2018; Gallo et al. 2020), autonomous
underwater vehicles (AUVs; Mejia-Mercado et al., 2019), remotely-operated vehicles (ROVs;
Myhre et al., 2018), and human-occupied vehicles (HOVs; Gallo et al., 2015). Deep-sea
expeditions routinely collect imagery for scientific (e.g. National Deep Submergence Facility,
NEPTUNE Ocean Observatory), outreach (e.g. NOAA Office of Ocean Exploration and
Research, Ocean Exploration Trust, Schmidt Ocean Institute), and industry (e.g. Gates et al.,
2017; Simon-Lled¢ et al., 2019) purposes. As a result, there is a wealth of imagery that continues
to grow over time as interest in deep-sea exploration and resources expands.

Imagery has been instrumental to advancing our understanding of deep-sea habitats and
enabling our ability to properly protect them. For example, Amon et al. (2016) used visual data
to characterize the diversity and abundance of megafauna in a polymetallic nodule claim within
the Clarion-Clipperton Fracture Zone, providing important baseline information for assessing

impacts from potential seabed mining. Another scientific application of deep-sea imagery is
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evaluating vulnerable marine ecosystems such as sponge gardens that enhance local biodiversity
and impact biogeochemical cycling (Maldonado et al., 2016; Santin et al., 2018). Additionally,
images and videos provide an opportunity to visualize organisms in situ, which can be important
for behavioral observations (Katija et al., 2017), for observing taxa that avoid nets (Ayma et al.,
2016), and for minimizing disturbances associated with nets, dredges, grabs, or other means of
sample collection.

With the multitude of deep-sea imagery being collected, there is opportunity to leverage
existing data to characterize, and ideally quantify, ecosystem services. Visual data are often
unanalyzed or only partially analyzed for specific applications. However, deep-sea imagery
represents a repository of knowledge about, not only which organisms live there, but also how
they interact with their environment, which can help illuminate what ecosystem services exist as
well as the processes that enable them (i.e. functions). Despite these advantages, application of
deep-sea imagery to characterizing ecosystem services has been limited. Investigators, however,
have used ROV imagery to characterize the Southern California Del Mar methane seep and its
megafaunal community (Grupe et al. 2015), observing elevated densities of commercially
valuable Sebastolobus spp. (thornyheads) at the seep relative to background areas. Other deep-
sea studies that utilize imagery often discuss implications for ecosystem services, but do not
explicitly aim to characterize these. For example, Chauvet et al. (2019) use deep-sea imagery
from the Ocean Networks Canada observatory to describe interannual densities and size
distributions of commercially-fished Chionoecetes tanneri (tanner crabs). Tanner crab population
dynamics and how they relate to environmental conditions, such as surface blooms that have the
potential to influence tanner crab migration patterns, can inform the management of fisheries

services. It should be noted that there are likely tens of thousands of hours of video and still-



93 frame imagery available from international sea-going expeditions, spanning decades, that are

94  available for further examination and study.

95 In the summer of 2015, Ocean Exploration Trust (OET) completed an expedition to

96 explore methane seeps and other deep-sea habitats along the southern California continental

97 margin (USA) (Levin et al. 2016a). Methane seeps are found in every ocean from shallow to

98  deep water depths (Judd, 2003) and are still being discovered today (Riedel et al., 2018;

99  Seabrook et al., 2018). Geological processes lead to seepage of methane and sulfur-rich fluids
100 from the seabed (Sibuet & Olu, 1997), which fuel chemoautotrophic microbial communities
101  (Boetius et al., 2000; Orphan et al., 2002) that act as the base of a food web for distinct
102  biological communities in an otherwise food-limited environment (Levin et al., 2005; Astrom et
103  al., 2018). Many “background” species can also be found at methane seeps (Levin et al., 2016b),
104  aggregating around authigenic carbonates (Treude et al., 2011), snail egg towers (Levin &
105 Dayton, 2009), or other structures that increase habitat heterogeneity. An additional layer of
106  complexity exists along the northeastern Pacific continental margin in the form of an oxygen
107  minimum zone (OMZ), which is a midwater feature of naturally-occurring low oxygen (< 22
108  umol/kg, < 0.5 ml/l). The OMZ can intersect benthic environments to shape local biological
109  communities (Sellanes et al., 2010; Gallo & Levin, 2016; Neira et al., 2019), and resulting
110  ecosystem services, such as fish catch (Keller et al., 2015). OMZs can also contribute to
111  regulating services through their influence on nitrogen and sulfur cycling (Gilly et al., 2013).
112 The objective of this paper is to develop an approach that characterizes deep-sea
113  ecosystem services at and around methane seeps within the southern California OMZ using
114  deep-sea images. We adapt biological trait analysis to target ecosystem services and focus

115  specifically on fisheries and climate-regulating services related to carbon (hereafter referred to as
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“carbon services”). Trait-based approaches help capture organism contributions to ecosystem
services by focusing on function rather than taxonomy (e.g. Rees et al., 2012). Commercially-
fished species have previously been found at southern California methane seeps (Grupe et al.,
2015) and continental margins have been estimated to sequester significant amounts of marine
carbon (Muller-Karger et al., 2005). These services are likely mediated, in part, by megafauna
whereas services such as element cycling are facilitated by microbes. However, we do discuss
visual indicators of microbially-driven services where relevant. We use examples from three
southern California upper slope methane seeps (from north to south): Point Dume (724.5 m),
Palos Verdes (505.6), and Del Mar (1023.4 m). For two of these sites (Point Dume and Palos
Verdes), we provide the first detailed characterization of megafauna. Key questions addressed
are: (1) Which megafaunal taxa are present at a given site? (2) What functional traits or
behaviors do the community exhibit? (3) How might these traits promote ecosystem services?
And (4) How can deep-sea exploration and observing be conducted in a way that facilitates
quantification of ecosystem services? We examine the hypothesis that methane seeps, with
elevated local (chemosynthetic) primary production, provide more fisheries and carbon services
than adjacent non-seep areas by testing for differences among active seep sites, transition areas,
and non-seep background areas. Additionally, we investigate how these services relate to depth,
dissolved oxygen concentrations, and temperature. We also hypothesize that fisheries and carbon
services increase with megafaunal diversity, which has been shown to increase ecological
function, such as benthic fluxes of nutrients (Belley & Snelgrove, 2016), that can contribute to

ecosystem services.

2. Methods
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2.1. Study sites

The southern California continental margin is an active, narrow, steep slope, and is home
to an expanding OMZ that sits between approximately 450-1100 m (Helly & Levin, 2004;
Stramma et al., 2010; Bograd et al., 2015). Our three study sites (Figure 1) were chosen because
they showed preliminary signs of both fisheries services (i.e. presence of commercial species)
and carbon services (i.e. bacterial mats that are consistent with carbon fixation/net primary
production). They also included both “active seep” areas (characterized by visual indicators of
seepage such as bacterial mats, clam beds, or bubbling) as well as “background” areas (no visual
indicators of seepage). These three sites are used to demonstrate an ecosystem services-based
approach to analyzing deep-sea imagery collected by an ROV. The Point Dume (mean depth 725
m) and Palos Verdes (mean depth 506 m) seeps were newly discovered during the expedition
NAO066 (Levin et al., 2016a). The Point Dume seep lies along a submarine river channel within
the core of the OMZ, peppered with carbonate chimneys that have visually evident fluid flow
(Levin et al., 2016a; Figure 1). Palos Verdes seep is less than 5 km from shore and characterized
by large carbonate rocks covered by megafaunal aggregations (Levin et al., 2016a; Figure 1). Del
Mar seep (mean depth 1023 m) was discovered by graduate students at Scripps Institution of

Oceanography in 2015 (Maloney et al., 2015) and has since been visited several times (Figure 1).

Figure 1. Locations of the three methane seep study sites in southern California: Point Dume

seep, Palos Verdes seep, and Del Mar seep. [single-column fitting image]
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2.2. ROV dives
Exploration dives were conducted by ROV Hercules aboard the EV Nautilus in July and
August 2015 as part of the OET southern California borderlands expedition NA066. High-
definition video was taken continuously during each dive; dives ranged between 4-18 hours
duration. The ROV recorded location, depth, temperature, conductivity, sound velocity, and
oxygen concentrations. Because OET is focused on ocean exploration and telecommunication,
we were not able to extract quantitative data from the dive videos due to changes in altitude,

zoom, and non-visible laser references. However, qualitative descriptions based on presence-
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absence and frequency of occurrence are useful, especially in deep-sea systems that are rarely

visualized and expensive to study. Metadata from each dive are summarized in Table 1.

Table 1. Remotely-operated vehicle Hercules dive location and environmental data from Ocean

Exploration Trust expedition NA066 off of the southern California borderlands.

Dive Date | Site | Latitu | Longitu | Avera | Average Average Hours
Numb | (2015 de de °W) | ge Temperatu | Oxygen of dive
er ) (°N) Water | re (°C) Concentrati | analyz
Depth on (nm/kg) | ed
(m)
H1456 |9 Point | 33.943 | 118.841 | 7245 |5.55 2.76 16.6
Augu | Dum
st e
H1452 | 4-5 Palos | 33.684 | 118.366 |505.6 | 7.29 20.24 20.8
Augu | Verd
st es
H1444 | 27-28 | West | 32903 | 117.782 |1023.4 | 4.12 15.54 7.1
July | Del
Mar

2.3. Video analysis
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Videos from each dive were segmented into five-minute clips that were each treated as a
“sample” and annotated by hand in Microsoft Excel™ (the full protocol can be found in
Appendix A). Information regarding the ROV, surrounding environment (including seep
activity), and megafauna encountered (morphotype, location, behavior) was also collected (Table
2; Figure 2). Seep activity is separated into three categories: active seep sites with visual
indicators of active seepage (e.g. dense bacterial mats and clam beds, bubbling), transition areas
with visual indicators of sparse or prior seepage (e.g. patchy bacterial mats, dead clam beds,
carbonates without signs of seepage), and non-seep background areas generally associated with
soft sediment habitats. For each organism, the microhabitat they were observed either on or
above was also noted (e.g. soft sediment, carbonate, bacterial mat, clam bed). For the first minute
of each video, animals were counted and identified to the highest possible taxonomic resolution.

For the remaining four minutes, a list of morphotypes was generated.

Table 2. Observation type, observation options, and percentage of time the ROV spent doing the
activity, at seepage activities or seafloor microhabitats throughout each dive (accounting for

100% of its time). Observation options are mutually exclusive within each category.

Observation Observation Point Dume Palos Verdes | Del Mar

Type Options (%) (%) (%)

ROV activity | Stationary: Inactive 17.5 16.7 17.2
Stationary: Pan/Focus 8.6 19.4 29.6
Stationary: Sampling 11.6 12.5 19.1
Mobile: Search 58.8 43.0 17.9
Mobile: Transect 3.5 8.4 16.2
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Seep activity Active Site 37.2 24.9 59.5
Transition 24.5 1.4 0
Off-site 37.0 66.2 40.5
Water column 1.3 7.5 0

Microhabitat Soft sediment (background) | 53.1 76.6 57.2
Carbonate 0 6.5 16.4
Bacterial mat: full 5.7 0 17.3
Bacterial mat: patchy 41.2 4.2 0
Clam bed: full 0 0 7.2
Clam bed: scattered 0 12.7 1.9

Figure 2. Examples of seafloor microhabitats observed during the dives: (A) soft sediment
(background), (B) carbonate mounds near Palos Verdes seep, (C) full bacterial mat near Point
Dume seep, (D) patchy bacterial mat near Del Mar seep, (E) full clam bed near Point Dume seep,

and (F) scattered clam bed near Del Mar seep. [two-column fitting image]
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2.4. Trait analysis

Observable traits that support fisheries or carbon services were chosen (Table 3), and
each morphotype was assigned a score for selected traits based on a literature review (Appendix
B). We used fuzzy coding (Chevenet et al., 1994) to capture the extent to which each trait
modality contributes to each service. Fisheries ‘ecosystem services’ traits are related to whether
the species is commercially-valuable and whether a commercially-valuable species interacts with
it as predator or prey. Carbon traits are related to carbon cycling. For example, feeding mode can
contribute to carbon fixation, i.e. primary production by autotrophic organisms is a direct carbon
dioxide removal pathway. Carbon transport, which can play a significant role in the food-limited

deep ocean (Shen et al., 2020), can be attributed to biological traits such as mobility and whether
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the organism is a diel vertical migrator. Body size and calcification can contribute to carbon

storage, i.e. as biomass. If an organism was not identified to species level or if there was no

existing information on the species (e.g. what it eats), then characteristics from its higher-level

taxonomic group or a closely related species were used to assign trait modalities.

Table 3. Traits and their modalities that contribute to fisheries and climate-regulating services

related to carbon. Higher scores indicate modalities that contribute more to the respective

service.
Ecosystem service Trait Modality Reference
Fisheries — Commercially Yes (1) Koslow et al., 2000
characteristic valuable No (0)
Fisheries — trophic Predator Active (2) Yang & Somero,
support Passive (1) 1993; Jacobsen &
No (0) Vetter, 1996; Dufault
et al., 2009; Hattori et
Prey Yes (1) al., 2009
No (0)

Carbon — fixation and

cycling

Feeding mode

Autotrophic (5)
Predator (4)

Filter feeder (3)
Deposit feeder (2)

Scavenger (1)

Doering et al., 1986;
Reinthaler et al.

2010; Wilmers et al.,
2012; Atwood et al.,

2015

Carbon — transport

Mobility

High (3)
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Medium (2)

Low (1)
None (0)
Carbon — transport Movement Swim (1)
Crawl (1)
Burrow (1)
Sessile (0)
Carbon — transport Bioturbation High (3) Vardaro et al., 2009;
Medium (2) Martinetto et al.,
Low (1) 2016; Hou et al.,
None (0) 2017; Gogina et al.,
2020
Carbon — transport Diel vertical Yes (1) Hidaka et al., 2001;
migration No (0) Hudson et al., 2014;
Klevjer et al., 2016
Carbon — storage Calcification Yes (1)
No (0)
Carbon — storage Body size >10cm (3)
3-10cm (2)
<3cm (1)
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Each video was scored (both within the one-minute subset and the whole five-minute
clip) for the morphotypes present that demonstrate the traits chosen. We were not able to
calculate faunal densities from the videos due to unknown and variable camera field-of-view so
we use presence-absence data. Scores were standardized by the number of morphotypes found in
each clip. The maximum fisheries score a morphotype could have was four and the minimum
score was zero. For carbon services, the maximum score was seventeen and the minimum score

was two.

2.5. Statistical analysis

All statistical analyses were done in R (version 3.5.2.), using the base package unless
otherwise noted. Data were tested for normality using a Shapiro-Wilk test. Because data did not
meet normality conditions, non-parametric tests were used. The Kruskal-Wallis test-by-ranks
was used to test for significant differences among groups (e.g. sites, seep activity, microhabitats),
and a post hoc Dunn test with a Bonferroni correction (package ‘dunn.test”) was used to identify
which groups were different. Correlations were tested using Spearman’s rank coefficient. All
ecosystem services score analyses were done for the first-minute subset, as well as for the whole

video clip, in efforts to decrease temporal dependence among samples.

3. Results
We present here results from this methodology, including initial biological
characterizations of several seep ecosystems. These are critical in the deep ocean, where there
have been fewer opportunities for visualization in comparison to coastal and shallow-water

systems. Approximately 20,000 individuals from 100 morphotypes were identified in the videos



244

245

246

247

248

249

250

251

252

and grouped into seven functional (mainly feeding) groups: scavengers, benthic filter feeders &
microcarnivores, benthic deposit feeders & bacterivores, demersal predators, pelagic predators,
gelatinous plankton, and symbiont-bearing taxa (Table 4; Figure 3). Demersal predators had the
most morphotypes with 37, most of which were fish species (Figure 4A). Both pelagic predators

and symbiont-bearing taxa had only three morphotypes observed.

Table 4. Functional groups used, morphotypes included in them, average fisheries or carbon

score assigned to the morphotypes in the functional group, and frequency of occurrence

throughout each dive as percentages.

Functional Morphotypes Average | Average | Point Palos Del

Group included fisheries | carbon | Dume Verdes | Mar
score score (%) (%) (%)

Scavengers Hagfish, shrimp, 2.00 10.53 9.1 4.3 16.2

amphipods

Benthic filter Sea anemones, sea 1.63 5.71 15.4 14.6 6.0

feeders & pens, corals, sponges

microcarnivores

Benthic deposit | Sea cucumbers, 1.32 8.05 0.3 8.5 6.0

feeders & urchins, snails, brittle

bacterivores stars

Demersal Demersal and benthic | 3.09 11.40 43.0 40.9 29.6

predators fish, crabs, sea stars
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bearing taxa

lucinid clams,

folliculinids

Pelagic Midwater fish, squid, | 2.91 10.85 3.7 4.8 5.1
predators chaetognaths

Gelatinous Jellies, ctenophores, 1.01 7.26 23.9 26.9 35.6
plankton siphonophores

Symbiont- Vesicomyid clams, 0.93 10.60 4.6 0 1.5

Figure 3. Example morphotypes of each functional group: (A) scavengers — hagfish, shrimp; (B)

benthic filter feeders & microcarnivores — carnivorous sponge, sea anemone, sea pen; (C)

benthic deposit feeders — brittle star, sea cucumber, sea urchin; (D) demersal predators —

groundfish, sea stars, crabs; (E) pelagic predators — midwater fish, squid; (F) gelatinous plankton

— jellies, ctenophores, siphonophores; and (G) symbiont-bearing taxa — folliculinid ciliates,

vesicomyid clams. [two-column fitting image]
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Figure 4. (A) The number of morphotypes included in each functional group, and (B) the relative
abundance of each functional group at three methane seeps off southern California within the

one-minute subset. [1.5-column fitting image]
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268 The most frequently occurring morphotypes among all sites were Poralia rufescens

269  (jellyfish; 12.5%), Sebastolobus altivelis (shortspine thornyhead; 9.4%), Voragonema
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pedunculata (hydrozoan; 7.8%), Liponema anemones (6.9%), and Nezumia liolepis (smooth
grenadier; 5.8%) (Table 5). There was a significant difference among the biological communities
at our sites (ANOSIM, R = 0.356, p <0.01) (package ‘vegan’). Among sites, Palos Verdes had
the highest total number of morphotypes (79), followed by Del Mar (38), and lastly Point Dume
(31). Palos Verdes also had the highest number of morphotypes unique to the site (47) whereas

Del Mar and Point Dume had fifteen and six unique morphotypes, respectively.

Table 5. Frequency of occurrence of each morphotype, presented as a percentage of total

morphotype occurrences, for each dive as well as among all dives.

Morphotype Point Dume | Palos Verdes | Del Mar All dives
Alepocephalus tenebrosus 0 0 2 0.3
Anoplopoma fimbria 0 3.6 4.4 2.3
Bathyraja spinosissmia 0 0 0.4 0
Cataetyx rubirostris 0 0 0 0
Cladorhizidae 0 0 0.4 0
Coryphaenoides acrolepis 0.2 0 0 0.1
Embassichthys bathybius 0 0.1 0 0
Epatratus spp 2.6 0.8 4.2 1.9




Glyptocephalus zachirus 0 0.2 0.9 0.2
Liparidae 0 0.1 0 0

Lyopsetta exilis 0 0.1 0 0.1
Merluccius productus 0 0.5 0 0.3
Microstomas pacificus 4.6 4 0.7 3.8
Midwater fish 3.7 4.6 4.5 4.2
Nemichthyidae 0 0.8 0 0.4
Nettastomatidae 0 1.2 0 0.6
Nezumia liolepis 8 54 0.2 5.8
Ophiodon elongatus 0 0 0 0

Rajidae spp 0 0 0 0

Scyliorhinidae 5.2 1.4 0 2.7
Sebastes spp 0 0.5 0 0.2
Sebastolobus alascanus 0.2 0 0 0.1
Sebastolobus altivelis 8.2 8.9 15.5 94
Zoarcid 24 0.1 0 1

Holothuroidea 0.1 3.6 0.9 1.9
White Sea Cucumber 0 0.1 0 0




Strongylocentrotus fragilis 0 3.9 0 1.9
Ophidiidae spp 0 0 0 0
Ophiurida spp 01 0.3 2.8 0 1.5
Asteroidea sp 01 0.1 4.1 0 2
Asteronyx spp 0 0.8 0 0.4
Brisingidae 0 0.4 0 0.2
Hippasteria spp. 01 0 0.2 0 0.1
Gonatus sp 0 0.1 0 0
Octopus 0 0.6 0 0.3
Pteropod 0 0.1 0.5 0.1
Eusergestes similis 6.4 2.9 6.7 4.7
Galatheid spp 11.7 0.4 0 4.7
Lithodidae spp 0 0.7 4.4 0.9
Lithodidae spp 02 0 2.1 0 1
Pandalopsis spp 0.1 0 2.4 0.3
Peracarid spp 01 0.1 0 0 0
Sergestidae spp 0.1 0.5 2.7 0.6
Chaetognath 0 0 0 0




Amphipod 0 0 0.2 0
Lucinidae 4.6 0 0 1.8
Vesicomyidae 0 0 0.2 0
Alia permodesta 0.2 0 0 0.1
Buccinidae sp 01 0 0 0.9 0.1
Gastropod sp 01 0 0.1 0 0
Gastropod sp 02 0.1 0 0 0
Paguroidea 0 0 0.4 0
Provanna 0 0 3.1 0.4
Heteropolypus sp 0 0.7 0 0.3
Zoanthid 0 0.1 0 0
Umbellula spp 0 1.6 0 0.8
Actinaria spp 01 0 0.3 0 0.2
Actiniidae spp 01 0 0.2 3.8 0.6
Actiniidae spp 02 0.8 0.5 1.1 0.7
Actiniidae spp 03 0 0.4 0 0.2
Bolocera spp 0 0.1 0 0.1
Liponema spp 14.6 2.5 0.2 6.9
Funiculina sp 0 1.7 0 0.8




Pennatulacea spp 01 0 0.1 0 0
Petalidium suspiriosum 0 0 0 0
Sessiliflorae spp 0 1.6 0 0.8
Scyphozoa spp 01 0 0.2 0 0.1
Scyphozoa spp 02 0 0.1 0 0
Aeginura 0 0.5 0 0.3
Atolla spp 0 0.1 0 0
Jelly03 0 0.6 0 0.3
Poralia rufescens 18.5 10.8 0.2 12.5
Spinophiura jolliveti 0 0 2.4 0.3
Voragonema pedunculata 2.5 6.4 30 7.8
Dromalia alexandri 0 4 0 2
Siphonophore 2.4 4.1 2.4 3.2
Bolinopsis spp 0.1 1.4 0 0.7
Ctenophora spp 01 0.1 1.5 0 0.8
Ctenophora spp 02 0.3 0.5 0 0.4
Ctenophore03 0 0.1 0 0.1




Lampocteis cruentiventer 0 0.5 0.7 0.3
Serpulid Polychaete 0 0.1 0 0.1
FlatwormO1 0 0.2 0.5 0.2
Flatworm02 0 0.1 0 0
Polychaete01 1.8 0.3 0.2 0.8
Polychaete(02 0 0 0.4 0
Polychaete03 0 0 0.2 0
Polychaete04 0 0 0.2 0
Polynoidae 0.5 0.9 0 0.6
Siboglinidae 0 0 0.2 0
Encrusting Sponge 0 0 0.5 0.1
Porifera sp 01 0.1 0 0 0
Porifera sp 02 0 0.1 0 0
Porifera sp 03 0 0.2 0 0.1
Sponge 0 0 0 0
Folliculinidae 0 0 1.1 0.1
ForamO1 0 0.5 0 0.2
Foraminifera 0 0 0.5 0.1
Tunicate01 0 0.1 0 0
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The first-minute subset was not representative of the whole clip relative to fisheries (X* =

47.16,df =1, p <0.01) and carbon scores (X*> = 80.40, df = 1, p < 0.01), so results discussed are

for the whole five-minute clip (scores for the one-minute subset are still shown in Table 6).

Table 6. Summary of ecosystem services scores, standardized by the number of morphotypes, for

each site. Transition areas were not delimited for Del Mar. Significant differences across sites are

noted with a, b, ¢ (horizontally); significant differences within sites are noted with x, y, z

(vertically).
Service Point Dume Palos Verdes Del Mar Overall
Fisheries score 2.71 +0.86™ 2.61+0.82° 3.09+ 138" | 2.72+0.95
Fisheries one- 2.22+0.59 2.42+0.77 2.30+1.30 2.32+0.79
minute
Fisheries — active | 2.38 +0.78"* 235+0.76"™* | 2.98+1.45" | 2.58+1.09%
Fisheries — 2.52 +0.45% 2.84 +0.66"Y NA 2.52+0.459
transition
Fisheries — 3.18£0.97*Y 2.59 + 0.86°* 3.29+1.23% 2.82 +0.98Y
background
Carbon score 11.69 + 3.09* 11.59 +3.20% 13.96 + 5.47° 11.99 + 3.69
Carbon one-minute | 9.47 £1.71 10.53 £2.30 10.56 + 3.51 10.08 +£2.33
Carbon — active 10.61 £2.67** 11.63 £2.66 14.03+£5.93% | 11.94+434
Carbon — transition | 10.58 &+ 1.54* 11.75 £2.55 NA 10.58 £ 1.54
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Carbon — 13.57 +3.42%Y 11.53 +3.45° 13.84 + 4.68° 12.34 £3.73

background

3.1. Point Dume (~698—757 m)

The Point Dume dive (H1456) spent approximately 37% of the time at the active seep
site, 25% in transition areas, and 37% in background areas (Table 2). This site had the lowest
overlying oxygen concentrations with a mean of 2.76 um Oo/kg (Table 1). During this dive, the
most frequently occurring morphotypes were P. rufescens (18.5%), Liponema anemones
(14.6%), galatheid crabs (11.7%), S. altivelis (8.2%), and N. liolepis (8.0%) (Table 5). These five
morphotypes comprised over half of the megafauna occurrences during this dive. Other
morphotypes were relatively rare; 22.5% of morphotypes only occurred once. Number of
morphotypes was significantly negatively correlated with water depth (p =-0.27, p <0.01),
which ranged from 698 m to 755 m, and positively correlated with oxygen (p = 0.21, p <0.01),
ranging from 2.23 pm/kg to 4.55 pm/kg. Depth and oxygen negatively covaried with each other
(p=-0.18, p=0.01). There were no significant correlations (p > 0.05) between the number of
functional groups in a video with depth, oxygen, or temperature.

Background areas had significantly higher fisheries scores than both active and transition
areas by 20% and 16.5%, respectively (X* =41.00, df =2, p < 0.01; Table 6). Soft sediment
substrates, which are associated with background areas, also had significantly higher fisheries
scores than bacterial mats by 16.3% (X* = 41.62, df = 1, p < 0.01). With respect to carbon, the
same pattern was observed among seep activity: background areas had significantly higher

scores than active and transition areas by 17.4% and 17.6%, respectively (X> = 50.74, df =2, p <
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0.01; Table 6). Oxygen negatively covaried with depth (p =-0.18, p = 0.01). Fisheries (p = 0.27,
p <0.01) and carbon scores (p = 0.38, p <0.01) were also significantly positively correlated with

depth. Fisheries scores were significantly positively correlated with temperature at this site (p =

0.17,p = 0.02).

3.2. Palos Verdes (~278-799 m)

During the Palos Verdes dive (H1452), the ROV spent approximately 25% of its time at
the active seep site, 1% in transition areas, and 66% in background areas (Table 2). The most
frequently occurring morphotypes were P. rufescens (10.8%), S. altivelis (8.9%), V. pedunculata
(6.4%), N. liolepis (5.4%), and a diversity of midwater fish (4.6%) (Table 5). The percentage of
singletons, i.e. morphotypes that were observed exactly once, was 13.9%, which was the lowest
of all sites. Oxygen (p =-0.97, p <0.01) and temperature (p =-0.96, p < 0.01) significantly
covaried with depth. Number of morphotypes was significantly positively correlated with depth
(p=0.60,p <0.01) between 278 m to 799 m, and negatively correlated with oxygen (p =-0.59,
p <0.01), which ranged between 2.12 um/kg to 54.76 pm/kg, and temperature (p =-0.58, p <
0.01), ranging from 5.35°C to 9.48°C. The number of functional groups exhibited the same
patterns with depth, oxygen, and temperature.

Palos Verdes transition areas, which included carbonate mounds, provided significantly
higher fisheries scores than both active and background areas by 12.3% and 6.3%, respectively
(X?=18.29, df =2, p = 0.02; Table 6). There were no significant differences in fisheries or carbon
scores among the seepage microhabitats. Neither fisheries nor carbon scores were significantly

correlated with depth, oxygen, or temperature at this site.



333 3.3. Del Mar (~987-1030 m)

334 The Del Mar dive (H1444) spent approximately 60% of the time at the active seep site
335 and 40% in background areas (transition areas were not evident during this dive; Table 2). At the
336  Del Mar seep, the most frequently occurring morphotypes were V. pedunculata (30.0%), S.
337  altivelis (15.5%), Eusergestes similis (shrimp; 6.7%), a diversity of midwater fish (4.5%),

338  Anoplopoma fimbria (sablefish; 4.4%) and lithodid crabs (4.4%) (Table 5). Neither the number
339  of morphotypes nor functional groups were significantly correlated with depth, temperature, or
340  oxygen.

341 There were no significant differences in fisheries or carbon scores among areas with
342  different seep activity or microhabitats at Del Mar seep. However, fisheries scores were

343  significantly negatively correlated with oxygen (p = -0.40, p <0.01) between 14.85 um/kg to

344  15.56 um/kg.

345
346 3.4. Across all three sites
347 Overall, fisheries and carbon scores were significantly positively correlated with each

348  other (p =0.86, p <0.01). The number of morphotypes was also positively correlated with
349 fisheries (p =0.19, p <0.01) and carbon scores (p = 0.18, p <0.01). However, neither service
350 score was correlated with the number of functional groups present nor the number of

351  morphotypes present within any one functional group.

352 With respect to fisheries scores, Del Mar had significantly higher scores than Palos
353  Verdes by 12% (X? = 8.83, df =2, p = 0.01). Active seeps had significantly lower fisheries
354  scores than background areas by 6% (X* = 14.02, df = 3, p = 0.01). Del Mar also had

355  significantly higher carbon scores than both Point Dume and Palos Verdes by 13.4% and 14%,
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respectively (X2 = 15.03, df =2, p < 0.01). Across all three sites, there were no significant
differences in carbon scores among microhabitats (i.e. soft sediment, bacterial mat, clam bed,
carbonate).

Among active seeps, Del Mar had significantly higher fisheries (X*>=7.13,df=2,p =
0.03) and carbon scores (X*> = 12.35, df =2, p < 0.01) than Point Dume by 15% and 20%,
respectively. Palos Verdes transitions areas had higher fisheries scores than Point Dume
transition areas by 8% (X? =4.02, df = 1, p = 0.04), but significantly lower fisheries scores than
Point Dume and Del Mar among background areas by 14.8% and 17.5%, respectively (X* =

27.83,df =2, p <0.01). This was also the case for carbon scores (X*> = 33.46, df =2, p <0.01).

4. Discussion
4.1. Describing the biological community
Image and statistical analyses presented herein and elsewhere (Dunlop et al., 2015; Amon

et al., 2016; Cooper et al., 2019; Smith et al., 2019) underscore the value of using video for both
quantitative and qualitative data. Specifically, our results suggest that the number of megafaunal
morphotypes increases with oxygenation among sites: The Palos Verdes dive had the highest
number of morphotypes and had the highest mean overlying oxygen concentration of 20.24
um/kg (Table 1). This could be an artefact of the larger distance and wider depth range (~278—
799 m) covered by the dive. However, oxygen has been shown to influence biodiversity of
invertebrates and fish on Pacific continental margins with a strong threshold effect as diversity
can begin decreasing at approximately 22 um/kg (Sperling et al., 2016; Gallo et al. 2020).
However, within the Palos Verdes dive, the number of morphotypes observed in each video was

negatively correlated with oxygen (p =-0.59, p < 0.01), with the highest number of morphotypes
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(> 20) found in videos with oxygen levels ranging from 2.18-2.26 um/kg. Number of
morphotypes was also positively correlated with depth (p = 0.60, p <0.01). Because oxygen and
depth covaried (p =-0.97, p <0.01), it is not possible to separate their effects on number of
morphotypes during the Palos Verdes dive. However, as described in previous studies, hypoxic
conditions can exert selective pressure that increases specialization of taxa for increased diversity
(Rogers, 2000). Gallo & Levin (2016), for example, found diverse assemblages of fish in the
Pacific, Atlantic, and Indian Oceans with physiological, morphological, and behavioral
adaptations for life in OMZs. Additionally, increased biodiversity with water depth with maxima
from 1500-3000 m has been documented in several taxa (Rex, 1981), such as demersal fish in the
northeast Atlantic (Mindel et al., 2016) and cnidarians, echinoderms, and gastropods in the
Caribbean (Hernandez-Avila et al., 2018).

In contrast to Palos Verdes, the entire Point Dume dive occured within the core of the
California OMZ with mean oxygen levels of 2.76 um/kg. Here, the number of morphotypes was
significantly positively correlated with oxygen (p = 0.21, p <0.01) and negatively with depth (p
=-0.27, p <0.01). Because the Point Dume seep field is in suboxic water, further decreases in
dissolved oxygen may surpass physiological tolerances of some taxa (Seibel, 2011; Wishner et
al., 2018). This could result in the loss of available habitat and shifting faunal distribution due to
deoxygenation associated with climate change (see Cheung et al., 2009 and Deutsch et al., 2015).
As oxygen deoxygenation continues to expand and intensify the OMZ (Bograd et al., 2008;
Stramma & Schmidtko, 2019), animals that cannot tolerate low oxygen conditions will lose
available habitat, while those that are more tolerant will distribute accordingly (Netburn &
Koslow, 2015). The decrease in number of morphotypes with depth observed at Point Dume (p =

-0.27, p <0.01) may be driven by the significant negative correlation between oxygen and depth
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(p=-0.18, p=0.01). Notably, the correlation between number of morphotypes and depth here
are opposite to that observed during the Palos Verdes dive, emphasizing the role of dissolved

oxygen in the observed ecological patterns and the extent of ecosystem services.

4.2. Traits that support fisheries and carbon services

All three sites showed evidence of bacterial mats (Figure 5), likely indicating microbial
sulfide oxidation and possibly some methane oxidation. Sulfide-oxidation by microbes can
reduce the concentration of sulfide in the overlying water (Lavik et al., 2009), such
detoxification could facilitate occurrence of morphotypes that contribute to ecosystem services.
Biotic and abiotic sulfide oxidation, however, also consumes oxygen, and active seep areas
consume two orders of magnitude more oxygen than non-seep areas (Boetius & Wenzhofer,
2013). However, seep influence on sediment macrofauna communities, on which megafauna
could be feeding, seems to be limited (Levin et al., 2000; Demopolous et al., 2018). Only 25% of
morphotypes occurred on the bacterial mat, most frequently Liponema anemones (13.4%),
P. rufescens (11.6%), and galatheid crabs (10.2%). One morphotype of polychaete was found
exclusively on bacterial mats with two occurrences. Our results suggest that the active seep areas
of Point Dume have lower fisheries and carbon scores than transition and background areas
(Table 6). Intense seepage with hydrogen sulfide may act synergistically with exceptionally low
oxygen to reduce the occurrence of functional traits that generate ecosystem services. While our
study focused on ecosystem services mediated by megafauna, it should be noted that the
bacterial mats at Point Dume were visually the most expansive of the three sites. The bacterial
mats represent elevated levels of local primary chemosynthetic production, which likely

comprises a significant process in the carbon cycle (Rothschild & Mancinelli, 1990).
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Figure 5. Examples of microhabitats and traits that support ecosystem services: (A)
commercially-valuable Sebastes and Sebastolobus spp. aggregating on carbonate rocks, (B)

Galatheid crab feeding on bacterial mat or associated invertebrates, and (C) midwater fish

observed at an active seep.

Continental margins contribute disproportionately to global carbon and nutrient cycling
(Elrod et al., 2004; Little et al., 2016); although they comprise approximately 20% of global
ocean surface area (Jahnke et al., 2010), continental margins have been estimated to sequester
more than 40% of carbon in the ocean (Muller-Karger et al., 2005). Additionally, the coupling of
anaerobic oxidation of methane and sulfate reduction by seep microbes serves as a carbon sink
by creating elevated concentrations of bicarbonate as a byproduct that can precipitate into
carbonate rocks (Naehr et al., 2007; Marlow et al., 2014), which were observed throughout the
dive sites and represent an additional carbon service although not one mediated by megafauna.
We did not find significant correlations between oxygen (p > 0.05), which ranged from 2.01-4.73

um/kg, and ecosystem services scores at Point Dume. However, scores were significantly
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correlated with water depth which negatively covaried with oxygen (p =-0.18, p =0.01).
Unfortunately, separating these effects with our dataset is not possible with the extant data. In the
case of Del Mar seep, Grupe et al. (2015) found higher densities of commercially-valuable
species at the active seep than in adjacent, background areas. Our results here contrast because
we found no significant differences in ecosystem services scores among the active seep and
background area during the Del Mar dive. This suggests that the Del Mar area, in general, may
contribute more to fisheries and carbon services than our other study sites.

Palos Verdes transition areas provided significantly higher fisheries services than active
and background areas (Table 6). As mentioned before, this is likely driven by the large
aggregations of fish found on carbonate rocks in transition areas (Figure 5). Southern California
has four commercial deep-sea fisheries: shortspine thornyhead (Sebastolobus altivelis), longspine
thornyhead (Sebastolobus alascanus), sablefish (Anoplopoma fimbria), and Dover sole
(Microstomus pacificus) (Keller et al., 2015). Several of these species have previously been
found on methane seeps (Grupe et al., 2015), but it is unclear how the methane seeps are utilized.
Hypotheses include feeding in localized, high-productivity areas (Seabrook et al., 2019);
breeding and laying eggs (Treude et al., 2011); avoiding predators (Tobler et al., 2016); or
removing parasites (Tobler et al., 2007). These species also interact with seep environments
through bioturbation (Yahel et al., 2008) and transporting chemosynthetic production to adjacent
environments (Seabrook et al., 2019). While the utility of these scores could be improved with
faunal densities, they provide preliminary insight about what types of microhabitats and which
environmental variables may be important to specific services at specific sites. Methane seeps
have been recognized as essential fish habitat (Pacific Fishery Management Council, 2019),

which are all habitats necessary for fish feeding, growth, and reproduction. Application of this
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trait-based approach could provide additional guidance for development of spatial protections.
The focus on ecosystem services provides a targeted effort that can help establish research and
management priorities.

One drawback to using deep-sea imagery for trait-based ecosystem services assessment is
the need for visual evidence. The traits in Table 3 are not exhaustive of characteristics that can
contribute to fisheries or carbon services, but they were ascertainable from our dive videos.
While deep-sea imagery may not be able to confirm regulating services, like metatranscriptomics
could (e.g. Lan et al., 2019), it does provide insight on animal behavior that can support
ecosystem services. For example, midwater fish (e.g. myctophids, bristlemouths, barbeled
dragonfish) would often be seen near the seafloor and sometimes swimming into it (Figure 5).
This could potentially represent an important benthic-pelagic interaction that contributes to

carbon export.

4.3. Recommendations for future studies of ecosystem services based on images
Deep-sea expeditions with submersible dives should always start with good base maps of
an area (Raineault et al., 2012). Bathymetry and information from other sonar systems (e.g.,
split-beam) not only facilitate safety for the ship and science crews, but also help identify
specific dive targets to ensure effective use of ship time. Ideally, each science submersible would
have its own standalone imaging system with fixed focal length cameras and orientation to better
allow for quantitative image analysis. In order to achieve this, standards regarding how to collect

pictures and videos from deep-sea sampling instruments could be useful (e.g. Error! Hyperlink
reference not valid.). The resulting data from transects with consistent altitude, zoom, speed,

and a laser for scale can then be used to calculate faunal densities and other diversity metrics
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(e.g. Amon et al., 2016; Simon-Lledé et al., 2019). A quantitative transect would also allow for
comparison among locations and time periods (e.g. Rosen & Lauermann, 2016).

As imaging technology continues to advance, the resolution of pictures and videos
becomes increasingly helpful for post-analysis (Dumke et al., 2018), such as the creation of
three-dimensional reconstructions (e.g. Bodenmann et al., 2017). Imagery should be analyzed
consistently, which may mean cross-referencing protocols and morphotype atlases if more than
one person is conducting the analysis. Human bias is inherent to current image analysis but can
be minimized with extensive training (Matabos et al., 2017). As more deep-sea imagery is
analyzed and libraries are produced, there are possibilities to incorporate machine learning
algorithms in collaboration with computer science and programming (Qin et al., 2015).

Environmental parameters should be measured in association with imagery. Physical and
chemical properties, such as temperature, oxygen, and hydrogen sulfide at seeps, are important
factors that help shape the biological communities (Levin et al., 2005). Porewater chemistry
influences the sediment community (Gieskes et al., 2011), which can contribute to fisheries
services (i.e. as prey of commercial species) and carbon services (i.e. as bioturbators). Scientific
tools exist to assess water chemistry such as in sifu mass spectrometers that can be mounted on
ROVs and Niskin bottles that can be used to sample water at discrete depths. These
environmental properties can help explain differences in diversity and distribution, and provide
insight on how communities may change with human impact such as climate change (Sperling et
al., 2016).

One inherent limitation of an image-based approach is that visual indicators are required.
Processes that happen on microscopic scales and below the sediment surface are not captured

with images unless there is some indicator visible on camera, e.g. bacterial mats. As more deep-
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ocean data and knowledge are collected about both physical and ecological processes, more can
be inferred from visual indicators and this approach can be refined. For example, known prey of
commercially-valuable species were all given the same score but, as we learn more about trophic
support and food web dynamics, prey can be scored differentially based upon the proportion of

diet they comprise.

4.4. Environmental management implications

The approach developed in this study can support environmental decision-making, such
as in the designation of spatial protections, consideration of ecosystem service tradeoffs, and
understanding of context-dependent roles of methane seeps. This analysis can identify areas of
potentially high ecosystem services provision, such as the Del Mar seep that had relatively high
fisheries and carbon scores, which may be important for designating essential fish habitat or
marine-protected areas (Lindegren et al., 2018). Even qualitative data have significant value for
management of data-poor, deep-sea habitats. They can help establish new species (Ford et al.,
2020), vulnerable marine ecosystems and significant adverse impacts (Baco et al., 2020),
methane sources (e.g. seeps with active bubbling) and sinks (e.g. non-active seeps with
authigenic carbonates), or methane hydrates that are of potential interest to the energy industry.
As the climate system continues to be perturbed by human activity, carbon services are of utmost
importance, especially those associated with deep-ocean habitats that act as long-term storage of
carbon (Hilmi et al. 2021). Qualitative data can also be used to identify areas of interest for
follow-on projects and studies; functional and ecosystem services data are needed to justify to
grants programs why an area may be important and the support is necessary. It is a first step

required to uncover the value of natural resources that the deep ocean has to offer.
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An ecosystem-services approach can investigate tradeoffs that may need to be considered
during the environmental decision-making process (Boulton et al., 2016). For example, if
methane seeps provide differential ecosystem services, one prioritization metric for spatial
protections could be weighted ecosystem services scores (e.g. Werner et al., 2014). An
ecosystem-services approach can also help facilitate payment for environmental damages by
considering the processes that lead to the service, such as nursery grounds, that are often
overlooked and by tying them to human well-being. Lastly, results from this approach advance
our understanding of ecosystem services associated with methane seeps. They highlight the
context-dependent role of methane seeps in providing fisheries and carbon services along an
oxygen gradient: while the combination of seepage and low oxygen seemed to suppress
ecosystem services scores at Point Dume, which is situated in the core of the OMZ, at the Palos
Verdes and Del Mar seeps, situated at the OMZ boundaries, the ecosystem services seemed to

benefit from at least some seep activity.

5. Conclusions

In addition to describing biological communities, deep-sea imagery can be amenable to
characterizing ecosystem services. Although standardized sampling would increase the capacity
for quantification and comparison of ecosystem services across space and time, this study
highlights how the plethora of existing dive videos and analysis tools can be leveraged to
generate useful information on ecosystem services, such as fisheries and climate-regulating
services related to carbon. A service-based approach links ecosystem structures and ecological
processes to human well-being, which can provide recommendations for environmental decision-

making. This is increasingly important at methane seeps, which occur on continental margins
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that continue to be impacted by human activities such as fishing, oil and gas extraction, waste
disposal, and climate change (Armstrong et al., 2019). Mapping of ecosystem services is a
popular method of identifying vulnerable areas in shallow waters (Burkhard et al., 2018), and
could help with marine spatial planning in deep water when making decisions and creating

priorities.

Acknowledgements

J.T.L. was supported by the Stout Foundation (20161390) and the UC San Diego
Frontiers of Innovation Scholars Program (g001). L.A.L. was supported by NSF Grant OCE
1634172 and NOAA Grant NA19OARO0110305. This work was also supported by the National
Aeronautics and Space Administration under Grant No. NNX17AB31G to P.R.G., issued
through the Planetary Science and Technology Through Analog Research program, as well as the
Gordon and Betty Moore Foundation (grant # 9208).. This research used data provided by the
Ocean Exploration Trust’s (OET) Nautilus Exploration Program, Cruise NA066; tThe authors
would like to thank the E/V Nautilus crew, ROV Hercules and Argus pilots, and OET. OET data,
including those used in this study, are available by request through this form:
https://docs.google.com/forms/d/e/1FAIpQLSfdXDcSdFEXIAxshDbfSoD73mVHkWKkbj6K3k
5FSaYzUC54LQ/viewform. Thank you to Shuting Yang, Onyeweenu Ogene, Bryant Jew, Sarah
Simons, Kayla Pfohlman, Drew Lira, and Ayinde Abanu for spending countless hours analyzing
these ROV dive videos; and Erin Navarro, Maryanne Beckwith, Haleigh Yang, and Dr. Natalya
Gallo for your help and expertise in identifying animals. Thank you also to the Program for
Interdisciplinary Environmental Research at Scripps Institution of Oceanography for J.T.L.

support and inspiration, as well as the UC San Diego Library for providing cloud services.


https://docs.google.com/forms/d/e/1FAIpQLSfdXDc5dFEXlAxshDbfSoD73mVHkWKkbj6K3k

580

581

582
583
584
585
586
587

588
589

590
591
592
593

594
595
596
597

598
599

600
601
602

603
604
605
606

607
608
609

610
611
612

References

Aguzzi J, Chatzievangelou D, Marini S, Fanelli E, Danovaro R, Flogel S, Lebris N, Juanes F, De
Leo FC, Del Rio J, Thomsen L, Costa C, Riccobene G, Tamburini C, Lefevre D, Gojak C,
Poulain PM, Favali P, Griffa A, Purser A, Cline D, Edgington D, Navarro J, Stefanni S,
D’Hondt S, Priede IG, Rountree R, Company JB (2019) New high-tech flexible networks
for the monitoring of deep-sea ecosystems. Environ Sci Technol 53:6616—6631.
https://doi.org/10.1021/acs.est.9b00409

Alvarez-Cadena JN (1993) Feeding of the chaetognath Sagitta elegans verrill. Estuar Coast Shelf
Sci. https://doi.org/10.1006/ecss.1993.1013

Amon DJ, Ziegler AF, Dahlgren TG, Glover AG, Goineau A, Gooday AJ, Wiklund H, Smith CR
(2016) Insights into the abundance and diversity of abyssal megafauna in a polymetallic-
nodule region in the eastern Clarion-Clipperton Zone. Sci Rep 6:30492.
https://doi.org/10.1038/srep30492

Angel M V, Hargreaves P, Kirkpatrick P, Domanski P (1982) Low variability in planktonic and
micronektonic populations at 1,000m depth in the vicinity of 42 degree N, 17 degree W;
evidence against diel migratory behavior in the majority of species. Biol Oceanogr 1:287—
319.

Angel M, Pugh P (2000) Quantification of diel vertical migration by micronektonic taxa in the
northeast Atlantic, in: Island, Ocean and Deep-Sea Biology. pp. 161-179.

Armstrong CW, Foley NS, Tinch R, van den Hove S (2012) Services from the deep: steps
towards valuation of deep sea goods and services. Ecosyst Serv 2:2—13.
https://doi.org/10.1016/j.ecoser.2012.07.001

Armstrong CW, Vondolia GK, Foley NS, Henry LA, Needham K, Ressurreicao AM (2019)
Expert assessment of risks posed by climate change and anthropogenic activities to

ecosystem services in the deep north Atlantic. Front Mar Sci 6:158.
https://doi.org/10.3389/fmars.2019.00158

Astréom EKL, Carroll ML, Ambrose WG, Sen A, Silyakova A, Carroll JL (2018) Methane cold
seeps as biological oases in the high-arctic deep sea. Limnol Oceanogr 63:S209-S231.
https://doi.org/10.1002/In0.10732

Atwood TB, Connolly RM, Ritchie EG, Lovelock CE, Heithaus MR, Hays GC, Fourqurean JW,
Macreadie PI (2015) Predators help protect carbon stocks in blue carbon ecosystems. Nat
Clim Chang 5:1038-1045. https://doi.org/10.1038/nclimate2763


https://doi.org/10.1038/nclimate2763
https://doi.org/10.1002/lno.10732
https://doi.org/10.3389/fmars.2019.00158
https://doi.org/10.1016/j.ecoser.2012.07.001
https://doi.org/10.1038/srep30492
https://doi.org/10.1006/ecss.1993.1013
https://doi.org/10.1021/acs.est.9b00409

613
614
615
616
617

618
619
620
621

622
623

624
625
626

627
628

629
630
631

632
633
634

635
636
637

638
639
640
641

642
643

644
645
646

Ayma A, Aguzzi J, Canals M, Lastras G, Bahamon N, Mecho A, Company JB (2016)
Comparison between ROV video and Agassiz trawl methods for sampling deep water fauna
of submarine canyons in the northwestern Mediterranean sea with observations on
behavioural reactions of target species. Deep Res Part I Oceanogr Res Pap 114:149-159.
https://doi.org/10.1016/5.dsr.2016.05.013

Baco AR, Morgan NB, Roark EB (2020). Observations of vulnerable marine ecosystems and
significant adverse impacts on high seas seamounts of the northwestern Hawaiian Ridge
and Emperor Seamount Chain. Marine Policy 115, 103834.
https://doi.org/10.1016/j.marpol.2020.103834.

Barbier EB, Hacker SD, Kennedy C, Koch EW, Stier AC, Silliman BR (2011) The value of
estuarine and coastal ecosystem services. Ecol Monogr 81:169—-193.

Belley R, Snelgrove PVR (2016) Relative contributions of biodiversity and environment to
benthic ecosystem functioning. Front Mar Sci 3:242.
https://doi.org/10.3389/fmars.2016.00242

Best B (1988) Passive suspension feeding in a sea pen: effects of ambient flow on volume flow
rate and filtering efficiency. Biol Bull 175:332—-342. https://doi.org/10.2307/1541723

Blasiak R, Jouffray JB, Wabnitz CCC, Sundstrém E, Osterblom H (2018) Corporate control and
global governance of marine genetic resources. Sci Adv 4.
https://doi.org/10.1126/sciadv.aar5237

Blothe M, Wegorzewski A, Miiller C, Simon F, Kuhn T, Schippers A (2015) Manganese-cycling
microbial communities inside deep-sea manganese nodules. Environ Sci Technol 49:7692—
7700. https://doi.org/10.1021/es504930v

Bodenmann A, Thornton B, Nakajima R, Ura T (2017) Methods for quantitative studies of
seafloor hydrothermal systems using 3D visual reconstructions. ROBOMECH J 4:22.
https://doi.org/10.1186/s40648-017-0091-5

Boetius A, Ravenschlag K, Schubert C, Rickert D, Widdel F, Gieseke A, Amann R, Barker
Jorgensen B, Witte U, Pfannkuche O (2000) A marine microbial consortium apparently

mediating anaerobic oxidation of methane. Nature 407:623—626.
https://doi.org/10.1038/nrmicro2944

Boetius A, Wenzhofer F (2013) Seafloor oxygen consumption fueled by methane from cold
seeps. Nat Geosci 6:725—-734. https://doi.org/10.1038/nge01926

Bograd SJ, Castro CG, Di Lorenzo E, Palacios DM, Bailey H, Gilly W, Chavez FP (2008)
Oxygen declines and the shoaling of the hypoxic boundary in the California Current.
Geophys Res Lett 35:1-6. https://doi.org/10.1029/2008GL034185


https://doi.org/10.1029/2008GL034185
https://doi.org/10.1038/ngeo1926
https://doi.org/10.1038/nrmicro2944
https://doi.org/10.1186/s40648-017-0091-5
https://doi.org/10.1021/es504930v
https://doi.org/10.1126/sciadv.aar5237
https://doi.org/10.2307/1541723
https://doi.org/10.3389/fmars.2016.00242
https://doi.org/10.1016/j.marpol.2020.103834
https://doi.org/10.1016/j.dsr.2016.05.013

647
648
649
650

651
652

653
654
655

656
657
658
659
660
661
662
663
664
665
666
667
668
669

670
671
672

673
674

675
676
677

678
679
680

681
682
683

Bograd SJ, Buil MP, Lorenzo E Di, Castro CG, Schroeder ID, Goericke R, Anderson CR,
Benitez-Nelson C, Whitney FA (2015) Changes in source waters to the southern California
bight. Deep Res Part II Top Stud Oceanogr 112:42-52.
https://doi.org/10.1016/j.dsr2.2014.04.009

Bornhold BD, Milliman JD (1973) Generic and environmental control of carbonate mineralogy
in Serpulid (Polychaete) tubes. J Geol 8. https://doi.org/10.1086/627876

Boulton AJ, Ekebom J, Gislason G mar (2016) Integrating ecosystem services into conservation
strategies for freshwater and marine habitats: a review. Aquat Conserv Mar Freshw Ecosyst
26:963-985. https://doi.org/10.1002/aqc.2703

Burkhard B, Maes J, Potschin-Young MB, Santos-Martin F, Geneletti D, Stoev P, Kopperoinen
L, Adamescu CM, Adem Esmail B, Arany I, Arnell A, Balzan M, Barton DN, Van
Beukering P, Bicking S, Borges PAV, Borisova B, Braat L, Brander LM, Bratanova-
Doncheva S, Broekx S, Brown C, Cazacu C, Crossman N, Cziicz B, Danék J, de Groot R,
Depellegrin D, Dimopoulos P, Elvinger N, Erhard M, Fagerholm N, Frélichova J, Grét-
Regamey A, Grudova M, Haines-Young R, Inghe O, Kallay TK, Kirin T, Klug H, Kokkoris
IP, Konovska I, Kruse M, Kuzmova I, Lange M, Liekens I, Lotan A, Lowicki D, Luque S,
Marta-Pedroso C, Mizgajski A, Mononen L, Mulder S, Miiller F, Nedkov S, Nikolova M,
Ostergard H, Penev L, Pereira P, Pitkéinen K, Plieninger T, Rabe SE, Reichel S, Roche PK,
Rusch G, Ruskule A, Sapundzhieva A, Sepp K, Sieber IM, Smid Hribar M, Stagova S,
Steinhoff-Knopp B, Stgpniewska M, Teller A, Vackar D, Van Weelden M, Veidemane K,
Vejre H, Vihervaara P, Viinikka A, Villoslada M, Weibel B, Zulian G (2018) Mapping and
assessing ecosystem services in the EU - lessons learned from the Esmeralda approach of
integration. One Ecosyst 3:€29153. https://doi.org/10.3897/oneeco.3.€29153

Cartapanis O, Bianchi D, Jaccard SL, Galbraith ED (2016) Global pulses of organic carbon
burial in deep-sea sediments during glacial maxima. Nat Commun 7.
https://doi.org/10.1038/ncomms 10796

Cartes JE (1993) Diets of deep-water pandalid shrimps on the western Mediterranean slope. Mar
Ecol Prog Ser 96:49-61. https://doi.org/10.3354/meps096049

Chauvet P, Metaxas A, Matabos M (2019) Interannual variation in the population dynamics of
juveniles of the deep-sea crab Chionoecetes tanneri. Front Mar Sci 6:1-15.
https://doi.org/10.3389/fmars.2019.00050

Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson R, Pauly D (2009) Projecting
global marine biodiversity impacts under climate change scenarios. Fish Fish 10:235-251.
https://doi.org/10.1111/j.1467-2979.2008.00315.x

Chevaldonné P, Jollivet D, Feldman RA, Desbruyéres D, Lutz RA, Vrijenhoek RC (1998)
Commensal scale-worms of the genus Branchipolynoe (Polychaeta: Polynoidae) at deep-sea
hydrothermal vents and cold seeps. Cah Biol Mar 39:347-350.


https://doi.org/10.1111/j.1467-2979.2008.00315.x
https://doi.org/10.3389/fmars.2019.00050
https://doi.org/10.3354/meps096049
https://doi.org/10.1038/ncomms10796
https://doi.org/10.3897/oneeco.3.e29153
https://doi.org/10.1002/aqc.2703
https://doi.org/10.1086/627876
https://doi.org/10.1016/j.dsr2.2014.04.009

684
685
686

687
688
689

690
691
692

693
694
695
696
697

698
699

700
701
702
703
704

705
706
707

708
709

710
711
712

713
714

715
716
717

Chevenet F, Doledec S, Chessel D (1994) A fuzzy coding approach for the analysis of long-term
ecological data. Freshw Biol 31:295-309. https://doi.org/10.1111/j.1365-
2427.1994.tb01742.x

Clark MR, Althaus F, Schlacher TA, Williams A, Bowden DA, Rowden AA (2016) The impacts
of deep-sea fisheries on benthic communities: a review. ICES J Mar Sci 73:151-169.
https://doi.org/10.1093/icesjms/fsv123

Clayton L, Dennison G (2017) Inexpensive video drop-camera for surveying sensitive benthic
habitats: applications from glass sponge (hexactinellida) reefs in howe sound, british
columbia. Can Field-Naturalist 131:46-54. https://doi.org/10.22621/cfn.v131i1.1783

Cooper L, Guarinello M, Gregmeier J, Bayard A, Lovvorn J, North C, Kolts J (2019) A video
seafloor survey of epibenthic communities in the pacific arctic including distributed
biological observatory stations in the northern bering and chukchi seas. Deep Sea Res Part
IT Top Stud Oceanogr 162:164—179.
https://doi.org/https://doi.org/10.1016/j.dsr2.2019.05.003

Corinaldesi C (2015) New perspectives in benthic deep-sea microbial ecology. Front Mar Sci
2:1-12. https://doi.org/10.3389/fmars.2015.00017

De Leo FC, Ogata B, Sastri AR, Heesemann M, Mihaly S, Galbraith M, Morley MG (2018)
High-frequency observations from a deep-sea cabled observatory reveal seasonal
overwintering of Neocalanus spp. in Barkley canyon, NE Pacific: insights into particulate
organic carbon flux. Prog Oceanogr 169:120-137.
https://doi.org/10.1016/j.pocean.2018.06.001

Demopoulos AWJ, Bourque JR, Durkin A, Cordes EE (2018) The influence of seep habitats on
sediment macrofaunal biodiversity and functional traits. Deep Res Part I Oceanogr Res Pap
142:77-93. https://doi.org/10.1016/;.dsr.2018.10.004

Deutsch C, Ferrel A, Seibel B, Portner H, Huey R (2015) Climate change tightens a metabolic
constraint on marine habitats. Science (80- ) 348:1132—1136.

Doering PH, Oviatt CA, Kelly JR (1986) The effects of the filter-feeding clam Mercenaria
mercenaria on carbon cycling in experimental marine mesocosms. J Mar Res 44:839-861.
https://doi.org/10.1357/002224086788401611

Dufault AM, Marshall K, Kaplan IC (2009) A synthesis of diets and trophic overlap of marine
species in the California Current, NOAA Technical Memorandum NMFS.

Dumke I, Purser A, Marcon Y, Nornes SM, Johnsen G, Ludvigsen M, Sereide F (2018)
Underwater hyperspectral imaging as an in situ taxonomic tool for deep-sea megafauna. Sci
Rep 8:12860. https://doi.org/10.1038/s41598-018-31261-4


https://doi.org/10.1038/s41598-018-31261-4
https://doi.org/10.1357/002224086788401611
https://doi.org/10.1016/j.dsr.2018.10.004
https://doi.org/10.1016/j.pocean.2018.06.001
https://doi.org/10.3389/fmars.2015.00017
https://doi.org/https://doi.org/10.1016/j.dsr2.2019.05.003
https://doi.org/10.22621/cfn.v131i1.1783
https://doi.org/10.1093/icesjms/fsv123
https://doi.org/10.1111/j.1365

718
719
720
721

722
723
724

725
726

727
728
729
730

731
732
733

734
735
736
737

738
739
740

741
742
743

744
745
746
747

748
749
750
751

Dunlop KM, Kuhnz LA, Ruhl HA, Huffard CL, Caress DW, Henthorn RG, Hobson BW, McGill
P, Smith KL (2015) An evaluation of deep-sea benthic megafauna length measurements

obtained with laser and stereo camera methods. Deep Res Part I Oceanogr Res Pap 96:38—
48. https://doi.org/10.1016/j.dsr.2014.11.003

Elrod VA, Berelson WM, Coale KH, Johnson KS (2004) The flux of iron from continental shelf
sediments: a missing source for global budgets. Geophys Res Lett 31:2-5.
https://doi.org/10.1029/2004GL020216

Flock M, Hopkins T (1992) Species composition, vertical distribution, and food habits of the
Sergestid shrimp assemblage in the eastern Gulf of Mexico. J Crustac Biol 12:210-233.

Ford M, Bezio N, Collins A (2020). Duobrachium sparksae (Incertae Sedis Ctenophora
Tentaculata Cydippida): A new genus and species of benthopelagic ctenophore seen at
3,910 m depth off the coast of Puerto Rico. Plankton and Benthos Research. 15(4), 296-
205. https://doi.org/10.3800/pbr.15.296

Fujita T, Ohta S (1988) Photographic observations of the life style of a deep-sea ophiuroid
Asteronyx loveni (Echinodermata). Deep Sea Res Part A, Oceanogr Res Pap 35:2029-2043.
https://doi.org/10.1016/0198-0149(88)90123-9

Gallo ND, Cameron J, Hardy K, Fryer P, Douglas HB, Levin LA (2015) Submersible- and
lander-observed community patterns in the Mariana and New Britain trenches: influence of
productivity and depth on epibenthic and scavenging communities. Deep Res Part |
Oceanogr Res Pap 99:119-133. https://doi.org/10.1016/j.dsr.2014.12.012

Gallo ND, Levin LA (2016) Fish ecology and evolution in the world’s oxygen minimum zones
and implications of ocean deoxygenation, 1st ed, Advances in Marine Biology. Elsevier
Ltd. https://doi.org/10.1016/bs.amb.2016.04.001

Gallo ND, Beckwith M, Wei CL, Levin LA, Kuhnz L, Barry J (2020) Dissolved oxygen and
temperature best predict deep-sea fish community structure in the Gulf of California with
implications for climate change. Marine Ecology Progress Series. 637:159-180

Gates AR, Benfield MC, Booth DJ, Fowler AM, Skropeta D, Jones DOB (2017) Deep-sea
observations at hydrocarbon drilling locations: contributions from the serpent project after
120 field visits. Deep Res Part I Top Stud Oceanogr 137:463—479.
https://doi.org/10.1016/5.dsr2.2016.07.011

Gieskes J, Rathburn AE, Martin JB, Pérez ME, Mahn C, Bernhard JM, Day S (2011) Cold seeps
in Monterey Bay, California: geochemistry of pore waters and relationship to benthic
foraminiferal calcite. Appl Geochemistry 26:738—746.
https://doi.org/10.1016/j.apgeochem.2011.01.032


https://doi.org/10.3800/pbr.15.296
https://doi.org/10.1016/j.apgeochem.2011.01.032
https://doi.org/10.1016/j.dsr2.2016.07.011
https://doi.org/10.1016/bs.amb.2016.04.001
https://doi.org/10.1016/j.dsr.2014.12.012
https://doi.org/10.1016/0198-0149(88)90123-9
https://doi.org/10.1029/2004GL020216
https://doi.org/10.1016/j.dsr.2014.11.003

752
753
754

755
756
757
758
759

760
761
762

763
764
765

766
767
768
769

770
771
772

773
774
775

776
777
778
779

780
781
782

783
784
785

Gilly WF, Beman JM, Litvin SY, Robison BH (2013) Oceanographic and biological effects of
shoaling of the oxygen minimum zone. Ann Rev Mar Sci 5:393—420.
https://doi.org/10.1146/annurev-marine-120710-100849

Gogina M, Zettler ML, Vanaverbeke J, Dannheim J, Van Hoey G, Desroy N, Wrede A, Reiss H,
Degraer S, Van Lancker V, Foveau A, Braeckman U, Fiorentino D, Holstein J, Birchenough
SNR (2020) Interregional comparison of benthic ecosystem functioning: community
bioturbation potential in four regions along the NE Atlantic shelf. Ecol Indic 110.
https://doi.org/10.1016/j.ecolind.2019.105945

Grupe BM, Krach ML, Pasulka AL, Maloney JM, Levin LA, Frieder CA (2015) Methane seep
ecosystem functions and services from a recently discovered southern California seep. Mar
Ecol 36:91-108. https://doi.org/10.1111/maec.12243

Haines-Young R, Potschin-Young MB (2018) Revision of the common international
classification for ecosystem services (CICES v5.1): a policy brief. One Ecosyst 3:¢27108.
https://doi.org/10.3897/oneeco.3.e27108

Hattori T, Okuda T, Narimatsu Y, Ueda Y, Ito M (2009) Spatiotemporal variations in nutritional
status and feeding habits of immature female bighand thornyhead Sebastolobus macrochir
off the Pacific coast of northern Honshu, Japan. Fish Sci 75:611-618.
https://doi.org/10.1007/s12562-009-0080-6

Helly JJ, Levin LA (2004) Global distribution of naturally occurring marine hypoxia on
continental margins. Deep Res Part I Oceanogr Res Pap 51:1159-1168.
https://doi.org/10.1016/j.dsr.2004.03.009

Hernandez-Avila I, Guerra-Castro E, Bracho C, Rada M, Ocafia FA, Pech D (2018) Variation in
species diversity of deep-water megafauna assemblages in the Caribbean across depth and
ecoregions. PLoS One 13:1-18. https://doi.org/10.1371/journal.pone.0201269

Hidaka K, Kawaguchi K, Murakami M, Takahashi M (2001) Downward transport of organic
carbon by diel migratory micronekton in the western equatorial Pacific: its quantitative and
qualitative importance. Deep Sea Res Part I Oceanogr Res Pap 48:1923-1939.
https://doi.org/10.1016/s0967-0637(01)00003-6

Hilério A, Capa M, Dahlgren TG, Halanych KM, Little CTS, Thornhill DJ, Verna C, Glover AG
(2011) New perspectives on the ecology and evolution of Siboglinid tubeworms. PLoS One
6. https://doi.org/10.1371/journal.pone.0016309

Hilmi N, Chami R, Sutherland MD, Hall-Spencer JM, Lebleu L, Belen Benitez M, Levin LA
(2021) The role of blue carbon in climate change mitigation and carbon stock
conservation. Frontiers in Climate, https://doi.org/10.3389/fclim.2021.710546.


https://doi.org/10.3389/fclim.2021.710546
https://doi.org/10.1371/journal.pone.0016309
https://doi.org/10.1016/s0967-0637(01)00003-6
https://doi.org/10.1371/journal.pone.0201269
https://doi.org/10.1016/j.dsr.2004.03.009
https://doi.org/10.1007/s12562-009-0080-6
https://doi.org/10.3897/oneeco.3.e27108
https://doi.org/10.1111/maec.12243
https://doi.org/10.1016/j.ecolind.2019.105945
https://doi.org/10.1146/annurev-marine-120710-100849

786
787
788

789
790
791

792
793
794
795

796
797
798

799
800

801
802
803

804
805

806
807

808
809
810

811
812
813

814
815
816

817
818
819

Hissmann K (2005) In situ observations on benthic siphonophores (Physonectae: Rhodaliidae)

and descriptions of three new species from Indonesia and South Africa. Syst Biodivers
2:223-249. https://doi.org/10.1017/S1477200004001513

Hoeberechts M, Owens D, Riddell DJ, Robertson AD (2016) The power of seeing: experiences
using video as a deep-sea engagement and education tool. Ocean 2015 - MTS/IEEE
Washingt 1-9. https://doi.org/10.23919/oceans.2015.7404592

Hou YR, Sun YJ, Gao QF, Dong SL, Wen B, Yu HB (2017) Effect of the bioturbation derived
from sea cucumber Apostichopus japonicus (Selenka) farming on the different occurrence

forms of sedimentary inorganic carbon. Aquaculture 480:108—-115.
https://doi.org/10.1016/j.aquaculture.2017.08.017

Huang JM, Baker BJ, Li JT, Wang Y (2019) New microbial lineages capable of carbon fixation
and nutrient cycling in deep sea sediments of the northern South China Sea. Appl Environ
Microbiol 85. https://doi.org/10.1128/AEM.00523-19

Hudson JM (2012) Master thesis: Myctophid feeding ecology and carbon transport along the
northern Mid-Atlantic Ridge. https://doi.org/10.25773/v5-ej71-b861

Jacobson LD, Vetter RD (1996) Bathymetric demography and niche separation of thornyhead
rockfish: Sebastolobus alascanus and Sebastolobus altivelis. Can J Fish Aquat Sci 53:600—
609. https://doi.org/10.1139/195-207a

Jahnke R (2010) Global synthesis, in: Carbon and Nutrient Fluxes in Continental Margins. pp.
597-615.

Judd AG (2003) The global importance and context of methane escape from the seabed. Geo-
Marine Lett 23:147—154. https://doi.org/10.1007/s00367-003-0136-z

Katija K, Choy CA, Sherlock RE, Sherman AD, Robison BH (2017) From the surface to the
seafloor: how giant larvaceans transport microplastics into the deep sea. Sci Adv 3:1-6.
https://doi.org/10.1126/sciadv.1700715

Keller AA, Ciannelli L, Wakefield WW, Simon V, Barth JA, Pierce SD (2015) Occurrence of
demersal fishes in relation to near-bottom oxygen levels within the California Current large
marine ecosystem. Fish Oceanogr 24:162—176. https://doi.org/10.1111/fog.12100

Klevjer TA, Irigoien X, Restad A, Fraile-Nuez E, Benitez-Barrios VM, Kaartvedt. S (2016)
Large scale patterns in vertical distribution and behaviour of mesopelagic scattering layers.
Sci Rep 6. https://doi.org/10.1038/srep19873

Koslow JA, Boehlert GW, Gordon JDM, Haedrich RL, Lorance P, Parin N (2000) Continental
slope and deep-sea fisheries: implications for a fragile ecosystem. ICES J Mar Sci 57:548—
557. https://doi.org/10.1006/jmsc.2000.0722


https://doi.org/10.1006/jmsc.2000.0722
https://doi.org/10.1038/srep19873
https://doi.org/10.1111/fog.12100
https://doi.org/10.1126/sciadv.1700715
https://doi.org/10.1007/s00367-003-0136-z
https://doi.org/10.1139/f95-207a
https://doi.org/10.25773/v5-ej71-b861
https://doi.org/10.1128/AEM.00523-19
https://doi.org/10.1016/j.aquaculture.2017.08.017
https://doi.org/10.23919/oceans.2015.7404592
https://doi.org/10.1017/S1477200004001513

820
821
822

823
824
825

826
827

828
829
830
831

832
833
834
835

836
837
838

839
840
841
842

843
844

845
846

847
848
849
850
851

852
853
854

Lan Y, Sun J, Zhang W, Xu T, Zhang Y, Chen C, Feng D, Wang H, Tao J, Qiu J-W, Qian P-Y
(2019) Host—symbiont interactions in deep-sea chemosymbiotic Vesicomyid clams: insights
from transcriptome sequencing. Front Mar Sci 6. https://doi.org/10.3389/fmars.2019.00680

Larson RJ, Mills CE, Harbison GR (1991) Western Atlantic midwater hydrozoan and
scyphozoan medusae: in situ studies using manned submersibles. Hydrobiologia 216—
217:311-317. https://doi.org/10.1007/BF00026480

Lauerman LML (1998) Diet and feeding behavior of the deep-water sea star Rathbunaster
californicus (Fisher) in the Monterey submarine canyon. Bull Mar Sci 63:523-530.

Lavaleye M, Duineveld G, Bergman M, van den Beld I (2017) Long-term baited lander
experiments at a cold-water coral community on Galway Mound (Belgica mound province,
NE Atlantic). Deep Res Part II Top Stud Oceanogr 145:22-32.
https://doi.org/10.1016/j.dsr2.2015.12.014

Lavik G, Stithrmann T, Briichert V, Van Der Plas A, Mohrholz V, Lam P, Muflmann M, Fuchs
BM, Amann R, Lass U, Kuypers MMM (2009) Detoxification of sulphidic African shelf
waters by blooming chemolithotrophs. Nature 457:581-584.
https://doi.org/10.1038/nature07588

Le JT, Levin LA, Carson RT (2017) Incorporating ecosystem services into environmental
management of deep-seabed mining. Deep Res Part I 137:486—503.
https://doi.org/10.1016/j.dsr2.2016.08.007

Levin LA, James DW, Martin CM, Rathburn AE, Harris LH, Michener RH (2000) Do methane
seeps support distinct macrofaunal assemblages? observations on community structure and

nutrition from the northern California slope and shelf. Mar Ecol Prog Ser 208:21-39.
https://doi.org/10.3354/meps208021

Levin LA (2005) Ecology of cold seep sediments: interactions of fauna with flow, chemistry and
microbes. Oceanogr Mar Biol 43:1-46.

Levin LA, Dayton PK (2009) Ecological theory and continental margins: where shallow meets
deep. Trends Ecol Evol 24:606-617. https://doi.org/10.1016/j.tree.2009.04.012

Levin LA, Baco AR, Bowden DA, Colaco A, Cordes EE, Cunha MR, Demopoulos AWJ, Gobin
J, Grupe BM, Le J, Metaxas A, Netburn AN, Rouse GW, Thurber AR, Tunnicliffe V, Van
Dover CL, Vanreusel A, Watling L (2016a) Hydrothermal vents and methane seeps:
rethinking the sphere of influence. Front Mar Sci 3.
https://doi.org/10.3389/fmars.2016.00072

Levin L, Girguis P, German C, Brennan M, Tiiziin S, Wagner J, Smart C, Kruger A, Inderbitzen
K, Le J, Martinez M, Martinez C, Kappel E, Gallo N, Grupe B (2016b) Exploration and
discovery of methane seeps and associated communities in the California Borderland.


https://doi.org/10.3389/fmars.2016.00072
https://doi.org/10.1016/j.tree.2009.04.012
https://doi.org/10.3354/meps208021
https://doi.org/10.1016/j.dsr2.2016.08.007
https://doi.org/10.1038/nature07588
https://doi.org/10.1016/j.dsr2.2015.12.014
https://doi.org/10.1007/BF00026480
https://doi.org/10.3389/fmars.2019.00680

855 New Frontiers in Ocean Exploration: The E/V Nautilus and NOAA Ship Okeanos

856 Explorer 2015 Field Season 29:40—43.

857  Lindegren M, Holt BG, MacKenzie BR, Rahbek C (2018) A global mismatch in the protection of
858 multiple marine biodiversity components and ecosystem services. Sci Rep 8:4099.

859 https://doi.org/10.1038/s41598-018-22419-1

860 Little SH, Vance D, McManus J, Severmann S (2016) Key role of continental margin sediments
861 in the oceanic mass balance of Zn and Zn isotopes. Geology 44:207-210.

862 https://doi.org/10.1130/G37493.1

863  Macreadie PI, McLean DL, Thomson PG, Partridge JC, Jones DOB, Gates AR, Benfield MC,
864 Collin SP, Booth DJ, Smith LL, Techera E, Skropeta D, Horton T, Pattiaratchi C, Bond T,
865 Fowler AM (2018) Eyes in the sea: unlocking the mysteries of the ocean using industrial,
866 remotely operated vehicles (ROVs). Sci Total Environ 634:1077—-1091.

867 https://doi.org/10.1016/j.scitotenv.2018.04.049

868 Maldonado M, Aguilar R, Bannister R, Bell J, Conway K, Dayton P, Diaz C, Gutt J, Kelly M,
869 Kenchington E, Leys S, Pomponi S, Rapp H, Rutzler K, Tendal O, Vacelet J, Young C
870 (2017) Sponge ground as key marine habitats: a synthetic review of types, structure,

871 functional roles, and conservation concerns, Marine Animal Forests: The Ecology of

872 Benthic Biodiversity Hotspots. https://doi.org/10.1007/978-3-319-21012-4

873  Maloney JM, Grupe BM, Pasulka AL, Dawson KS, Case DH, Frieder CA, Levin LA, Driscoll
874 NW (2015) Transpressional segment boundaries in strike-slip fault systems offshore

875 southern California: implications for fluid expulsion and cold seep habitats. Geophys Res
876 Lett 42:4080—4088. https://doi.org/10.1002/2015GL063778

877  Marlow JJ, Steele JA, Ziebis W, Thurber AR, Levin LA, Orphan VJ (2014) Carbonate-hosted
878 methanotrophy represents an unrecognized methane sink in the deep sea. Nat Commun 5.

879  Martinetto P, Montemayor DI, Alberti J, Costa CSB, Iribarne O (2016) Crab bioturbation and

880 herbivory may account for variability in carbon sequestration and stocks in south west
881 Atlantic salt marshes. Front Mar Sci 3:1-12. https://doi.org/10.3389/fmars.2016.00122
882  Matabos M, Hoeberechts M, Doya C, Aguzzi J, Nephin J, Reimchen TE, Leaver S, Marx RM,
883 Branzan Albu A, Fier R, Fernandez-Arcaya U, Juniper SK (2017) Expert, crowd, students
884 or algorithm: who holds the key to deep-sea imagery ‘big data’ processing? Methods Ecol
885 Evol 8:996-1004. https://doi.org/10.1111/2041-210X.12746

886  Mejia-Mercado BE, Mundy B, Baco AR (2019) Variation in the structure of the deep-sea fish
887 assemblages on Necker Island, northwestern Hawaiian islands. Deep Res Part I Oceanogr
888 Res Pap 152:103086. https://doi.org/10.1016/1.dsr.2019.103086


https://doi.org/10.1016/j.dsr.2019.103086
https://doi.org/10.1111/2041-210X.12746
https://doi.org/10.3389/fmars.2016.00122
https://doi.org/10.1002/2015GL063778
https://doi.org/10.1007/978-3-319-21012-4
https://doi.org/10.1016/j.scitotenv.2018.04.049
https://doi.org/10.1130/G37493.1
https://doi.org/10.1038/s41598-018-22419-1

889
890
891

892
893

894
895
896

897
898
899

900
901
902

903
904
905

906
907
908
909

910
911
912
913

914
915
916

917
918
919

920
921
922

Merrett NR, Saldanha L (1985) Aspects of the morphology and ecology of some unusual deep-
sea eels (Synaphobranchidae, Derichthyidae and Nettastomatidae) from the eastern north
Atlantic. J Fish Biol 27:719-747. https://doi.org/10.1111/j.1095-8649.1985.tb03216.x

Millennium Ecosystem Assessment (2005) Ecosystems and human well-being: synthesis. Island
Press, Washington DC. https://doi.org/10.1196/annals.1439.003

Miller R, Smith C, Demaster D, Fornes W (2000) Feeding selectivity and rapid particle
processing by deep-sea megafaunal deposit feeders: a 234th tracer approach. J Mar Res
58:653-673.

Mills CE (1995) Medusae, siphonophores, and ctenophores as planktivorous predators in
changing global ecosystems. ICES J Mar Sci 52:575-581. https://doi.org/10.1016/1054-
3139(95)80072-7

Mindel BL, Neat FC, Trueman CN, Webb TJ, Blanchard JL (2016) Functional, size and
taxonomic diversity of fish along a depth gradient in the deep sea. PeerJ ¢2387.
https://doi.org/10.7717/peerj.2387

Muller-Karger FE, Varela R, Thunell R, Luerssen R, Hu C, Walsh JJ (2005) The importance of
continental margins in the global carbon cycle. Geophys Res Lett 32.
https://doi.org/10.1029/2004GL021346

Myhre SE, Pak D, Borreggine M, Kennett JP, Nicholson C, Hill TM, Deutsch C (2018) Oxygen
minimum zone biotic baseline transects for paleoceanographic reconstructions in Santa
Barbara basin, ca. Deep Res Part II Top Stud Oceanogr 150:118—131.
https://doi.org/10.1016/j.dsr2.2017.12.009

Naehr TH, Eichhubl P, Orphan VJ, Hovland M, Paull CK, Ussler W, Lorenson TD, Greene HG
(2007) Authigenic carbonate formation at hydrocarbon seeps in continental margin

sediments: a comparative study. Deep Res Part II Top Stud Oceanogr 54:1268—1291.
https://doi.org/10.1016/j.dsr2.2007.04.010

Neira C, King I, Mendoza G, Sellanes J, De Ley P, Levin LA (2013) Nematode community
structure along a central Chile margin transect influenced by the oxygen minimum zone.
Deep Res Part I Oceanogr Res Pap 78:1-15. https://doi.org/10.1016/j.dsr.2013.04.002

Netburn AN, Anthony Koslow J (2015) Dissolved oxygen as a constraint on daytime deep
scattering layer depth in the southern California Current ecosystem. Deep Res Part I
Oceanogr Res Pap 104:149-158. https://doi.org/10.1016/.dsr.2015.06.006

Orphan VJ, House CH, Hinrichs KU, McKeegan KD, DeLong EF (2002) Multiple archaeal
groups mediate methane oxidation in anoxic cold seep sediments. Proc Natl Acad Sci U S A
99:7663—7668. https://doi.org/10.1073/pnas.072210299


https://doi.org/10.1073/pnas.072210299
https://doi.org/10.1016/j.dsr.2015.06.006
https://doi.org/10.1016/j.dsr.2013.04.002
https://doi.org/10.1016/j.dsr2.2007.04.010
https://doi.org/10.1016/j.dsr2.2017.12.009
https://doi.org/10.1029/2004GL021346
https://doi.org/10.7717/peerj.2387
https://doi.org/10.1016/1054
https://doi.org/10.1196/annals.1439.003
https://doi.org/10.1111/j.1095-8649.1985.tb03216.x

923
924

925
926
927

928
929

930
931

932
933

934
935
936

937
938
939
940

941
942
943

944
945
946

947
948

949
950
951

952
953
954

Pacific Fishery Management Council (2019) Pacific coast groundfish fishery management plan
appendix b part 2.

Pasulka AL, Goffredi SK, Tavormina PL, Dawson KS, Levin LA, Rouse GW, Orphan VJ (2017)
Colonial tube-dwelling ciliates influence methane cycling and microbial diversity within
methane seep ecosystems. Front Mar Sci 3. https://doi.org/10.3389/FMARS.2016.00276

Pearson M, Gage JD (1984) Diets of some deep-sea brittle stars in the Rockall trough. Mar Biol
82:247-258. https://doi.org/10.1007/BF00392406

Peek AS, Feldman RA, Lutz RA, Vrijenhoek RC (1998) Cospeciation of chemoautotrophic
bacteria and deep sea clams. Proc Natl Acad Sci U S A 95:9962-9966.

Purcell J (1977) The diet of large and small individuals of the sea anemone Metridium senile.
Bull South Calif Acad Sci 76.

Qin H, Li X, Yang Z, Shang M (2015) When underwater imagery analysis meets deep learning:
a solution at the age of big visual data. Ocean 2015 MTS/IEEE Washingt 1-5.
https://doi.org/10.23919/oceans.2015.7404463

Raineault NA, Trembanis AC, Miller DC (2012) Mapping benthic habitats in Delaware Bay and
the coastal Atlantic: acoustic techniques provide greater coverage and high resolution in

complex, shallow-water environments. Estuaries and Coasts 35:682—699.
https://doi.org/10.1007/s12237-011-9457-8

Rees SE, Austen MC, Attrill MJ, Rodwell LD (2012) Incorporating indirect ecosystem services
into marine protected area planning and management. Int J Biodivers Sci Ecosyst Serv
Manag 8:273-285. https://doi.org/10.1080/21513732.2012.680500

Reinthaler T, van Aken HM, Herndl GJ (2010) Major contribution of autotrophy to microbial
carbon cycling in the deep north Atlantic’s interior. Deep Res Part II Top Stud Oceanogr
57:1572-1580. https://doi.org/10.1016/j.dsr2.2010.02.023

Rex MA (1981) Community structure in the deep-sea benthos. Annu Rev Ecol Syst 12:331-353.
https://doi.org/10.1146/annurev.es.12.110181.001555

Riedel M, Scherwath M, Romer M, Veloso M, Heesemann M, Spence GD (2018) Distributed
natural gas venting offshore along the Cascadia margin. Nat Commun 9:3264.
https://doi.org/10.1038/s41467-018-05736-x

Rogers AD (2000) The role of the oceanic oxygen minima in generating biodiversity in the deep
sea. Deep Res Part II Top Stud Oceanogr 47:119-148. https://doi.org/10.1016/S0967-
0645(99)00107-1


https://doi.org/10.1016/S0967
https://doi.org/10.1038/s41467-018-05736-x
https://doi.org/10.1146/annurev.es.12.110181.001555
https://doi.org/10.1016/j.dsr2.2010.02.023
https://doi.org/10.1080/21513732.2012.680500
https://doi.org/10.1007/s12237-011-9457-8
https://doi.org/10.23919/oceans.2015.7404463
https://doi.org/10.1007/BF00392406
https://doi.org/10.3389/FMARS.2016.00276

955  Rosen D, Lauermann A (2016) It’s all about your network: using ROVs to assess marine
956 protected area effectiveness. Ocean 2016 MTS/IEEE Monterey 1-6.
957 https://doi.org/10.1109/OCEANS.2016.7761055

958  Rothschild L, Mancinelli R (1990) Model of carbon fixation in microbial mats from 3,500 Myr
959  ago to the present. Nature 345, 710—712. DOI: https://doi.org/10.1038/345710a0

960 Santin A, Grinyo6 J, Ambroso S, Uriz MJ, Gori A, Dominguez-Carri6 C, Gili JM (2018) Sponge

961 assemblages on the deep mediterranean continental shelf and slope (menorca channel,

962 western mediterranean sea). Deep Res Part I Oceanogr Res Pap 131:75-86.

963 https://doi.org/10.1016/j.dsr.2017.11.003

964  Seabrook S, C. De Leo F, Baumberger T, Raineault N, Thurber AR (2018) Heterogeneity of
965 methane seep biomes in the northeast Pacific. Deep Res Part II Top Stud Oceanogr 150.
966 https://doi.org/10.1016/j.dsr2.2017.10.016

967  Seabrook S, De Leo FC, Thurber AR (2019) Flipping for food: the use of a methane seep by
968 tanner crabs (Chionoecetes tanneri). Front Mar Sci 6.

969 https://doi.org/10.3389/fmars.2019.00043

970  Seibel BA (2011) Critical oxygen levels and metabolic suppression in oceanic oxygen minimum
971 zones. J Exp Biol 214:326-336. https://doi.org/10.1242/jeb.049171

972  Sellanes J, Neira C, Quiroga E, Teixido N (2010) Diversity patterns along and across the Chilean
973 margin: a continental slope encompassing oxygen gradients and methane seep benthic

974 habitats. Mar Ecol 31:111-124. https://doi.org/10.1111/j.1439-0485.2009.00332.x

975  ShenJ, Jiao N, Dai M, Wang H, Qiu G, Chen J, Li H, Kao S, Yang J, Cai P, Zhou K, Yang W,
976 Zhu'Y, Liu Z, Chen M, Zuo Z, Gaye B, Wiesner M, Zhang Y (2020) Laterally

977 transported particles from margins serve as a major carbon and energy source for dark
978 ocean ecosystems. Geophysical Research Letters, 47, ¢2020GL088971. DOI:

979 https://doi.org/10.1029/2020GL088971.

980  Sibuet M, Olu K (1998) Biogeography, biodiversity and fluid dependence of deep-sea cold-seep
981 communities at active and passive margins. Deep Res Part II Top Stud Oceanogr 45:517—
982 567. https://doi.org/10.1016/S0967-0645(97)00074-X

983  Simon-Lledo E, Bett BJ, Huvenne VAI, Schoening T, Benoist NMA, Jones DOB (2019)

984 Ecology of a polymetallic nodule occurrence gradient: implications for deep-sea mining.
985 Limnol Oceanogr 64:1883—1894. https://doi.org/10.1002/Ino.11157

986  Smith KL, Huffard CL, McGill PR, Sherman AD, Connolly TP, Von Thun S, Kuhnz LA (2019)
987 Gelatinous zooplankton abundance and benthic boundary layer currents in the abyssal

988 northeast Pacific: a 3-yr time series study. Deep Res Part I Top Stud Oceanogr 104654.

989 https://doi.org/10.1016/j.dsr2.2019.104654


https://doi.org/10.1016/j.dsr2.2019.104654
https://doi.org/10.1002/lno.11157
https://doi.org/10.1016/S0967-0645(97)00074-X
https://doi.org/10.1029/2020GL088971
https://doi.org/10.1111/j.1439-0485.2009.00332.x
https://doi.org/10.1242/jeb.049171
https://doi.org/10.3389/fmars.2019.00043
https://doi.org/10.1016/j.dsr2.2017.10.016
https://doi.org/10.1016/j.dsr.2017.11.003
https://doi.org/10.1038/345710a0
https://doi.org/10.1109/OCEANS.2016.7761055

990
991
992

993
994
995

996
997

998
999
1000
1001

1002
1003
1004

1005
1006
1007

1008
1009
1010

1011
1012
1013

1014
1015
1016

1017
1018
1019

1020
1021
1022

Sperling EA, Frieder CA, Levin LA (2016) Biodiversity response to natural gradients of multiple
stressors on continental margins. Proc R Soc B Biol Sci 283.
https://doi.org/10.1098/rspb.2016.0637

Stramma L, Schmidtko S, Levin LA, Johnson GC (2010) Ocean oxygen minima expansions and
their biological impacts. Deep Res Part I Oceanogr Res Pap 57:587-595.
https://doi.org/10.1016/5.dsr.2010.01.005

Stramma L, Schmidtko S (2019) Global evidence of ocean deoxygenation, in: Laffoley, D.,
Baxter, J. (Eds.), Ocean Deoxygenation: Everyone’s Problem. IUCN.

Sweetman AK, Smith CR, Shulse CN, Maillot B, Lindh M, Church MJ, Meyer KS, van Oevelen
D, Stratmann T, Gooday AJ (2019) Key role of bacteria in the short-term cycling of carbon
at the abyssal seafloor in a low particulate organic carbon flux region of the eastern Pacific
Ocean. Limnol Oceanogr 64:694—713. https://doi.org/10.1002/Ino.11069

Thurber AR, Sweetman AK, Narayanaswamy BE, Jones DOB, Ingels J, Hansman RL (2014)
Ecosystem function and services provided by the deep sea. Biogeosciences 11:3941-3963.
https://doi.org/10.5194/bg-11-3941-2014

Tobler M, Passow CN, Greenway R, Kelley JL, Shaw JH (2016) The evolutionary ecology of
animals inhabiting hydrogen sulfide-rich environments. Annu Rev Ecol Evol Syst 47:239—
262. https://doi.org/10.1146/annurev-ecolsys-121415-032418

Tobler M, Schlupp I, Garcia de Leon FJ, Glaubrecht M, Plath M (2007) Extreme habitats as
refuge from parasite infections? evidence from an extremophile fish. Acta Oecologica
31:270-275. https://doi.org/10.1016/j.actao.2006.12.002

Treude T, Kiel S, Linke P, Peckmann J, Goedert JL (2011) Elasmobranch egg capsules
associated with modern and ancient cold seeps: a nursery for marine deep-water predators.
Mar Ecol Prog Ser 437:175—181. https://doi.org/10.3354/meps09305

Vacelet J, Duport E (2004) Prey capture and digestion in the carnivorous sponge Asbestopluma
hypogea (Porifera: Demospongiae). Zoomorphology 123:179-190.
https://doi.org/10.1007/s00435-004-0100-0

Vardaro MF, Ruhl HA, Smith KL (2009) Climate variation, carbon flux, and bioturbation in the
abyssal north Pacific. Limnol Oceanogr 54:2081-2088.
https://doi.org/10.4319/10.2009.54.6.2081

Werner SR, Spurgeon JPG, Isaksen GH, Smith JP, Springer NK, Gettleson DA, N’Guessan L,
Dupont JM (2014) Rapid prioritization of marine ecosystem services and ecosystem
indicators. Mar Policy 50:178—189. https://doi.org/10.1016/j.marpol.2014.03.020


https://doi.org/10.1016/j.marpol.2014.03.020
https://doi.org/10.4319/lo.2009.54.6.2081
https://doi.org/10.1007/s00435-004-0100-0
https://doi.org/10.3354/meps09305
https://doi.org/10.1016/j.actao.2006.12.002
https://doi.org/10.1146/annurev-ecolsys-121415-032418
https://doi.org/10.5194/bg-11-3941-2014
https://doi.org/10.1002/lno.11069
https://doi.org/10.1016/j.dsr.2010.01.005
https://doi.org/10.1098/rspb.2016.0637

1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049

1050

Wilmers CC, Estes JA, Edwards M, Laidre KL, Konar B (2012) Do trophic cascades affect the
storage and flux of atmospheric carbon? an analysis of sea otters and kelp forests. Front
Ecol Environ 10:409—415. https://doi.org/10.1890/110176

Wishner KF, Seibel BA, Roman C, Deutsch C, Outram D, Shaw CT, Birk MA, Mislan KAS,
Adams TJ, Moore D, Riley S (2018) Ocean deoxygenation and zooplankton: very small
oxygen differences matter. Sci Adv 4:eaau5180. https://doi.org/10.1126/sciadv.aau5180

Yahel G, Yahel R, Katz T, Lazar B, Herut B, Tunnicliffe V (2008) Fish activity: a major
mechanism for sediment resuspension and organic matter remineralization in coastal marine
sediments. Mar Ecol Prog Ser 372:195-209. https://doi.org/10.3354/meps07688

Yang T, Somero GN (1993) Effects of feeding and food deprivation on oxygen consumption,
muscle protein concentration and activities of energy metabolism enzymes in muscle and

brain of shallow-living (Scorpaena guttata) and deep-living (Sebastolobus alascanus)
Scorpaenid fishes. J Exp Biol 181:213-232.

Appendices
Appendix A. Protocol used to analyze remotely-operated vehicle (ROV) dive videos in this
study.
ROV: For each observation, fill out the video file name. Fill out the observation type: activity,
habitat, substrate, lebenspurren (if applicable). Each file should have AT LEAST one of each of
these observations. Then fill out the observation (e.g. stationary: inactive, soft sediment, etc.) and
record the start and end times for each. Please use these characterizations unless something out
of the ordinary comes up; then let Jen know. Note whether the observation is within the first
minute of the video or not (Y/N).
1. Tag the video with an “activity” (what the ROV is doing) — indicate start and end times
a. Stationary: Inactive
b. Stationary: Pan/Focus (camera movement)
c. Stationary: Sampling [Sampling type (push core, slurp, grab, Niskin)]

d. Mobile: Search (exploratory)
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€.

Mobile: Transect (directed movement)

2. Tag the video with a “habitat” as they appear in the video — indicate start and end times

a.

b.

C.

d.

€.

Active Site (seep, whale fall, canyon)

Transition (some signs of activity, e.g. carbonate rocks but no bacterial mats)
Oft-site: Moving Towards

Off-site: Moving Away

Water Column (more than 3m off the bottom)

3. Tag the video with dominant “substrate” as they appear in the video — indicate start and

end times
a. Soft Sediment
b. Carbonate (only really at seeps)
c. Bacterial Mat: Full (more than 50% cover)
d. Bacterial Mat: Patchy
e. Clam Bed: Full (more than 50% cover)
f. Clam Bed: Scattered
g. Mixed (more than one substrate visible other than sediment) — specify substrates
in “notes” section
h. Make note of lebenspurren: lots of pits and burrows, ampharetids, etc.

FAUNA:

4. Please check and update the fauna identification document regularly. Name new fauna

with an identifier (e.g. color), number, or both. Also be careful to avoid typos, which will

make it difficult to sort later in the process: be consistent! Count individuals as they cross

into the lower 2/3 of the screen.
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5. Note the position of each individual.

C.

d.

On Bottom (on top of the sediment, rock): On Top, Buried, Inside

On Benthic Organism (on top of another organism that is attached to the bottom)
— note what the benthic organism is

Demersal (within one body length of the benthos)

Water Column (more than one body length from the benthos)

6. Record what substrate each individual is on or hovering over (“location”), i.e. if a jelly is

in the water column but hovering over bacterial mat, then tag this with bacterial mat. Use

the same characterizations as Step 3.

7. Determine what each individual is doing.

a.

b.

Stationary

Mobile: Swimming (active), Drifting (inactive)

Ventilating, Breathing

Feeding

Start a new line for any individual(s) that are doing different things, e.g. 5

anemones on the sediment, 2 anemones on stalked sponges

8. For high “density” areas (more than 25% of the frame), estimate the percent coverage of

the organism, start time, and end time.

9. Also note any terrestrial plants, trash, etc. in the videos.

10. Miscellaneous: Make any notes about interesting observations, i.e. there were lots of/no

particulates in the water, transition zone between brittle stars and holothurians,

continuation of sampling from the previous video, etc.
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Taxa Com | Com |Pre |Pr|Fe | Mo |Biot | Die | Calci | B | Su | Sum | Refer
mon | merc | dat | ey | edi | bili | urbat |1 ficati |o |m_ | Car | ences
name | ial or |of {ng [ty |ion |vert | on d | Fis | bon

of |ta | mo ical y | h

tar | rg | de mig si

get | et rati ze
on

Amphip | Amp |0 0 1 |1 1 2 1 1 1 |1 7

od hipod

Actinari | Ane |0 1 1 |3 0 0 0 0 2 |2 5 Purce

asp0l | mone 11,

1977

Actiniid | Ane |0 1 1 |3 0 0 0 0 2 |2 5 Purce

ae sp 01 | mone 11,

1977
Actiniid | Ane |0 1 1 |3 0 0 0 0 2 |12 5 Purce
ae sp 02 | mone 11,
1977
Actiniid | Ane |0 1 1 |3 0 0 0 0 2 |2 5 Purce
ae sp 03 | mone 11,
1977
Bolocer | Ane |0 1 I |3 0 0 0 0 2 |2 5 Purce
asp mone 11,
1977
Liponem | Ane |0 1 1 |3 0 0 0 0 2 |2 5 Purce
asp mone 11,
1977
Asterony | Brittl | 0 1 1 |4 1 3 0 0 312 11 Pears
X sp estar on &
Gage
1984,
Fujit
a&
Ohto
1988
Brisingi | Brittl | 0 1 1 |3 1 3 0 0 3 12 10 Pears
dae estar on &
Gage
1984;
Fujit
a&




Ohto

1988
Ophidiid | Brittl 9 Pears
ae sp estar on &
Gage
1984;
Fujit
a&
Ohto
1988
Ophiuri | Brittl 9 Pears
dasp 01 | estar on &
Gage
1984;
Fujit
a&
Ohto
1988
Spinophi | Brittl 9 Pears
ura estar on &
Jjolliveti Gage
1984;
Fujit
a&
Ohto
1988
Cataetyx | Brotu 13
rubirostr | la
is
Cladorhi | Carni 5 Vace
zidae vorou let &
s Dupo
spon rt,
ge 2004
Scyliorhi | Catsh 11
nidae ark
Chaetog | Chaet 8 Alvar
nath ognat ez-
h Cade
na,
1993
Lucinida | Clam 11 Peek,
e 1998




Vesicom
yidae

Clam

11

Peek,
1998

Zoanthid

Coral

Galathei
dsp

Crab

Carte

1993

Lithodid
ae sp

Crab

10

Carte

1993

Lithodid
ae sp 02

Crab

10

Carte

1993

Paguroi
dea

Crab

Carte

1993

Bolinops
is sp

Cten
ophor

Ange

1982;
Mills

1995

Ctenoph
ora spp
01

Cten
ophor

Ange

1982;
Mills

1995

Ctenoph
ora spp
02

Cten
ophor

Ange

1982;
Mills

1995

Ctenoph
ore03

Cten
ophor

Ange

1982;
Mills

1995

Lampoct
eis
cruentiv
enter

Cten
ophor

Ange

1982;
Mills

1995




Embassi
chthys
bathybiu
s

Deep
sea
sole

13

Microsto
mas
pacificus

Dove
r sole

13

Dromali
a
alexandr
I

Drom
alia

Hiss
mann

2004

Zoarcid

Eelpo
ut

13

Folliculi
nidae

Follic
ulinid

Pasul
ka et
al.,

2017

ForamO1

Fora

Foramin
ifera

Fora

Corypha
enoides
acrolepi
s

Gren
adier

13

Nezumia
liolepis

Gren
adier

13

Epatratu
S spp

Hagfi
sh

10

Merlucci
us
productu
s

Hake

13

Aeginur
a

Jelly

Ange

1982;
Larso

1991

Atolla
Spp

Jelly

Ange

1982;
Larso

1991




Jelly03

Jelly

Ange

1982;
Larso

1991

Poralia
refescen
s

Jelly

Ange

1982;
Larso

1991

Scyphoz
0a spp

Jelly

Ange

1982;
Larso

1991

Scyphoz

0a spp
02

Jelly

Ange

1982;
Larso

1991

Voragon
ema
peduncu
lata

Jelly

Ange

1982;
Larso

1991

Ophiodo
n
elongatu
s

Lingc

13

Midwate
r fish

Mid
water
fish

11

Heterop
olypus

Sp

Mush
room
coral

Octopus

Octo
pus

11

Pteropod

Ptero
pod

Ange
1&
Pugh,
2000




Bathyraj
a
SpPINosiss
mia

Ray

13

Rajidae
Spp

Ray

13

Glyptoce
phalus
zachirus

Rex
sole

13

Sebastes
Spp

Rock
fish

13

Anoplop
oma
fimbria

Sable
fish

13

Holothur
oidea

Sea
cucu
mber

Mille
ret
al.,
2000

White
Sea
Cucumb
er

Sea
cucu
mber

Mille
ret
al.,
2000

Funiculi
na sp

Sea
pen

Best,
1988

Pennatul
acea sp
01

Sea
pen

Best,
1988

Sessiliflo
rae sp

Sea
pen

Best,
1988

Asteroid
ea sp 01

Seast
ar

10

Laue

rman,
1998

Hippaste
ria sp 01

Seast
ar

10

Laue
rman,

1998

Euserge
stes
similis

Shri
mp

11

Carte

1993

Pandalo
PSis Sp

Shri
mp

10

Carte

1993

Peracari
dsp 01

Shri
mp

11

Carte

1993




Petalidi | Shri 10 Carte
um mp s,
Suspirios 1993
um
Sergesti | Shri 9 Flock
dae sp mp &
Hopk
ins,
1992
Siphono | Sipho 9
phore noph
ore
Lyopsett | Slend 12
a exilis | er
sole
Alepoce | Slick 11
phalus head
tenebros
us
Gastrop | Slug 7
od sp 01
Alia Snail 7
snail
Buccinid | Snail 7
ae sp 01
Gastrop | Snail 7
od sp 02
Provann | Snail 7
a
Liparida | Snail 12
e fish
Nemicht | Snipe 11
hyidae eel
Encrusti | Spon 6
ng ge
Sponge
Porifera | Spon 6
sp 01 ge
Porifera | Spon 6
sp 02 ge
Porifera | Spon 6
sp 03 ge
Sponge | Spon 6
ge
Gonatus | Squid 10

Sp




Rockfish
/Thorny
head

Thor
nyhe
ad

13

Sebastol
obus
alascanu
S

Thor
nyhe
ad

13

Sebastol
obus
altivelis

Thor
nyhe
ad

12

Tunicate
01

Tunic
ate

Umbellu
la sp

Umb
ellula

Strongyl
ocentrot
us

fragilis

Urchi
n

Nettasto
matidae

Witc
hface
eel

11

Merr
et,
1985

Flatwor
mO1

Wor

Flatwor
mO02

Wor

Polycha
ete01

Wor

Polycha
ete01

Wor

Polycha
ete02

Wor

Polycha
ete03

Wor

Polycha
ete04

Wor

Polynoid
ae

Wor

Chev
aldon
né,
1998

Serpulid
Polycha
ete

Wor

Born
hold

Milli
man,
1973
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Siboglini
dae

Wor

Hilar
1o et
al.,

2011




	Using deep-sea images to examine ecosystem services associated with methane seeps
	Highlights
	Introduction
	Methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References
	Appendices



