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There is a growing need for marine biodiversity baseline and monitoring data to
assess ocean ecosystem health, especially in the deep sea, where data are notoriously
sparse. Baited cameras are a biological observing method especially useful in the deep
ocean to estimate relative abundances of scavenging fishes and invertebrates. The
National Geographic Society Exploration Technology Lab developed an autonomous
benthic lander platform with a baited camera system to conduct stationary video
surveys of deep-sea megafauna. The first-generation landers were capable of sampling
to full ocean depth, however, the form factor, power requirements, and cost
of the system limited deployment opportunities. Therefore, a miniaturized version
(76 cm x 76 cm x 36 cm, 18 kg in air) was developed to provide a cost-effective method
to observe ocean life to 6000 m depth. Here, we detail this next-generation deep-sea
camera system, including the structural design, scientific payload, and the procedures
for deployment. We provide an overview of NGS deep-sea camera system deployments
over the past decade with a focus on the performance improvements of the next-
generation system, which began field operations in 2017 and have performed 264
deployments. We present example imagery and discuss the strengths and limitations
of the instrument in the context of existing complementary survey methods, and for use
in down-stream data products. The key operational advantages of this new instrument
are spatial flexibility and cost-efficiency. The instrument can be hand-deployed by a
single operator from a small craft concurrent with other shipboard operations. The main
limitation of the system is battery power, which allows for 6 h of continuous recording,
and takes up to 8 h to recharge between deployments. Like many baited-camera
methods, this instrument is specialized to measure the relative abundance of mobile
megafauna that are attracted to bait, which results in a stochastic snapshot of the
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species at the deployment location and time. The small size and ease of deployment
of this next-generation camera system allows for increased sample replication on
expeditions, and presents a path forward to advance cost-effective biological observing
and sustained monitoring in the deep ocean.

Keywords: BRUVS, Bathyal, autonomous vehicle, remote imaging, Essential Biodiversity Variables, Essential
Ocean Variables, benthic lander, scavenging megafauna

INTRODUCTION

There is a growing need for marine biodiversity baseline and
monitoring data to assess ocean ecosystem health, especially in
the deep sea, where data is notoriously sparse (Costello et al.,
2010; Levin et al.,, 2019; Rogers et al., 2020). Emerging deep-
sea methods and technologies, such as remote autonomous
benthic landers with high-definition imaging capability, can aid
international biodiversity monitoring networks (e.g., the Marine
Biodiversity Observation Network), extend observing capacity
into the deep ocean (Muller-Karger et al., 2018; Moltmann et al,,
2019; Rogers et al., 2020), and aid scientific networks (e.g.,
Biology and Ecosystems Panel of the Global Ocean Observing
System; Deep Ocean Observing Strategy) to incorporate cost-
effective biological observing capabilities into integrated deep
ocean assessments (Levin et al., 2019). Harnessing emerging
technologies for deep-sea biological observation is critical to
creating a global knowledge base of this ecosystem about which
very little is known (Levin et al., 2019).

New biological data obtained from high definition imaging
can be used to build the marine Essential Biodiversity Variables
(EBVs) (Pereira et al, 2013; Muller-Karger et al., 2018) and
biological Essential Ocean Variables (EOVs) (Miloslavich et al.,
2018; Bax et al, 2019). These variables are necessary for
ecosystem indicator development and reporting over the Ocean
Decade (Moltmann et al., 2019; Ryabinin et al., 2019; Tanhua
et al, 2019), which help to build a better understanding of
the health of ocean ecosystems. However, it is critical that
the strengths and limitations inherent to emerging observing
methods are transparent. This enables observers and users
to converge on agreed data standards and practices that
complement existing approaches (Pearlman et al., 2019). Such
transparency and data standards are necessary to ensure that data
obtained from emerging methods contribute to the development
of ecosystem indicators that address policy and management
requirements (e.g., suitable for building EBV/EOV data products)
(Hardisty et al., 2019; Jetz et al., 2019).

Autonomous  free-fall lander vehicles (untethered
instrumented seafloor platforms) for deep-sea research were
developed in the 1930s (Ewing and Vine, 1938), and have since
been used successfully to sample full ocean depth (Jamieson
et al., 2009; Hardy et al,, 2013), and for a variety of deep-sea
research purposes (Phleger and Soutar, 1971; Smith et al,
1976). Landers offer many advantages over human-operated
submersible vehicles, and ship-tethered equipment such as
Remote Operated Vehicles (ROVs), towed camera sleds, and
trawls (Isaacs and Schick, 1960; Worcester et al., 1997; Priede
and Bagley, 2000). The main advantage is that autonomous

landers enable simultaneous deployments to obtain spatial
replication of surveys, and can be conducted while the ship
performs concurrent operations, significantly optimizing
expensive ship time (Brandt et al., 2016). To unlock the potential
to sample the deep ocean at scale, autonomous lander vehicles
offer a promising direction for the future of deep-sea research
with improved sampling efficiency compared to ship-tethered
equipment (Brandt et al., 2016).

Landers equipped with baited cameras have proven to be
an especially useful tool for biological observation in the deep
ocean where food is limited (Willis and Babcock, 2000; Trenkel
et al., 2004; Bailey et al., 2007; Drazen and Sutton, 2017). The
bait attracts mobile fishes and invertebrates to the camera, and
data extracted from the footage can be used to estimate relative
abundances of these scavenging taxa (Farnsworth et al., 2007;
Harvey et al., 2007; Yeh and Drazen, 2011; Linley et al., 2016;
Leitner et al.,, 2017). Therefore, baited cameras are commonly
used to study top predator communities in the deep sea (Priede
and Bagley, 2000; Bailey et al., 2007; Yeh and Drazen, 2009;
Drazen and Sutton, 2017), and share many common sampling
features with shallow-water Baited Remote Underwater Video
Station (BRUVS) techniques (Langlois et al., 2018), so that
standards can be shared and data could be comparable among
methodologies (Whitmarsh et al., 2017).

However, due to their size and weight, many lander
vehicles still require large ships with winch capabilities to
operate them (e.g., Hardy et al, 2013; but see Phillips et al.,
2019; Gallo et al, 2020). In 2009, the National Geographic
Society (NGS) Exploration Technology Lab developed
a hand-deployable deep-sea lander and camera system
that has since been deployed opportunistically across the
world’s ocean, largely on NGS Pristine Seas expeditions (e.g.,
Friedlander et al.,, 2019; Giddens et al., 2019; Table 1). The
instrument is a remote autonomous benthic lander with
a baited camera system, and is used for stationary video
surveys of deep-sea demersal scavenging megafauna. The
first-generation landers were capable of sampling to full ocean
depth (Turchik et al., 2015) however the form factor (size
and weight), power requirements, and cost of the system
limited deployment opportunities. Therefore a next-generation
miniaturized version was developed to optimize the physical
design and scientific payload, providing improved efficiency
and a cost-effective method to observe life in the deep sea
to 6000 m depth.

In this paper we detail the novel next-generation NGS
deep-sea camera system, including the structural design and
scientific payload, and describe the methodological procedures,
including set up, deployment, recovery, and data management.
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TABLE 1 | Expeditions on which NGS deep-sea camera systems have been deployed.

Expedition Year Average Average Depth min Depth # Range of Total Average Environment EMUs represented
Latitude Longitude (m) max (m) deployments deployment footage footage per
length (hrs) (hh:mm) deployment
(hh:mm)
Puerto Rico 2010 7526 7618 2 Trench
Porcupine Abyssal 2010 ~4000 2 Abyssal plain
Plain
Salay Gomez 2011 —26.690 —106.830 552 1849 21 5-5 45:25 2:09 Oceanic island, 11,13, 33, 36, 37
Seamount
Marianas 2011 3682 10641 3 Trench
Pitcairn 2012 —24.505 —128.921 142 1585 22 5-5 QOceanic island 8, 11,13, 24, 33, 37
Tonga Trench 2012 7300 9200 2 Trench
Desventuradas 2013  —26.111 —80.288 75 2363 28 1-3 52:25 1:52 Oceanicisland, 3,8, 10, 13, 14, 26, 33,
Seamount 37
Franz Josef Land 2018 80.717 55.426 32 392 24 1-8 45:00 1:52 Arctic, Shelf 14, 29, 31, 35, 36
Mozambique 2014  —22.298 35.577 46 222 10 2-8 Shelf, Coastal 11,26
Palmyra 2014  5.868 —162.132 189 1555 11 17-24 56:51 5:10 Oceanic island 3,10, 33
Puerto Rico 2014 17.950 —65.535 2329 2329 1 Trench 36
Palau 2014  7.367 134.431 38 2400 28 3-3 36:03 1:17 Oceanic island 3, 8,10, 13, 24, 26, 33,
37
Rapa 2014  —27.646 -144.190 30 1057 15 1-3 13:25 0:53 Oceanic island 8,11,37
Chagos 2015  -6.388 72.198 34 3359 21 Oceanic island 10, 13, 14, 24, 33, 36
Solomons 2015  —8.938 158.054 28 1761 7 1-8 16:40 2:22 Oceanic island 18, 24, 33, 36, 37
Seychelles 2015  -9.713 47.182 173 2095 7 5-10 17:50 2:32 Oceanic island 13, 26, 33, 37
Selvagens 2015  30.092 —15.954 12 2294 12 3-5 46:45 3:53 Oceanic island 10, 11, 26, 36
Galapagos 2015  0.706 —91.691 531 1825 26 1-3 37:05 1:25 Oceanic island 3, 13, 33, 36, 37
Clipperton 2016 10.304 —-109.234 230 1497 14 5-10 40:00 2:51 Oceanic island 3, 8, 33, 36, 37
Revillagigedo 2016  18.889 —111.039 49 2285 15 5-10 45:00 3:00 Oceanic island 3, 10, 13, 26, 33, 36,
37
Niue 2016  —19.475 —168.951 274 2447 11 5-9 Oceanic island 3, 11,13, 14, 26, 33,
36, 37
(Continued)
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TABLE 1 | Continued

Expedition Year Average Average Depth min Depth # Range of Total Average Environment EMUs represented
Latitude Longitude (m) max (m) deployments deployment footage footage per
length (hrs) (hh:mm) deployment
(hh:mm)
Tristan 2017  -38.012 —11.732 164 1414 23 1-2 28:40 1:14 Oceanic island 8,14, 19, 36, 37
Tierra del Fuego 2017  —56.062 —67.795 53 105 12 3-9 46:19 3:51 Shelf, Oceanic 19, 31
island
Juan Fernandez 2017  -33.678 —79.786 71 1575 24 4-6 63:00 2:37 Oceanic island 8,10, 13, 33, 36, 37
Ascension 2017  —9.674 —12.798 100 2184 15 4-15 68:15 4:33 Oceanic island 10, 26, 36, 37
Yaganes 2018  -54.818 —64.648 31 505 21 1-5 51:35 2:27 Shelf, Strait 19, 30, 31
Malpelo 2018  4.029 —81.622 107 2195 29 1-6 Oceanic island 3,8, 10, 13, 26, 33, 36,
37
Azores 2018  39.100 —30.314 240 1340 42 2-12 94:05 2:14 Oceanic island, 8,10, 11, 26, 29, 36
Seamount
Islas Marias 2018  21.547 —-106.629 501 1666 10 Oceanic island 3,13, 38, 36, 37
Clarion-Clipperton 2018 15471 —154.147 1010 5296 4 3-6 7:25 1:51 Abyssal plain 3,13,14
Fracture Zone
Birdwood Bank 2018  —54.622 —63.349 75 800 6 Bank, 19, 31, 36, 37
Seamount

Antarctica 2019  63.551 60.839 90 797 25 3-3 75:15 3:00 Antarctic, Shelf 14,15, 25, 29, 35
Seychelles 2019  7.729 49.957 310 338 5 12-12 14:57 2:59 Oceanic island 10, 26
Costa Rica 2019  8.585 40.625 48 1850 28 1-3 43:45 1:33 Shelf, Coastal 3,10, 11, 13, 26, 33,

36, 37
Bermuda 2019  32.325 —64.584 4 Oceanic island
Pacific Seamounts 2019  30.859 —136.671 3675 3675 1 15 Seamount 14
Southeast Alaska 2019  57.442 —106.181 60 250 19 3-7 Fjords 19, 23, 30, 31, 37
Galapagos 2019  —0.530 —90.476 150 1500 32 3-7 77:15 2:24 Oceanic island 3,10, 33, 36
Chile 2020 -51.919 —74.003 65 600 12 1-5 16:20 1:21 Fjords 19,36

Ecological Marine Units (EMUSs) refer to numbered clusters of ecologically unique water masses (Sayre et al., 2017). Expeditions prior to 2018 (solid horizontal line) were conducted with the first-generation version of the
camera system, with the last three expeditions of 2017 (between dashed and solid horizontal lines) involving both the first-generation and next-generation systems.
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We describe instrument uses over a decade of operation (2010-
2020) and discuss the performance of the next-generation system,
which was used from 2017 onward for improved efficiency in
deep-ocean benthic observing. Example imagery is presented,
and discussed in terms of the strengths and limitations of the
observing method in relationship to existing complementary
BRUVS survey methods. The resulting data dimensions and
attributes from the observing instrument and sampling approach
are discussed in terms of suitability for use in downstream
EBV/EOV data products. This work represents a significant step
forward in improved efficiency and cost-reduction to conduct
stationary video surveys in the deep ocean, increase opportunities
for sampling, and obtain marine biodiversity baseline and
monitoring data to assess ocean ecosystem health.

MATERIALS AND EQUIPMENT
The NGS Deep-Sea Camera System

While the first iteration of the deep-sea camera system was
developed to reach full ocean depth (Turchik et al., 2015),
subsequent improvements in design and economy present
increased opportunities for deployment and use for the marine
biodiversity observing community. Below we describe the next
generation of the “mini” NGS deep-sea camera system (rated
to 6000 m depth), which is small (76 cm x 76 cm x 36 cm),
lightweight (18 kg in air), and low-cost (~ $10,000 USD to
manufacture) compared to many existing technologies. Details
of build (mechanical illustration, electrical block diagrams,
firmware state machine diagram) are available at https://github.
com/NGS-Exploration-Technology/Deep-Sea- Camera-System.

Structural Design

The physical layout of the deep-sea camera system consists of a
glass housing with external lights, a shaft that holds a bait canister,
and the release mechanism that attaches to the anchor (Figure 1).
The glass pressure housing is a 33 cm diameter, 1.2 cm thick
borosilicate glass sphere (Vitrovex, Nautilus Marine, GmbH). The
upper and lower hemispheres are sealed at the center with butyl
rubber tape followed by vinyl tape, to maintain 0.6 atm inside
the sphere during operation. The bottom hemisphere houses a
high definition (HD) camera, the camera controller, and batteries
(details below) (Figure 2A). The upper hemisphere contains the
Argos satellite beacon and VHF beacon used for recovery (details
below), and the electrical bulkhead for data download and battery
charging (Figure 2B). A set of magnet switches activates the
camera controller and the recovery beacon (Figure 2B).

The stainless steel detachable bottom shaft (4.5 cm diameter,
41 cm long) holds the bait canister, which is a removable PVC
pipe perforated with 1.3 cm holes (3.2 cm horizontal distance
between holes, 2.5 cm vertical distance between holes) to allow
the odor of the bait to disperse without loss of bait. At the
bottom of the shaft is an attachment point for the release system
(details below) and temporary anchor (Figure 1). The anchor
is comprised of a piece of biodegradable line tied to a 100%
cotton biodegradable pillowcase filled with local sand (measured
to weigh 10 kg). With a 10 kg anchor, the instrument descends

at ~ 1.1 m/s. The anchor line extends 2 m from the seafloor
to optimize the field of view to both capture large mobile
scavenging megafauna and allow for identification of organisms
on or above the benthos.

The release system consists of a single-use burn-wire and a
back-up Galvanic Time Release (GTR) (Neptune Marine Supply)
(Figure 1). The primary burn-wire system consists of a stainless
steel nylon-coated wire with a 6 mm section of coating removed.
The exposed wire is connected to a bolt. At the user-designated
pre-programmed time, these components are energized via the
camera controller and pressure-housing bulkhead, which causes
the exposed wire to disintegrate through electrolytic erosion.
This releases the anchor, and the camera system ascends to the
surface under its own buoyancy (9.28 N) at ~ 1 m/s. Should
the primary release mechanism fail, the GTR serves a back-up
function. The GTR (secured between the shaft/burn-wire and
the anchor system) begins corroding upon immersion in salt
water, and takes between 24 and 36 h to completely disintegrate,
depending on seawater temperature and salinity.

The recovery beacon is activated with a magnet switch, and
consists of a 401 MHz Argos satellite transmitter (Telonics), for
global tracking, and a 150 MHz VHF transmitter (Telonics) (for
short-range tracking). The beacon is powered by four parallel
3.6 V, 3.4 Ah lithium ion primary batteries, with 1-year battery
life in continuous operation. The camera controller consists of a
custom-designed PCB based on the Microchip Technology PIC24
series microcontroller. A single waterproof bulkhead (BH10FTI,
SubConn), externally located on the upper hemisphere, provides
an electrical connection for charging and data retrieval and can be
accessed through this bulkhead. The camera system is powered
by a bank of 14.4 V, 2.6 Ah lithium ion batteries providing
337 Wh., with the capacity for 6 h of video recording with
illumination (see Supplementary Table 1 for battery-duration
field-testing results).

The deep-sea camera system uses a high efficiency LED
lighting system (Cree XLamp CMT1930 LED), which consists of
two lights each placed approximately 318 mm from the center of
the sphere, with a viewing angle of 115°. The lights are angled
downward at a constant 45° from the horizontal plane, with an
illumination of 1530 Im and a color temperature of 4000 K.

Scientific Payload

The camera is a Sony Handycam, FDR-AX33 4K Ultra-High
Definition (3840 x 2160) video camera with a 20.6 megapixel
still image capability. The camera is fixed at a 45° declination
from the horizontal plane and has a 35 mm equivalent focal
length of 29.8 mm, which results in a horizontal 62.27° and a
vertical 37.53° angular field-of-view. The camera has a wide-
angle adapter, which provides a 0.70 nominal magnification
factor. Video is stored as an mp4 file. Typically the camera
is programmed to record 2 out of 10 min, and turns on
10 s before the lights, though mission parameters are fully
customizable depending on user needs, programmed through
the externally located electrical bulkhead. Additionally, onboard
sensors measure temperature (Texas Instruments, LM34CAZ)
and pressure (Keller, 7LY HP) for each deployment.
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FIGURE 1 | Structural design of the NGS deep-sea camera system, with detail of the release system.
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METHODS

The objective of this method is to conduct stationary video
surveys of bathyal demersal mobile scavenging megafauna, and
to contribute fish and invertebrate abundance and distribution
observations to the global ocean and biodiversity observing
community. The deep-sea camera system deployment process
has four stages: setup (~ 30 min.), deployment (~ 15 min.),
recovery (depends on sea state), and data management
(30 min download time for 1 h of video footage). Battery-
charging time can take up to 8 h. The set up process
includes testing and loading the mission, setting up the
release mechanism, attaching the anchor, and loading the bait.
Further details for each step are found in the Users Manual
at https://github.com/NGS-Exploration-Technology/Deep-Sea-
Camera-System.

Deployment Process

Deploying the camera system takes one or two people, and
can be done from a range of craft sizes, from small rigid
inflatables to a large research vessel. If the water line is not
directly accessible from a vessel, a slip line can be used to lower
the instrument slowly into the water, however, it is preferable
to remove any unnecessary lines as they present opportunity
for entanglement.

The video survey time is programmed prior to deployment.
It is likely that deep-sea camera deployments should last a
minimum of 6 h, even at the shallow depth-range (e.g., 200 m),
based on the bait plume detection (Priede and Merrett, 1998;
Jamieson, 2016). Just prior to deployment, the beacon and camera
system are activated by removing magnets that otherwise keep
those systems off. A GPS location and time (UTC) is marked
upon deployment. Based on the pre-programmed deployment
time, and the calculation of ascent rate, the operator can
estimate the expected time of surfacing, and arrive to the
deployment area for device recovery, ready to retrieve the
camera upon surfacing.

For instrument recovery, if the operator is within several
hundred meters of the device, it can be detected visually by the
high-visibility orange flag (during daylight hours) or reflective
bands on the flag (during nighttime hours). Additionally, external
lights flash every 10 s once the mission timer has elapsed, aiding
visual detection at night. If the operator on the open ocean
is within 10 km of the device at the surface, the bearing for
navigation can be determined using a directional Yagi antenna
with a radio receiver tuned to the specific frequency of the
instrument’s VHF beacon. The radio signal is, however, inhibited
by landmasses and should be considered when deploying in
settings such as fjord lands or around small islands. Beyond
10 km distance, the operator can track the device using location
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Beacon batteries

. Vacuum port

Vacuum bulkhead

Temperature sensor

Vacuum port

Camera magnet

Beacon magnet

Camera Communication Bulkhead

FIGURE 2 | (A) Two hemispheres of the NGS deep-sea camera system; lower hemisphere (right) contains the high definition (HD) camera; upper hemisphere (left)
contains the Argos satellite beacon and VHF beacon, and the electrical bulkhead for data download and battery charging; (B) outside view diagram of upper
hemisphere; communication bulkhead in the center, along with magnets, sensors, and vacuum port.

fixes from the Argos satellite network forwarded to an operator’s  sea state, broadcast signal strength, etc.) therefore this system
satellite phone. Fair seas and frequent Argos satellite passing can  should be used only in case of unforeseen circumstances (e.g.,
provide a location fix with an accuracy of within 250 m. However,  early release, deteriorated sea state prohibiting retrieval when the
the accuracy of the location coordinates can vary greatly (e.g., device first reaches the surface).
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Following retrieval, video footage and sensor data are
downloaded from the device to an external hard drive and
the system batteries are recharged. All of this is executed
through the single waterproof bulkhead, thus the hemispheres
do not need to be separated between deployments, and barring
unforeseen complications, should be able to remain intact
throughout the duration of an expedition. The same bulkhead
and cabling used for data download is also used to set the next
mission’s parameters.

Data Management

To efficiently process and manage the data, the video files are
stored in “Tator,” which is a cloud-based collaborative video
annotation platform developed by CVisionAI'. Annotations
are made in Tator and proceed from a standard annotation
methodology currently in development for the NGS deep-sea
camera system’s remote video surveys (Marsh et al., in prep). This
annotation protocol is Darwin Core compliant with standardized
taxonomic nomenclature according to the World Register of
Marine Species (WoRMS), and adheres to the Ocean Biodiversity
Information System (OBIS) data standard formats for image-
based marine biology (Costello et al., 2013; De Pooter et al., 2017;
Provoost et al., 2017). Uncertainty classification is provided with
controlled vocabulary according to the “Open Nomenclature”
standard identification qualifiers (e.g., comments on video quality
and taxonomic identification resolution) (Sigovini et al., 2016).

Metrics and Biodiversity Analyses

In the video analysis stage, annotations are made from the video
footage to identify species to the highest taxonomic resolution,
and obtain a relative abundance metric (maximum number per
frame, or MaxN). The maximum number of individuals of each
species in a video frame, rather than a total tally per deployment,
is recorded to ensure that individuals are not double counted
(Langlois et al., 2018). Other variables that may be quantified
from this approach include time of first arrival of a taxon, and
time at which the maximum number of a taxon is observed, time
being relative to the landing of the device on the seafloor (e.g.,
Leitner et al., 2017; Linley et al., 2018).

To assess biodiversity across sites, Hill numbers (the effective
number of species) can be used as a unified way to compare
measures of biodiversity with varying sample coverage (Chao
et al, 2014). Coverage-based rarefaction (interpolation) and
extrapolation (prediction) curves with a bootstrap routine can
be produced in R (INEXT package; Hsich et al., 2016), and
used to estimate asymptotic diversity. For example, Giddens
et al. (2019) used data from the deep-sea camera system to
produced fish family accumulation curves for four sites in the
Tropical Eastern Pacific, and found that sample completeness
ranged from 84.3% at Clipperton (13 deployments) to 100%
at Malpelo (19 deployments). Further, multivariate statistics
and generalized hierarchical models can be used to compare
community structure between depths and habitat types and,
coupled with publicly available oceanographic data, across

Uhttp://cvisionai.com/

regions to evaluate environmental drivers of biodiversity (e.g.,
Giddens et al., 2019).

RESULTS

NGS Deep-Sea Camera System Uses

With the NGS deep-sea camera system, 595 deployments have
been conducted on 39 expeditions from 2010 to 2020 (Table 1).
For the next-generation version, which was used from 2017
onward, 264 deployments were conducted on 17 expeditions.
Deployments for the next-generation system ranged in depth
from 31 to 5296 m, and in duration from 7 to 94 h per expedition.
Deployment length ranged from 1 to 12 h, and the average
video length obtained per deployment ranged from 1 h 21 min
to 4 h 33 min per deployment (Table 1). Example imagery
is shown in Figure 3, illustrating a diversity of taxa, habitats,
depths, and geographies imaged during expeditions. Complete
annotations for all previous expeditions are still in process, thus
the number of organisms observed in this dataset are not reported
here. However, previous studies have assessed local biodiversity
and community composition from shallow to deep ecosystems
(e.g., Friedlander et al., 2019) performed regional comparisons
in bathyal demersal scavenging megafauna (e.g., Tropical Eastern
Pacific; Giddens et al., 2020), published new species records
(e.g., Galapagos; Buglass et al., 2020), and described novel
behavioral observations (e.g., Eastern Pacific Black Ghost Shark
[Hydrolagus melanophasmal; Giddens et al., 2020).

The NGS deep-sea camera system has been used across
a variety of different geomorphological zones and habitats
(Table 1). It has been used extensively on seamounts (e.g., Easton
et al., 2017; Buglass et al., 2020), in oceanic island/archipelagos
(e.g., Giddens et al,, 2020), polar shelf areas (e.g., Friedlander
et al., 2020) and fjordlands (Chile, Southeast Alaska; Table 1).
While the first-generation landers made exploratory deployments
to hadal zones in ocean trenches (e.g., Puerto Rico, Tonga and
Marianas Trenches) up to 10,641 m depth, the majority of
deployments made with the next-generation deep-sea camera
system have been conducted in <3000 m (Table 1). The current
deployment dataset represents 19 of the 37 different Ecological
Marine Units (EMUs; Sayre et al,, 2017), with deployments
in water masses of varying temperatures, oxygen levels, and
chemical properties (nitrate, phosphate, silicate) (Sayre et al,
2017). Most expeditions represented 4-6 different EMUs, with
some expeditions in the Pacific Ocean sampling up to 8
different EMUs (e.g., Desventuradas, Palau, Niue, Malpelo, Costa
Rica) (Table 1).

The deep-sea camera system is usually deployed and recovered
once per day from the main ship or a support vessel (e.g.,
zodiac), while other operations are carried out simultaneously.
The device can be hand-deployed and requires just one operator.
Typically, 2-4 instruments are brought on expeditions to
allow for simultaneous deployments. This spatial flexibility and
cost-efficiency in deployment operations, including reduced
ship and personnel time required, are the key operational
advantages of this method over larger lander systems and ship-
tethered equipment.
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Antarctic shelf; (F) Bathyraja spinosissima, at 2193 m at Malpelo Island.

FIGURE 3 | Example imagery from NGS deep-sea camera system: (A) Hexanchus griseus, Dalatias licha, Synaphobranchidae, and Mora moro, at 880 m on a
seamount in the Azores; (B) Liparid at 951 m at Malpelo Island; (C) Elongate taxa, Synaphobranchus sp., at 820 m in the Azores; (D) Benthic taxa in background of
a frame can be difficult or impossible to confidently identify; 301 m on the Antarctic shelf; (E) Siphonophora and light-attracted krill (Eupahsiidae); 298 m on the

The main limitations of the method are battery power,
which limits recording time to 6 h in total per deployment,
and the battery charging time between deployments, which
can take up to 8 h. However, because of the single bulkhead
for data retrieval, battery charging, and mission programming,
the pressure housing remains sealed over the course of the
expedition, which makes the deployment turnaround process
simple and relatively time efficient. Thus, the system can be
in near continuous operation over the course of an expedition,
factoring in time for data retrieval and battery charging.

NGS Deep-Sea Lander Performance

The next-generation NGS deep-sea camera system performed
successfully over the 264 deployments conducted since 2017
(Table 1). The instrument has been recovered on 100% of

its deployments, though it has relied on the back-up release
mechanism (GTR) and back-up Argos satellite tracking system
on occasion. Release issues were most commonly due to flawed
electrical connection to the burn-wire (user error in set up), or
sharks biting the burn-wire release cable causing an early release.
In the Seychelles, surface currents were strong enough that after
a shark-induced early release, the system was carried away from
the deployment site. In this case, the Argos satellite tracking
provided device location after surfacing. On one occasion in
the Galapagos (Tropical Eastern Pacific), the device became
entangled with the substrate after release, but eventually freed
itself and was recovered using the Argos satellite tracking system
on the surface. The first-generation system suffered two losses
in ocean trenches and abyssal plains >6000 m, surmised to be
from defects in the glass that caused a catastrophic implosion
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(Turchik et al., 2015). However, for the next-generation system
described here, no structural errors persist and the instrument has
performed successfully on its 264 deployments above 6000 m.

NGS Deep-Sea Imaging System

Performance

The NGS deep-sea camera system has produced high-quality
imagery of the deep-benthos (Figure 3). The system is designed
to optimize the survey field of view and the ability to identify
distinguishing characteristics of mobile taxa (e.g., pectoral
and anal fins, head characteristics) (Figures 3A,B,F). This
optimization is achieved with the oblique camera angle, which
permits larger areas of seafloor to be visible compared with
downward-facing (vertical) photography (Jamieson, 2016). This
combination of camera and angle (Ultra-High Definition at
45°), LED lighting (1530 lm), and altitude (2 m above the
seafloor) provides sufficient field of view (horizontal = 62.27°,
vertical = 37.53°) and lighting to identify large mobile taxa.
However, small sessile fauna (e.g., meiofanua, infauna) in
the background of a frame can be difficult or impossible to
confidently identify (e.g., Figure 3D), therefor this method
focuses on assessments of mobile megafauna.

The NGS deep-sea camera system is free to spin in full 360-
degree rotation around the anchor line axis, typically due to
current, or an animal coming into physical contact with the
camera. One disadvantage of this design compared to downward
facing cameras, is that if the angled camera is facing away
from where the animal is approaching, the video could miss
the exact time of arrival (Jamieson, 2016). To capture the
variability of survey area observed, rotation degree is recorded
in the annotation process, quantified as a portion of a full
360-degree view (e.g., 90, 180, 270, and 360) represented
during the deployment.

One challenge in animal identification with the current system
is that the bait canister is situated below the camera and outside
the field of view (Figure 1). Initially designed to keep the
video frame unobstructed, this placement can, however, make
taxonomic identification more challenging, as some animals
approach the bait and obscure the camera lens. Future design
improvements are planned to modify this feature so that the bait
is within the field of view to aid in species identification to the
highest possible taxonomic resolution.

DISCUSSION

The next-generation NGS deep-sea camera system and
deployment process has proven to be a robust and efficient
deep-sea stationary video survey method. To ensure that data
obtained is suitable for downstream use in EBV/EOV data
product development, and interoperable with existing survey
methods, we discuss the strengths and limitations of the method
for consideration in future use.

Advantages and Limitations of Method
A major advantage of the NGS deep-sea camera system method,
as with other BRUVS, is that it is a non-extractive technique,

and can be used in delicate habitats (e.g., deep-sea coral gardens)
(Jamieson, 2016; Whitmarsh et al., 2017; Levin et al., 2019).
Further, for fish communities, an advantage of video rather
than physical sampling, is that slender bodied species (e.g.,
Synaphobranchus sp.) (Figure 3C) can escape through mesh
used in physical sampling, creating a sampling artifact based
on body-size and form (Clark et al, 2016). However, as a
BRUVS survey method, the NGS deep-sea camera system is
specialized to assess a target group (mobile predators with
scavenging tendencies that are attracted to the bait), and is
not intended to gather data on the full biological community
(Farnsworth et al., 2007; Yeh and Drazen, 2011) as this
method cannot consistently image small sessile fauna (e.g.,
meiofanua, infauna) (Bailey et al., 2007; e.g., Figure 3D).
Further, chance encounters with non-attracted species (e.g.,
Siphonophora, Figure 3E) are not uncommon, but should be
analyzed separately from bait-attracted taxa. Similarly, some
animals are attracted not by the bait, but by some other
disturbance introduced by the camera system, such as light
(e.g., Eupahsiidae, Figure 3E). These non-bait-attracted animal
observations are noted during video review and annotation,
and filtered accordingly in statistical analyses and inference of
the mobile scavenging megafaunal assemblage. This limitation
should be transparent in any presentation or discussion of the
interpreted data.

Measures of density per unit volume are not obtained
directly from survey footage because the current speed and
direction affect the bait plume area of detection (Priede
and Merrett, 1998). Therefore, any measure of density from
baited cameras is considered theoretical based on models
of the bait plume over distance and time (Priede and
Merrett, 1998; Jamieson, 2016). The odor detection threshold
is unknown for most species, however theoretical models
predict a plume area of 0.6 km? after 6 h, and 2.4 km?
after 12 h (assuming an average current speed of 0.05 ms™!)
(Jamieson, 2016). Relative (rather than absolute) measures of
abundance (MaxN) from the resultant footage is emphasized
in data products and metadata to acknowledge the systemic
bias of the method, not only for bait-attracted fauna in general,
but also for varying behavior effects within the scavenging
and predator assemblage (e.g., behavior to different bait-
types, and species-specific reactions to artificial illumination).
Species-specific reactions are expected to be consistent across
sampling, so relative estimates are achievable with a consistent
survey method. With these caveats noted, this method is
specialized to measure the relative abundance and distribution
for target taxa.

Avoidance Behavior

Many deep-sea species are highly sensitive to artificial
illumination, and so are repelled rather than attracted to
the survey area (Fitzpatrick et al, 2013). While there is no
evidence for absence of species due to artificial illumination,
visual impairment can result in behavior change and thus
uncertainty in baited camera results (Jamieson, 2016). A variety
of animal responses to light are noted in the literature and range
from blindness for some species to no effect for others (Jamieson,
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2016). For example, deep-water eels (Synaphobranchus kaupii)
decreased in numbers with illumination (Bailey et al., 2005) and
sablefish (Anoplopoma fimbria) showed a flight response with
white, but not far red light (Raymond and Widder, 2007). The
Eastern Pacific Black Ghost shark (Hydrolagus melanophasma)
was deterred from un-baited ROV surveys (James et al., 2009),
however we saw no flight response in this species when using
the NGS deep-sea camera system at Clipperton Atoll in the
Tropical eastern Pacific (Giddens et al., 2020). As baited cameras
typically use lower intensity and less-sustained illumination,
compared to ROV and submersible surveys, the BRUVS
method is less likely to disturb deep-sea fauna (Jamieson,
2016). Because of the systemic bias of artificial light introduced
to a dark environment during deep-sea deployments, it is
important that lighting intensity remains consistent among
video surveys, in order to produce comparative relative estimates
of biodiversity and community composition among locations
(Hammerschlag et al., 2017).

For bait-selection, fishes that are native to the experimental
site are more representative of the natural setting (Jamieson,
2016). Therefore, the specific bait type will vary among sampling
campaigns specific to the region (Langlois et al., 2018). However,
the use of deep-sea fish as bait may cause avoidance in
conspecifics (Barry and Drazen, 2007), so surface-dwelling or
pelagic fishes of the region should be used.

Sampling Approach

The current NGS deep-sea camera system dataset (from years
2010 to 2020) consists of baseline observations and opportunistic
sampling with point video surveys, producing species inventories
for bait-attracted fauna. However, given the opportunistic
model, past sampling campaigns rarely sampled evenly among
depth strata and habitat types. Given variation in detectability
among species and habitats, species-absences may be less-reliably
measured by opportunistic point video surveys (Jetz et al,
2019). Especially for mobile groups such as predators and
scavenging megafauna, larger or longer-lasting survey campaigns
offer more reliable evidence of taxon absence. Repeated surveys
that use a standardized protocol for sampling presence-absence
at multiple time points are currently in development. Metadata
reporting for each campaign, past and planned, will provide
information about the extent, resolution, measurement units,
and uncertainties of spatial, temporal, and taxonomic data
dimensions (Jetz et al., 2019).

Deployment Time per Depth

Generally, as depth increases, faunal density decreases over the
vast expanse of the seafloor (Schiaparelli et al., 2016). Therefore,
it is expected that with greater depth, a longer sampling time
is needed to assess biodiversity and scavenger community
composition with baited camera surveys (Whitmarsh etal., 2017).
Sampling methods for shallow-water BRUVS (e.g., 0-100 m) are
well established, and consistently use 1-hour deployment times
(Langlois et al., 2018). However, the optimum sampling time
in bathyal and abyssal depths are still unknown (Whitmarsh
et al.,, 2017). To optimize deep BRUVS deployment protocols, a
measure of the minimum time for video deployments per depth

strata is needed to ensure adequate sampling for MaxN without
diminishing returns on recording time invested (Giddens et al.,
in prep). Further, as the density of organisms is expected to vary
with levels of particulate organic carbon (POC) reaching the
deep-sea from the surface waters (Levin et al., 2001) measures
of time-to-MaxN should be determined for an array of seascape
regimes (Giddens et al,, in prep).

CONCLUSION

The deep ocean presents a unique challenge for biological
observing. While the density of any kind of data in the deep ocean
is low, this is especially true for biological observations (Levin
et al., 2019). Routine observations over time will be essential
for environmental monitoring of the deep ocean, especially
for Ecosystem Impact Assessments associated with resource
extraction, area-based management, and climate change studies
(Levin et al., 2019). To attain this data requirement efficiently,
there is a need to incorporate emerging technology, such as low-
cost imaging, into observing strategy plans (Canonico et al., 2019;
Levin et al., 2019).

The next-generation NGS deep-sea camera system described
here is a low-cost, lightweight device that can be deployed
from nearly any vessel and added to an existing monitoring
program to extend biological observing capacity into the deep
sea. By detailing the deep-sea camera system elements and
deployment protocols, along with the strengths and limitations
of the method, our intention is to connect this information
with ocean observers using similar methods and sampling
approaches, and work toward common data standards to enable
interoperability. Harmonized data streams can be used in
conjunction to measure and report on the status of benthic fish
assemblages at a global scale, and advance decadal goals for
an integrated ocean observing system (Pearlman et al, 2019;
Ryabinin et al., 2019).
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