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The abyssal seafloor makes up three quarters of the ocean floor, and it is generally characterized as a food-limited
habitat with low numbers of megafauna, particularly fishes. Baited camera observations from three abyssal
seamount summits in the equatorial Pacific challenge this idea. On each of two deployments at the southernmost
seamount, over 100 synaphobranchid eels (Ilyophis arx) were recorded feeding on standard bait (1 kg mackerel).
This is the highest number of fishes per kg of bait ever recorded below 1000 m, including observations from large
organic falls such as cetacean and shark carcasses. It is also the highest number that has ever been recorded at

ccz carrion of any kind or size at abyssal depths. We suggest an abyssal ‘seamount effect’ may be responsible,
highlighting the potential importance of seamounts in structuring abyssal communities.

1. Introduction

About 75% of the seafloor is at abyssal depths (3000-6000 m),
making it the largest benthic habitat globally (Harris et al., 2014; Priede,
2017). Though only a very small portion of this habitat has been
sampled, explored, or even mapped, the existing body of abyssal work
has generally characterized the abyssal ocean as food-limited, with low
megafaunal abundances, especially for fishes, compared to shallower
depths (Priede, 2017; Smith et al., 2008). Estimates of density and
community composition for abyssal fishes in general vary globally,
regionally, and locally due to environmental, oceanographic, and
bathymetric conditions, as well as sampling methodology (Drazen et al.,
2019; Fleury and Drazen, 2013; Leitner et al., 2017; Linley et al., 2017;
Priede and Merrett, 1996; Yeh and Drazen, 2011). Mean densities are
consistently low globally, ranging from 100s to a few 1000s of in-
dividuals per square kilometer across ocean basins as well as across
topographic and oceanographic gradients (Bailey et al., 2006; Cousins
et al., 2013; Drazen et al., 2019; Fleury and Drazen, 2013; Leitner et al.,
2017; Linley et al., 2017; Merrett et al., 1991; Milligan et al., 2016;
Pearcy et al., 1982; Priede and Merrett, 1996; Yeh and Drazen, 2011,
also see Fig. 3c). Despite their low numbers, fishes play important roles
in the abyssal ecosystem as scavengers and top predators (Drazen and

Sutton, 2017). As predators, they exert top-down pressures that can
control prey populations across wide scales, and as scavengers they
redistribute organic carbon across the seafloor and influence energy
flow and nutrient cycling in the deep sea (Drazen et al., 2008; Drazen
and Sutton, 2017).

Abyssal fish communities are notoriously difficult to quantify. Trawls
typically find lower abundances than visual transect methods (e.g.
Cailliet et al., 1999; Lauth et al., 2004; Milligan et al., 2016), and some
transecting studies are biased by some species’ avoidance of noise and
light (Ayma et al., 2016; Trenkel et al., 2004). Both due to this avoidance
and low densities, visual transecting methods often report fishes in a
very low percentages of frames; for example, one extensive camera
survey (~71,000 images) on the northeast Atlantic abyssal plain re-
ported fish in <0.3% of images (Milligan et al., 2016). Low observation
rates make studying these important animals a challenge. Baited cam-
eras provide an efficient and unobtrusive alternative method for
observing large numbers of abyssal fishes, scavengers, and predators, as
they mimic natural food falls where these animals naturally congregate
and which make up a regular part of their diet (Drazen and Sutton, 2017;
Priede, 2017). This method overcomes some of the challenges of low
densities, high mobility, and high sensitivity by using bait to attract
individuals from a surrounding area for census before a camera. Relative

* Corresponding author. Monterey Bay Aquarium Research Institute, 7700 Sandholdt Rd, Moss Landing, CA, 95039, USA.

E-mail address: aleitner@mbari.org (A.B. Leitner).

https://doi.org/10.1016/j.dsr.2020.103423

Received 19 September 2020; Received in revised form 22 October 2020; Accepted 23 October 2020

Available online 17 November 2020

0967-0637/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:aleitner@mbari.org
www.sciencedirect.com/science/journal/09670637
https://http://www.elsevier.com/locate/dsri
https://doi.org/10.1016/j.dsr.2020.103423
https://doi.org/10.1016/j.dsr.2020.103423
https://doi.org/10.1016/j.dsr.2020.103423
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr.2020.103423&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.B. Leitner et al.

abundances can be extracted from the image data and compared using a
conservative relative abundance metric MaxN, the maximum number of
individuals of a single taxon in a single video frame or photo. Since its
inception (Priede et al., 1990), this measurement has become a standard
relative abundance metric in the baited camera literature (e.g. Cappo
et al., 2006; Drazen et al., 2019; Jamieson et al., 2017; Leitner et al.,
2017; Linley et al., 2017; Priede and Merrett, 1996). In addition, abso-
lute densities can be estimated given current speeds, fish swimming
speeds, and times of first arrival (TOFA) or arrival rate by making some
assumptions about fish distributions and behavior (Farnsworth et al.,
2007; Priede et al., 1990; Priede and Merrett, 1996; Sainte-Marie and
Hargrave, 1987). Mean densities calculated with these techniques can
be comparable to other estimation methods (e.g. Priede and Merrett,
1996), although more recent studies have cast doubt on the utility of the
TOFA method (Conn, 2011; Schobernd et al., 2014; Yeh and Drazen,
2009).

Here we report unprecedented observations of large aggregations of
fishes (synaphobranchid eels) at baited cameras on abyssal seamounts in
the western Clarion Clipperton Zone (CCZ) in the central Pacific Ocean,
which challenge the paradigm of universally low abyssal fish density
and show that abyssal seamount summits are capable of supporting high
abundances of top predators and scavengers. We describe the estimated
fish abundance, body mass, swimming speed and scavenger travel dis-
tances at an abyssal-depth seamount summit from baited camera video.
We then compare the findings at this seamount to two further abyssal
seamount summits in the western CCZ region. Finally, we review these
findings in the broader context of global baited camera experiments and
food falls to show that our observations represent the highest number of
fishes ever observed at one time at abyssal depths, and the largest
number of fishes ever observed per kg of carrion below 1000 m. We
discuss these findings in the context of a ‘seamount effect’.
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2. Methods
2.1. Study area

All observations were made during the DEEPCCZ cruise aboard the
RV Kilo Moana to the western CCZ in May—June 2018 (Drazen et al.,
2019). This expedition investigated a single seamount and the adjacent
abyssal plain in each of three Areas of Particular Environmental Interest
(APEIs; Fig. 1 inset), areas protected from deep sea mining activities by
the International Seabed Authority (Wedding et al., 2013). The sea-
mounts were selected to have summits >1000 m above the abyssal plain
and with flat areas suitable for lander deployments.

We focus primarily on observations from a previously unmapped,
elongated abyssal seamount in the southeasternmost APEI (APEI 7; 4.9°
N —141.7° W), with a summit depth of 3112 m (Fig. 1). For comparison,
we also discuss observations from two additional abyssal seamount
summits (3497 and 4218 m water depth) in APEIs to the northwest
(APEI 4 and 1; 7.2° N —149.7° W and 11.5° N —153.7° W, respectively;
Suppl. Fig. 1,2).

2.2. Environmental characterization

Seamount targets were chosen based on data from the Shuttle Radar
Topography Mission (SRTM30 PLUS) 30 arc-second global bathymetry
grid (Becker et al., 2009), which combines high resolution (~1 km)
ship-based bathymetry data with ~9 km satellite-gravity data (http://t
opex.ucsd.edu/WWW_html/srtm30_plus.html). Upon arrival at the tar-
geted seamounts, bathymetry data was collected using the R/V Kilo
Moana’s deep-water multibeam system (12 kHz Simrad EM120,
Kongsberg Maritime, UK) while maintaining a ship speed of 8 knots.
Raw pings were manually edited in near real time using the software
Qimera. Sound velocity profiles were taken every 6 h during surveys.
Processed multibeam bathymetry was then used to find suitable lander
deployment sites (large, flat areas atop each seamount).

Fig. 1. Maps of the sampled area in
APEI 7. Inset shows the focus seamount
location (green point inside red rect-
angle) in the wider Clarion Clipperton
Zone, with the Hawai’ian islands and
the tip of Baja California for reference.
Colored polygons are current mining
exploration contract areas (orange) and
mining reserved areas (yellow), and
white numbered squares are Areas of
Particular ~ Environmental Interest.
Other green points show the locations of
the two additional seamounts sampled
(locations in Table 2). The red rectangle
shows extent of the detailed map
showing the focal seamount; multibeam
bathymetry (in color; depths in meters)
overlays existing satellite estimated ba-
thymetry (SRMT 30+ satellite bathym-
etry, greyscale). Green squares show
locations of baited camera deployments.
Green stars indicate baited trap loca-
tions. Black line segments represent
ROV transects. Contour intervals are
500 m. The seamount base is at 4600 m
depth, summit at ~3000 m, and
seamount base widths (roughly north to

142°0'0"W 141°50'0"W

south) at deployment locations are ~6.0
and ~7.0 km. (For interpretation of the
references to color in this figure legend,
the reader is referred to the Web version
of this article.)

141°40'0"W
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Fig. 2. a) MaxN (the single frame with the highest number
of individuals of a single taxon) for each 2-min video clip
for Ilyophis arx for each deployment versus time in min
since lander touchdown on bottom. Blue lines represent
deployments from APEI 7, the green line from APEI 4, and
the magenta point represents the single observation of
L arx from APEI 1. DC12 is not shown on the plot because
no eels were observed during that deployment. b) The
synaphobranchid swarm at the bait from the first camera
deployment on the abyssal seamount in APEI 7 at MaxN
(N=115) for Ilyophis arx, which is the highest MaxN for all
deployments and marked in a) by the star. This frame was
captured 412 min after lander touchdown at a depth of
3083 m. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version
of this article.)
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POC flux for each study location was estimated from data pre-
sented in Lutz et al. (2007). Decadal mean chlorophyll for each
deployment site was calculated from monthly average 4-km resolution
science quality satellite chlorophyll data obtained from the NASA
Aqua MODIS satellite for the 10 years prior to the deployment date
(https://coastwatch.pfeg.noaa.gov/erddap/griddap/erdMH1chlamday.
html)). An upward-looking current meter (Aquadopp 6000, Nortek AS,
Norway; 1.45 m above the seafloor) mounted on the baited camera
system (see below) provided touchdown time, bottom depth and
temperature, and current velocity measured at 1-min intervals.

2.3. Observations of bait-attending fish

2.3.1. Observations from baited video camera deployments

We used the DeepCam baited stereo camera video system (Leitner
et al.,, 2017). This system is geometrically calibrated using the CAL
software by SeaGIS (www.seagis.com.au) to provide precise

measurement of both the field of view (1.86 m? seafloor calculated with
direct measurements of field of view extent with the EventMeasure
software by SeaGIS) and the animals in view. Deployment details appear
in Table 1. Each deployment used 1 kg of mackerel (Scomber sp.) bait
placed ~1.5 m in front of the camera lens.

Video was recorded for 2 min of every 10 min, with each recording
period separated by an 8-min lights-off interval. The interval was chosen
to maximize battery life while minimizing possible light disturbance on
bait-attending animal behavior (e.g. Leitner et al., 2017). Total
deployment bottom times ranged from 16.5 to 27.9 h.

All bait-attending and incidental megafaunal specimens observed in
the video were enumerated and classified to the lowest possible taxo-
nomic resolution, although for the purposes of this manuscript, we focus
only on the synaphobranchid (cutthroat) eels (Johnson 1862; Teleostei
infraclass and Anguilliformes order). Results from the entire bait-
attending assemblage are to be reported in a subsequent paper (Leit-
ner et al. in prep). Individual bait-attending synaphobranchid eels
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Fig. 3. A) Number (MaxN) of scavenging fish per kg of carrion by depth from
reviewed papers and this study (denoted with black square) from all types of
carrion: whale fall (magenta), large food falls and baited experiments (blue),
and standard small (< 4 kg) bait experiments (green). All references are given
in the supplementary data (see Suppl. Table 1). Only the maximum value is
plotted from each study. Note that the number of fish per kg is less than 1 for
the whale fall. Bathyal and abyssal depths are separated by the dotted line. B)
Reviewed relative abundances (MaxN) across depths (from bathyal depths and
deeper). Only the maximum value is plotted from each study. C) Estimated
absolute fish densities in Ind.km™2 across depths from various methods:
acoustics (green diamond), baited cameras with abundances estimated using
the arrival rate method (red circles, Farnsworth et al., 2007) and using time of
first arrival (orange squares, Priede and Merrett 1996), trawling (blue tri-
angles), and visual transects (black downward triangles); see Suppl. Table 4 for
data and sources. Estimated absolute abundances for this study calculated using
the arrival rate method. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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identified in the video were measured, where possible based on body
position, using the stereo-video annotation software EventMeasure by
SeaGIS. Due to the anguilliform swimming mode, measurement of eel
total length was not possible. Instead, snout to pre-pectoral fin origin
was measured. Measurements were only accepted if they met precision
standards (i.e. Root Mean Square >10 mm, precision to length ratio
<5%, precision <10 mm). These length measurements were used to
derive estimated wet mass for each individual in the video using
length-to-weight relationships from voucher specimens captured with
baited traps.

2.3.2. Samples from baited trap deployments

Baited traps were deployed five times during the DeepCCZ cruise;
twice on the abyssal plains in APEI 7, once on the seamount summit at
APEI 7, once on the plain in APEI4, and one final deployment on the
summit of the seamount in APEI 1 (Table 1). Specifications of the baited
trap are provided in Leitner et al., (2017). Traps were deployed for a
minimum of 22 h (22.7-47.1 h).

Eels were only captured in the trap deployed on the summit of the
APEI 7 seamount. This trap was deployed in the same location as the first
summit camera deployment (DC03) but on the following day (i.e.
simultaneously with the DC04 camera deployment, 10.3 km away).
Recovered specimens were enumerated and identified to the lowest
taxonomic level possible. The snout-to-pectoral fin origin length and
fresh wet weight were measured at sea (Suppl. Fig. 3a) using a spring
scale, then specimens were fixed in 10% buffered formalin. Specimens
were similarly measured and weighed again post-fixation on return to
land. Exponential fits were calculated between length (snout to pectoral
fin origin length) and (1) total body mass post-fixation in formalin and
(2) estimated fresh body mass (Suppl. Fig 3b).

2.4. Bait-attendance statistics

2.4.1. Abundance estimations

Considerable debate exists about the best method for estimating true
abundance from baited camera metrics (e.g. Farnsworth et al., 2007;
Priede and Merrett, 1996; Schobernd et al., 2014; Stoner et al. 2008b).
Early work in abyssal habitats used the time of first arrival (Tay),
average current velocity, and average swimming speed (Priede and
Merrett, 1996):

2
1 1
(0+)
n=0.3849 x ~——~—
t2

Where f= fish swimming speed (m s’l); w = mean current speed (m s’l),
t = time of first arrival (s), and where n = estimated density in fish per
km?.

Fish swimming speed was estimated by tracking the tip of the snout
over time in three-dimensional space using the stereo-video software
EventMeasure from SeaGIS. Each individual was tracked for as many
frames as possible during a straight approach or departure, with a
minimum of three point measurements per individual (1080i at 30
frames s 1). Average speeds for each individual were used to calculate
average speed for the taxon (arithmetic mean of mean individual
speeds).

An alternative method based on arrival rate for the period between
lander touchdown and the time of MaxN has also been used to estimate
absolute densities from baited-camera data (Farnsworth et al., 2007):

AR X (W f) X \/m*u
T @xwxfxs)

>Equation 1

>Equation 2

Where AR = the slope of the univariate non-linear regression of the
number of fish with time over the time interval between lander touch-
down and the time of MaxN, w = the mean current speed (m s’l), f=
fish net speed against current (approach speed), s = fish searching speed
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Table 1
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Summary of deployment details of the baited video camera system (DeepCam), baited trap and video surveys with a remotely-operated vehicle (ROV). Location, depth
and dates for ROV surveys are start locations. Seabed area covered is calculated for each dive is the sum of each of the areas of each video transect calculated from each

transect’s total length and average width.

Equipment type Deployment ID APEI Habitat Latitude Longitude Water Depth Deployment Bottom Time Seabed area covered
Date
(m) (dd/mm/yy) (h) (m?)
DeepCam DCO03 7 Seamount 4.8844 —141.755 3083 25/5/18 16.4 1.86
DC04 7 Seamount 4.9114 —141.666 3140 26/5/18 17.4 1.86
DCO08 4 Seamount 7.2497 —149.6772 3497 5/6/18 27.9 1.86
DC11 1 Seamount 11.5017 —153.6543 4218 11/6/18 17.5 1.86
DC12 1 Seamount 11.5076 —153.5068 4346 13/6/18 12.7 1.86
Baited Trap TRO1 7 Plain 4.9854 —141.9151 4871 21/5/18 30.7 NA
TRO2 7 Plain 5.0571 —141.8778 4871 23/5/18 47.1 NA
TRO3 7 Seamount 4.8826 —141.7793 3203 26/5/18 25.1 NA
TRO4 4 Plain 7.2156 —149.8283 4872 4/6/18 43.3 NA
TRO5 1 Seamount 11.5015 —153.6175 4175 11/6/18 22.7 NA
ROV survey LK-086 7 Plain 5.1151 —141.8965 4862 25/5/18 2.75 4304
LK-088 7 Seamount 4.8879 —141.7572 4877 27/5/18 2.5 2995
LK-089 7 Plain 5.0602 —141.8311 3137 28/5/18 4.5 8048
LK-090 4 Plain 7.0363 —149.9395 3567 1/6/18 1.7 3714
LK-091 4 Plain 6.9876 —149.9123 5050 2/6/18 3 8637
LK-092 4 Seamount 7.2648 —149.774 5007 3/6/18 3.5 2951
LK-094 4 Plain 6.9875 —149.9327 5001 6/6/18 3 8377
LK-095 1 Plain 11.2751 —153.7445 5247 9/6/18 4 9557
LK-096 1 Plain 11.2526 —153.6061 5216 10/6/18 2.3 8649
Table 2

Environmental data (including measured parameters and particulate organic matter flux estimated from Lutz et al., 2007, and decadal mean chlorophyll-a from MODIS

Aqua) for baited camera locations and estimated MaxN values.

Deployment Location Lat Long Depth  POC flux Decadal Temp  Avg Max MaxN Time of Time of first
D Avg Chl Speed Speed MaxN arrival
APEI  Habitat (m) (mgCm™2  (mgm™) °C ms! ms! Ilyophis (min) (min)
d™ arx
DCO1 7 Plain 5.018 —141.860 4878 1.85 0.147 1.62 0.05 0.12 0 NA NA
DCO02 7 Plain 5.053 —141.926 4860 1.85 0.147 1.62 0.05 0.12 0 NA NA
DCO03 7 Seamount  4.884 —141.755 3083 1.97 0.147 1.8 0.06 0.14 115 412 NA
DC04 7 Seamount  4.911 —141.666 3140 2.01 0.147 1.79 0.08 0.18 110 269 11.3
DCO5 4 Plain 7.052 —150.011 5216 1.38 0.117 1.67 0.09 0.13 0 NA NA
DC06 4 Plain 7.029 —149.902 5004 1.43 0.117 1.64 0.08 0.14 0 NA NA
DC07 4 Seamount 7.270 —149.783 3542 1.33 0.116 1.68 0.05 0.15 NA NA NA
DC08 4 Seamount 7.250 —149.677 3497 1.43 0.116 1.7 0.04 0.16 56 758 20.2
DCO09 1 Plain 11.249 —153.761 5236 1.10 0.073 NA NA NA 0 NA NA
DC10 1 Plain 11.252 —153.643 5213 1.16 0.073 NA NA NA 0 NA NA
DC11 1 Seamount 11.502 —153.654 4218 1.16 0.071 NA NA NA 1 282 281.7
DC12 1 Seamount 11.508 —153.507 4346 1.12 0.072 NA NA NA 0 NA NA

(assumed here to be equal to approach speed), y = 1073, a constant
representing the rate of reorientations.

The regression model to be used for estimating AR following the
recommendations of Farnsworth et al. (2007) is:

N, =AR x £ >Equation 3

Where N; = number of fish (N) after applying the transformation N; =
VN + /N +1 so that the distribution of N; is approximately normal.

Where possible, we used both methods for comparison to published
values. However, there are several issues in applying the T, method to
this dataset. The first 40 min of our first deployment were not recorded,
and there is considerable uncertainty in the time of first arrival in the
second deployment (+8 min) due to the fast arrival of the animals of
interest and the imaging interval used. The T, method is highly sen-
sitive to small changes in time of arrival, especially with rapid first
arrival times (less than ~20 min), and model results have been highly
variable and not always significantly correlated to true abundances
(Farnsworth et al., 2007; Schobernd et al., 2014; Stoner et al. 2008a; Yeh
and Drazen, 2011).

A third approach to measuring relative abundance for standardized

baited camera deployments is the use of MaxN. MaxN is the most widely
reported metric in baited camera literature and is a conservative metric
generally well correlated to absolute abundances (e.g. Stoner et al.,
2008). This metric was extracted for each 2-min video clip over the
course of one deployment and for each entire deployment. This metric
was used as a relative abundance metric following standard practices
throughout the literature (Cappo et al., 2006a; Misa et al., 2016; Sackett
et al., 2017; Schobernd et al., 2014; Stoner et al. 2008a).

We focus the present analysis on the use of MaxN and the arrival rate
(AR) method for estimating absolute abundance, though results from the
time of first arrival method (Tg,,) are also reported.

2.5.1. Distance estimations

Maximum possible scavenger travel distances, d, to the bait were
estimated following the methods of Priede and Merrett (1996). The
distance from which a scavenger has traveled to arrive at the bait was
calculated using the deployment length (t7) in place of t,, because the
deployment length gives the last possible time a scavenger could have
arrived at the bait and still be captured on video. In addition, the
calculation uses the average current speed, which determines the time it
takes the bait plume to travel through the water and reach a fish
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(assuming that fish is motionless before bait plume detection), and the
average swimming speed of the fish, which estimates the speed at which
the fish can travel toward the bait (assuming a fish travels to the bait no
faster than its average swimming speed).

Following the assumptions of fish behavior and distributions made
by Priede and Merrett (1996) and the equations given therein, the
furthest distance from which a fish could have been attracted to the bait
(d) is given by:

tr*w*f

d= Wwtf) >Equation 4
w

Where tr is the total deployment time, w is the average current speed
that spreads the bait plume, and fis the average fish swimming speed.
This does not take into account attraction to the bait following other
stimuli like sound or motion generated by animals already feeding at the
bait, which can also attract scavengers (Auster et al., 2020). From this,
distance and maximum attraction area can also be calculated (Priede
and Merrett 1996). A theoretical upper limit to distance traveled by any
observed fish (dmayx) is also a useful statistic. If a fish swam directly at the
bait in a straight line by chance (not as a result of bait plume detection),
a fish could only arrive from as far away as dmax, which is simply the
product of the fish’s swimming speed and the total deployment time.

2.6. ROV video surveys

Observations of fishes in seabed video transects were used to provide
additional context to the data from the baited video. Video footage was
captured using a video camera (Mini Zeus MK I, Insite Pacific, USA)
mounted at an oblique angle to the front of the ROV Lu'ukai (Fig. 1).
Seabed transects were conducted with the vehicle moving at 0.5 Kn, at a
target camera altitude of 1.78 m), with the target length of each transect
being ~1000 m. Parallel lasers with a spacing of 0.148 m were used for
scaling. Fishes observed during video transects were enumerated and
identified to the lowest taxonomic level possible. ROV transects were
available for comparison in both seamount and plain habitats for APEI 7
and 4; however, only abyssal plain transects were conducted in APEI 1.

2.7. Literature review

To provide broader context to our baited video observations, we
undertook a comprehensive literature review of abyssal baited camera
and food fall experiments, as well as observations at natural food falls
and carcasses. This yielded 33 papers for review. Given the relative
paucity of data, we also included similar observations deeper than 1000
m water depth. In total, 47 relevant papers were included (Suppl.
Table 1). We extracted the water depth, location, and type of experiment
or observation as well as the highest MaxN of fishes recorded in the
paper, the taxa of this record MaxN, the viewable area or surveyed area,
and the amount and type of bait or carrion used in the study. These data
allowed us to compare our findings to literature-derived estimates of
relative abundances (MaxN) and the maximum number of fish observed
at one time per kg of carrion.

3. Results
3.1. Environmental setting

Decadal average surface primary productivity for study area in APEI
7 is 0.147 mg m~>. Estimated seafloor particulate organic carbon (POC)
flux at the abyssal seafloor in this region is 1.99 mg Corg m2d7! (Lutz
etal., 2007), and measured fluxes at 700 m above bottom near to the site
are about 310 pmol Corgm™>d ™! (Smith et al., 1997). APEIs 4 and 1 had
lower average surface primary productivity and estimated seafloor POC
fluxes (1.4 and 1.2 mg Cog m~2d ™) than APEI 7, suggesting a gradient
of declining productivity and food availability to the northwest.
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The substrate at the APEI 7 seamount deployment locations (3083
and 3140 m water depth) was bright white, furrowed sand with no
manganese nodules or hard substrate of any kind. It is worth noting that
the surrounding abyssal plain also had no nodules. Both deployments
were within large, circular flat areas (diameter ~1500 m) on the
seamount (see Table 1 for metadata summary) and surrounded by
rough, hard substrate and complex topography. Bottom temperatures
ranged from 1.7 to 1.8 °C, and arithmetic mean current speeds 1.45 m
above the seafloor ranged from 0.04 to 0.08 m s~'. Maximum recorded
current speeds were 0.142 and 0.175 m s}, respectively. This APEI is
under the influence of equatorial upwelling (National Oceanic & At-
mospheric Administration, Smith and Demopoulos, 2003). The adjacent
abyssal plain is at approximately 4869 m water depth, where the seabed
was composed of soft, muddy sediment.

Deployments on the seamounts in APEI 4 and 1 likewise had similar
white, sandy substrates with no manganese nodules and were within
similar flat areas on the summits. Due to loss of the current meter upon
the ninth recovery, temperatures and current speeds are not available
from APEI 1. The deployments on the APEI 4 seamount recorded the
same temperature range and current range as on the APEI 7 seamount,
though average current speed was lower (~0.05 m s™1). It should be
noted that across all deployments there was no significant difference
between average current speeds recorded in seamount versus in plain
habitats, but maximum recorded current speeds were significantly
higher on seamounts (Table 2). Both summit depths and abyssal plain
depths increased to the northwest. The approximate seamount summit
depth in APEI 4 was 3497 m and the plain depth 5109 m (Suppl. Fig. 1,
Table 1). The summit depth in APEI 1 was 4218 m and the plain depth
5224 m (Suppl. Fig. 2, Table 2).

3.2. Observations of bait-attending fish

We observed swarms of >100 cutthroat eels (family Synapho-
branchidae) at the bait in video captured on the seamount in the
southeasternmost APEI (7), 56 at the seamount in the midlatitude APEI
(4), and a single individual at the seamount in the northwesternmost
APEI (1).

3.2.1. Specimen identification and sizing

From the baited video, the eels were identified to the genus Ilyophis.
The 12 voucher specimens trapped on APEI7 seamount were identified
as Ilyophis arx. Mean total length of the trapped specimens was 0.398 m
(range 0.231-0.551 m). Mean wet mass was 113.2 g (23.5-300 g), and a
mean post-fixation mass was 86.6 g (9-244 g) (Suppl. Table 2). For both
mean wet mass and mean post-fixation mass, the best mass-length re-
lationships were exponential fits with snout to pectoral fin origin length
(PPFL; Suppl. Fig. 3, r? = 0.91 for both).

Size distributions for the individuals recorded in the baited video
were similar on both seamounts where eels were observed with a mean
PPFL of 6.0 cm (SD 1.0 ¢cm) in APEI and 6.1 (SD = 1.6 cm) at the APEI 4
seamount. Using the mass-to-PPFL relationship derived from trapped
specimens, the mean estimated wet weight of eels on both seamounts
was 66 g. Using the PPFL-to-total-length relationship from the trapped
specimens, the mean total length of observed eels was estimated at
approximately 0.37 m.

Mean swimming speed for Ilyophis arx was determined to be 0.074 +
0.064 m s,

3.2.2. Bait attendance

During the first seamount deployment (DC03), a MaxN of 115 eels
was recorded at 412 min after the lander reached the bottom (Fig. 2, Tarr
density estimate = NA, AR density estimation = 18266 individuals
km~2). During this deployment, the first 41 min on bottom were un-
fortunately not recorded, so T, density estimation was not possible;
however, a maximum of 17 eels were visible in a single frame in the first
available video. During the second deployment (DC04) on this same
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seamount ~1000 m from the first (DC03), a MaxN of 110 individuals
was recorded 269 min after lander arrival on bottom. In this deploy-
ment, the first eel was observed during the first video period, 11.3 min
after the bait arrived on the bottom (T, density = 560 Ind.km 2, AR
density = 28687 Ind.km™2). Due to the recording interval, touchdown
was not captured on video so the true first arrival time could be as short
as 3.3 min, giving an upper T, density estimate of 6593 Ind.km ™2
(Suppl. Table 3 summarizes all abundance metrics for all deployments
discussed). MaxN exceeded 100 in 4 video clips for each seamount
deployment in APEI 7. In both deployments, eels arrived rapidly and
quickly accumulated at the bait (Fig. 2a). MaxNs were recorded at a time
when the majority of the bait was consumed, and generally, numbers
gradually declined after this ‘feeding frenzy’ stage, although eels were
present in 100% of videos after the first arrival during both
deployments.

At the deployment on the seamount in APEI 4 (DCO08, Suppl. Fig. 1
inset), the first eel was seen 20 min after touchdown, and numbers
accumulated much more gradually to a MaxN of 56 at 758 min (Fig. 2a,
Suppl. Fig. 1). At the deepest and northernmost seamount sampled,
1501 km away in APEI 1 (DC11, Suppl. Fig. 2), a single eel was seen at
the bait during one video sequence, 282 min after lander touchdown,
and a subsequent deployment (DC12) did not observe any eels (Fig. 2a).

Ilyophis arx was not the only species observed in these deployments.
Several species of cusk eels (Ophidiidae), large shrimps (Penaeidae), and
grenadiers (Macrouridae) were also observed, and patterns in commu-
nity structure and diversity will be discussed elsewhere (Leitner et al. in
prep).

There are several notable differences between the two deployments
on the seamount in APEI 7 (Fig. 2a). While the increase in numbers of
eels in the initial 125 min of both deployments is nearly identical, af-
terwards the pattern is shifted in time between the two deployments.
MaxN was reached much faster in the second deployment (at 250 min
versus at over 400 min), and there was a small second wave of animals
around 600 min, giving the curve for this deployment a primary and a
secondary peak. The deployment at the second seamount had a similar
bimodal pattern, though accumulation was much slower, and peak
numbers were nearly half those recorded at the first seamount. In DCO3,
no bimodal pattern was observed. In contrast, once MaxN was reached,
albeit much later, the numbers decreased steadily as individuals left the
field of view once the majority of the bait was consumed (likely
satiated).

All available data suggest that these eels are exclusively found in the
seamount habitat. An eel tracking the bait plume at the average
measured swimming speed (0.074 m s 1) and arriving in the last video
clip could have arrived from a maximum distance of 2.0-2.3 km, based
on the deployments in APEI 7. These distances are smaller than half the
seamount width (Fig. 1). The theoretical maximum possible distance
traveled by any observed eel to the camera (the product of the average
swimming speed and the bottom time of the longest deployment) is less
than 4.6 km. This theoretical maximum distance is also less than half the
seamount width. Additionally, this species was not observed on any of
the baited camera deployments conducted on the surrounding abyssal
plain (Fig. 1 and Suppl. Fig. 1, 2). Therefore, it is likely that these eels are
purely seamount-associated animals.

3.3. Observations in ROV-based video surveys

Eight eels were observed during the ROV transect conducted on the
APEI 7 seamount (2995 m? surveyed, local density 2671 Ind.km’z), and
one individual was observed on the single available ROV transect con-
ducted on the APEI 4 seamount (2951 m? surveyed). No eels were seen
during any of the 3 ROV transects conducted on the surrounding abyssal
plain in APEI 7 (12,352 m? surveyed total), or during any ROV transects
on abyssal plains in APEI 1 or 4 (see Table 1 for transect details). All eels
swam away from the ROV as they were approached.
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3.4. Context from literature review

The comprehensive literature review found that the observations
presented here are the highest recorded number of fishes ever seen at
one time (in a single frame) at or below 3000 m worldwide. When
considering only small bait packages (<4 kg), these observations
represent the highest numbers of fish scavengers ever recorded below
1000 m. Note that the bait used in these deployments (1 kg of mackerel,
Scombrus sp.) is one of the most widely used, standard baits. Observa-
tions with much larger baits (10s-10000 s kg of carrion) were also
reviewed. These have a much stronger bait plume and are likely a more
attractive food source with a greater potential to attract high numbers of
fishes. While the diffusion of a bait plume depends on the current
regime, at abyssal depths average flow conditions are generally similar
across sites, with average speeds around 0.05 m s! (e.g. Priede, 2017).
Additionally, faster average current speeds have not been found to
correlate with higher relative abundances at abyssal depths (Leitner
et al., 2017; Linley et al., 2017). Across all abyssal studies of large food
falls in our review, the average MaxN was 17 individuals (SD=13, range
3-68) (Fig. 3b). Therefore, even when including data from much larger
bait parcels (up to 53 kg), our observations at the APEI 7 seamount
remained the highest ever recorded at abyssal depths. In fact, these
observations lie more than 7 standard deviations from the previous
abyssal mean MaxN, and even the APEI 4 observations of 56 eels lies
more than 3 standard deviations from the previous mean. We further
found that this was the highest recorded number of carrion-attending
fishes per kilogram of carrion ever observed below bathyal depths
(>1000 m). The results of our literature review are summarized in
Suppl. Table 1 and in Fig. 3.

Observations of similar magnitudes were only recorded in studies at
bathyal sites (at least 1000 m shallower) using carrion/bait at least four-
fold larger than used in this study. For example, several hundred hagfish
(family Myxinidae, Eptatretus deani) were reported at two large whale
falls (thousands of kg of carrion each) off of southern California at 1670
m and around 100 hagfish at a 40 kg bait package in the same area
(Smith, 1985; Smith et al., 2002). Additionally, over 200 hagfishes
(Myxine cf fernholmi) were observed at the 20 kg carcass of a Patagonian
toothfish (Dissostichus eleginoides) at 1100 m in the Falkland Islands
(Collins et al., 1999). Interestingly, at bathyal depths (1000-3000 m),
aggregations of the order of magnitude recorded in this study have only
been previously reported for hagfishes. Even when including this
bathyal data, our observations remain the highest number of fish (115
Ind.kg™ 1) ever recorded per kg of carrion below 1000 m globally.

4. Discussion

Large swarms of eels of the species Ilyophis arx were observed at bait
on three geomorphically similar abyssal seamounts but not on sur-
rounding plains in the western CCZ with over 100 individuals observed
at a single 1-kg bait package in some instances. The southernmost
seamount had the highest recorded relative abundances (MaxN = 115),
and abundances declined to the north. A literature review revealed that
the southernmost observations are the highest recorded relative fish
abundances in the abyssal ocean globally at bait/carrion of any size. We
interpret these results as evidence of a localized eel hotspot attributable
to a seamount effect. In addition, the relative abundance of eels
observed at the midlatitude seamount was also higher than all but one of
the studies reviewed here.

It must be noted that it can be difficult to compare different baited
lander and food fall studies because bait type, field of view, deployment
durations, imaging intervals, lander geometries (when explicitly re-
ported) and flow regimes vary between studies (including the studies
reviewed here). Each of these factors is known to influence the results of
baited lander and food fall experiments, and this must be kept in mind
when making comparisons between these studies (Fleury and Drazen,
2013; Yeh and Drazen, 2011). In our comparisons, the durations of the
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observations are all similar and well in excess of times of MaxN for most
species, and bait packages are generally small (0.5-2 kg) oily fish
(scombrids). Additionally, Hardinge et al. (2013) showed that the
amount of bait, when relatively small (ranging from 0.2 to 2 kg), had no
significant impact on the relative abundance and numbers of species
sampled in baited experiments. We also purposefully compared our
small bait package deployments to large food fall experiments and ob-
servations (with a stronger bait plume likely to attract greater numbers
of scavengers) to emphasize how unexpected our observations are in the
larger context.

It is difficult to estimate true abundance from baited camera data,
and MaxN is a relative abundance metric. However, MaxN is the most
widely reported metric across the baited camera literature from the
shallow water (e.g. Cappo et al., 2006; Schobernd et al., 2014) to the
trenches (Linley et al., 2017) and from the benthic to the pelagic (e.g.
Heagney et al., 2007), and has been shown to correlate well with true
abundances in experiments (Schobernd et al., 2014; Stoner et al. 2008a).
The main criticism of MaxN is that it tends to underestimate true
abundances, especially at higher levels of true abundance (Conn, 2011;
Schobernd et al., 2014). This makes its use here both conservative and
appropriate for comparison to other studies estimating fish abundances.

Even more difficult is extrapolating an absolute density from baited-
camera experiments. The arrival rate method (Farnsworth et al., 2007)
yields very large estimated absolute densities (18266-28687 fish km 2,
Fig. 3c). However, neither the estimated absolute densities calculated
using the TOFA method (506-6953 fish km*2, Priede and Merrett 1996)
nor the ROV observations (2669 fish km 2) indicate extraordinary
densities in our study. There are two possible explanations for this
discrepancy. Either the TOFA and ROV estimates are low, or the arrival
method gives estimates that are too high, skewed by high MaxN values
due to accumulation of fish either through longer individual staying
times or greater attraction distances due to higher current velocities on
seamounts. While further research is required to differentiate these al-
ternatives, we believe the first is true in this instance for the following
reasons.

Several studies have either failed to find a good relationship between
‘true’ trawl abundance and time of first arrival (eg. Yeh and Drazen
2011) or have shown that MaxN is a more reliable metric (Cappo et al.,
2006b; Stoner et al. 2008a). Indeed, in the quickly mounting body of
shallow water baited work (BRUVs), MaxN is the standard relative
abundance metric used for comparisons and evaluation of abundance
(Schobernd et al., 2014). The T, method was also derived for a specific
abyssal species, the rattail C. armatus and relies on distribution and
behavioral patterns typical of this species (Priede et al., 1990; Priede and
Merrett, 1996). Thus, it may not be appropriate for synaphobranchids,
for which this method has not been validated. In addition, the T, model
is highly sensitive to low times of first arrival (Farnsworth et al., 2007;
Leitner et al., 2017; Linley et al., 2017). T,y values of 1 and 2 min es-
timate hundreds of thousands and tens of thousands of fish km™2,
respectively, which is almost certainly not indicative of true fish abun-
dance, given average estimates of abyssal fish densities across all
methods in the 100s of individuals per square kilometer (Fig. 3¢, mean=
777 fish km~2). In these ‘lucky’ drops, the camera likely landed within
meters of a fish, and thus such short arrival times are not necessarily
related to abundance. Moreover, if video is not continuously recorded,
as in this study, the uncertainty of T, together with this sensitivity
makes the use of T, -estimated densities unreliable and inappropriate
in this case. Additionally, disturbance reactions to ROVs are well
documented for multiple fish taxa including for the family Synapho-
branchidae and have been attributed to the light, noise, water pressure
(i.e. bow waves), and electrical fields from ROVs (Ayma et al., 2016;
Lorance and Trenkel, 2006; Stoner et al., 2008; Trenkel et al., 2004;
Uiblein et al.,, 2003, 2002). In addition, in our case, ROV surveys
available from the seamount were extremely limited in duration, making
undercounting of I. arx in the seamount ROV surveys more likely.

Finally, we argue against the idea that the high MaxN’s are reflective
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of increased staying time rather than a high local density. Based on
optimal foraging theory, it has been suggested (Priede et al., 1990) that
staying time will increase in food scarce regions because the probability
of finding another meal is low (Charnov, 1976) and thus fish tend to
accumulate at bait resulting in a higher MaxN than would be predicted
based on local density alone. In the deep sea, food availability is
generally thought to correlate well with surface primary productivity
and POC flux (Smith et al., 2008). Thus, in a higher productivity
deep-sea habitat, fish would be expected to have shorter staying times
(the time until MaxN), faster arrival rates, and lower MaxNs (because
individuals do not accumulate due to the short staying times) (Priede
et al., 1990). With observations from three seamounts that stretch across
a productivity gradient, we are able to test this idea and clarify what our
high MaxNs really mean. While the mean staying time on the highest
productivity seamount was shortest (340 min) as predicted by the
optimal foraging-based idea, the arrival rate was actually higher (5
times faster than on the middle productivity seamount), not lower.
Moreover, MaxNs were highest at the highest productivity seamount
and decreased with decreasing surface productivity/food availability
(Suppl. Table 2). Taken together, these observations suggest that the
high MaxNs we report here are not reflective of longer staying times, but
that the high MaxNs are reflective of high absolute abundance, and that
this may be related to food availability. This is also supported in the
literature. For example, the previous record abyssal MaxN (68) was
recorded in the Arabian Sea under a high productivity regime (Witte,
1999). Likewise, the only other reports of hundreds of fishes at bait
parcels come from highly productive regions: the California Margin
which experiences coastal upwelling (Smith, 1985; Smith et al., 2002)
and the highly productive region around the Falkland Islands (Collins
et al., 1999).

The abundance of eels we report here is much higher than any pre-
vious report from abyssal depths, and estimated densities are high
relative to other studies (Fig. 3). Assuming MaxN is reflective of true
abundance, the APEI7 seamount summit could have a higher abundance
of fishes than anywhere in the abyssal ocean sampled thus far. Using the
best available method for estimating absolute densities, our data sug-
gests densities between 18266 and 28687 fish km 2 on the seamount in
question here (Fig. 3¢). This is at least an order of magnitude higher than
the upper estimates for average abyssal fish densities (777 fish km™2)
from both trawl and visual transect surveys. At abyssal depths, the
highest recorded relative abundance prior to this study comes from a
large food fall experiment in the Arabian Sea conducted by Witte, 1999),
where after 2 days and 9 h a peak number of 68 zoarcid fishes had
gathered around a large, 29 kg shark carcass placed out onto the abyssal
plain at 4400 m. Zoarcids are generally necrophagivores rather than
active scavengers (necrophages), feeding on the small amphipods that
are attracted to carrion in large numbers rather than on the bait itself,
though scavenging behavior has been observed occasionally (Jamieson
et al., 2017; Jones et al., 1998; Leitner et al., 2017; Witte, 1999).
Zoarcids tend to accumulate steadily over time and take up long-term
residence around carcasses, making their patterns of arrival at bait
distinct from other active scavengers such as the eels observed in our
deployments (Jamieson et al., 2017; Jones et al., 1998; Witte, 1999). In
fact, the only other reports of large numbers of deep-sea synapho-
branchid eels come from two studies at bathyal depths. Jamieson et al.
(2017) reported an aggregation with a MaxN of 25 Synaphobranchus
kaupii from 1419 m off of West Africa, and a second study from the
Porcupine Seabight recorded a MaxN of up to 50 S. kaupii between 775
and 2467 m at a baited camera system with a maximum estimate of 11,
400 fish km 2 from their 1200 m trawl survey (Bailey et al., 2005). Thus,
the number of eels observed in this study at abyssal depths is truly un-
precedented for both abyssal and bathyal depths.

The high abundances of eels observed may be the result of a
‘seamount effect’ (Pitcher et al., 2007) in the abyssal ocean. Seamounts
are often thought of as biological hotspots supported by locally
enhanced productivity (e.g. Clark et al., 2010; Leitner et al., 2020;
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Pitcher et al., 2007; Rowden et al., 2010), though few studies (two to
date) have ever been conducted on abyssal seamounts. Thus, whether
this paradigm can be extended to the deepest and most common sea-
mounts remains uncertain (Wessel et al., 2010). One previous study on
an abyssal seamount noted that megafaunal densities were higher on the
summit than at equivalent depths on the continental slope (Kaufmann
et al., 1989). A second, recent ROV-based study of three abyssal sea-
mounts found a distinct and diverse seamount community characterized
by higher abundances of some taxa like asteroids, crinoids, and echi-
noids, though this study did not include fish (Cuvelier et al., 2020).
Studies conducted on abyssal hills, similar but smal’ler features less than
1000 m in height, have reported increased food availability both esti-
mated from overall detritus supply (Durden et al., 2017) and deposited
detritus (Morris et al., 2016). In addition abyssal hill studies have found
increased megafaunal (Durden et al., 2015, 2020bib_Durden_e-
t.al 2015bib_Durden et al 2020) and scavenger abundances (Leitner
et al,, 2017). However, it should be noted that one study (using
un-baited techniques) found no differences in overall fish abundances on
an abyssal hill versus on abyssal plains (Milligan et al., 2016). However,
at least some evidence exists that abyssal seamounts could host higher
abundances of fishes, and our observations of eel aggregations may
reflect a general seamount effect. However, clearly not all abyssal sea-
mounts host large populations of fishes because we observed substan-
tially lower numbers of eels on the more northern seamounts. Thus, the
southernmost abyssal seamount in APEI 7 may be a particular hotspot,
where both a high regional productivity and a local seamount effect may
be acting together to create a remarkable abyssal fish hotspot. To test
whether this can be generalized broadly to high-productivity abyssal
seamounts, a targeted sampling of these features would be required.

It may also be argued that depth (not just food availability) may be
decreasing the abundance of these eels across the three seamounts in
question because the summit depths get progressively deeper to the
northwest, paralleling the decrease in productivity. The observation
reported here at 4218 m (DC11 in APEI 1) sets a new depth record for
this species. However, from our literature review of abyssal depths,
scavenger abundance in general (at least in terms of MaxN) does not
seem to be strongly inversely related to depth (Fig. 3b), suggesting that
food availability and other environmental and ecological factors may be
more important than absolute depth. For example, these eels may be
outcompeted on the abyssal plain by specialists like cusk eels and
grenadiers, and thus be restricted to the seamount habitat.

It is also possible that the seamount aggregation we observed was a
temporary spawning aggregation. Several shallow seamounts (<200 m
summit depths) have been shown to be important for eel spawning
(Tsukamoto et al., 2003), including eels in family Synaphobranchidae
(Fujikura, 1998; Tsukamoto et al., 2003). However, none of the 12
captured specimens were gravid females (in fact most were juveniles),
which speaks against the spawning aggregation hypothesis in this case
and suggests that this aggregation may not be a temporary phenomenon.

Given that I. arx was exclusively observed on seamount habitats, it
seems possible that this species may be a seamount specialist; however,
little information exists on this species. The only other in-situ observa-
tions of I. arx stem from other seamounts and come from the NOAA
Campaign to Address Pacific monument Science, Technology, and
Ocean NEeds (CAPSTONE) project, which observed Ilyophis arx during
ROV surveys of seamounts and island flanks in the western Pacific Ocean
(NOAA, 2020). In addition, all I. arx specimens in collections worldwide
(N=6) have also been collected from seamounts, ridges, and islands in
the Pacific. Thus, while limited, all information to date suggest an as-
sociation of Ilyophis arx with abrupt topographies.

5. Conclusions and future directions
We report the highest number of fishes ever recorded at carrion at

abyssal depths and the first ever observations of large aggregations of
eels at these depths. Traditionally, the abyssal seafloor is considered a
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habitat of low megafaunal abundances with populations limited by
challenging environmental conditions (low food availability, low tem-
peratures, high pressures), but these generalizations may not apply to
seamount summits at abyssal depths. How can such high numbers of
active megafaunal predators be sustained in a relatively small and
seemingly isolated area of the abyssal seafloor on a seamount summit?
Are these eels permanent seamount residents or were these ephemeral
aggregations? Abyssal seamounts may provide unusual laboratories in
which to explore carbon flows and energy availability in abyssal food
webs with a high abundance of top predators.
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