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A B S T R A C T   

Ecological and behavioral data on mobile, low density, benthopelagic animals is difficult to collect in the abyssal 
environment. However, these species occupy an important position in the abyssal food chain. At-depth ROV- 
mounted echosounder studies provide a powerful tool to gather in-situ information on abyssal benthopelagic 
assemblages and discern their distribution, behavior and habitat associations. This study presents a new 
perspective on mobile benthopelagic assemblages at the long-term study site, Station M (~4000 m), using a 
Seabat T20-S MBES mounted on the ROV Doc Ricketts. The targets (~45 m off the seafloor) are believed to be the 
abyssal grenadier of the species Coryphaenoides armatus or C. yaquinae, species known to dominate the mobile 
benthopelagic fauna at Station M. The swimming behavior of the targets indicated little evidence of avoidance or 
attraction to the slowly moving ROV and demonstrates the effectiveness of this platform to collect data on 
benthopelagic fish. The information on targets in close (<1 m) association with the seafloor from the MBES 
corresponded well to target densities recorded by the video transects. However, in addition the MBES resolved 
the distribution of targets up to 45 m above the seafloor. Target density had a small peak close to the seafloor 
(<1 m) but increased in density with height above the seafloor, exceeding the maximum near-bottom density by 
~50 times. ROV-mounted MBES surveys can effectively provide data on the distribution and behavior of ben
thopelagic fish and further understanding of the pelagic-benthic links in the abyssal deep-sea.   

1. Introduction 

Predators and scavengers are a dominant group in the mobile ben
thopelagic fauna of the abyssal environment (Britton and Morton, 
1994). Here they play a key role in deep-sea ecology through their im
pacts on prey populations and the consumption and dispersion of 
organic food falls at the seafloor (Yeh and Drazen, 2009; Drazen and 
Sutton, 2017). While this group plays an important role in the abyssal 
food-chain, information on their distribution and behavior is sparse 
principally due to the difficulties associated with data collection at 
abyssal depths. 

Mobile benthopelagic animals have been studied in various global 
deep-sea regions, including the northeastern Atlantic (Martin and 
Christiansen, 1997; Gordon and Duncan, 1985), and the Mediterranean 
slope (Cartes et al., 2016). This group of animals have been the focus of 
studies at the long time-series study site in the abyssal northeastern 
Pacific (Station M), especially benthopelagic fish. Fish have been studied 
in detail using deep-sea imaging systems (Priede et al., 1994; Bailey 

et al., 2007), ingestible acoustic transponders (Priede et al., 1990) and 
in-situ respirometers (Smith, 1978). Imaging studies have included bai
ted cameras (Wilson and Smith, 1984), towed camera sleds (Bailey et al., 
2006) and long-term time-lapse camera deployments (Vardaro et al., 
2007) (full details of sampling methods given in Priede et al., 2019). 
Together, these studies have provided information of the population 
structure, abundance, physiology and feeding ecology of mobile fish 
fauna in close association with the seafloor (Priede et al., 1994; Drazen 
and Sutton, 2017). The abyssal grenadier, Coryphaenoides armatus 
(Hector, 1875) and rough abyssal grenadier, Coryphaenoides yaquinae 
(Iwamoto and Stein, 1974) are two morphologically similar macrourids 
known from these studies to dominate the demersal fish biomass in the 
abyssal Pacific Ocean, including Station M (Jamieson et al., 2012). The 
species Coryphaenoides leptolepis (Günther, 1877) is less abundant than 
the other two Coryphaenoides species but has been observed in low 
numbers in the ROV dives at Station M (Priede et al., 2019). Cor
yphaenoides are mobile predators and scavengers on nekton, carrion and 
benthic infauna that are adapted to feeding in the food-limiting 
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environment of the deep sea (Smith and Hessler, 1974, Smith, 1978; 
King and Priede, 2008; Priede et al., 2019). Here, their feeding activities 
play an important role in the transfer of energy across the abyssal sea
floor and throughout deep-sea food webs (Haedrich and Henderson, 
1974; Collins et al., 1998; Drazen and Sutton, 2017). Changes in the 
densities and activity of abyssal Coryphaenoides spp. at Station M, 
recorded from towed cameras or baited camera systems, have been 
correlated with changes in food source. Grenadier numbers increased 
following an elevation in the abundance of mobile epibenthic mega
faunal prey (Bailey et al., 2006) and grenadier activity rose after an 
increase in the downward flux of particulate matter to the seafloor 
(Priede et al., 1994). Information on the density and distribution of 
abyssal grenadier, particularly in relation to changes in organic food 
supply, is an important component in understanding the deep-ocean 
food web and carbon-cycle processes. 

In response to the need for density estimates of deep-sea fish pop
ulations, the relative abundance of abyssal fish fauna at Station M has 
been primarily assessed using baited underwater camera systems. This 
methodology involves modelling the process of the detection, attraction 
and arrival of grenadiers at the baited underwater camera system using 
an inverse square relationship (Priede et al., 1990, 1994). This method 
has proved successful in producing density estimates comparable to 
some trawl surveys (Armstrong et al., 1992; Priede and Merrett, 1996) 
but is restricted to sampling the area of influence of the emanating bait 
plume and to the scavenger species attracted. Echosounders however 
provide a means to monitor marine fauna within large volumes of water 
at a high spatial and temporal resolution (Benoit-Bird and Lawson, 
2016). A number of factors do however restrict the use of typical 
vessel-mounted systems for the study of fish in water depths greater than 
2000 m (Kloser, 1996; Priede and Merrett, 1998). These include a large 
acoustic shadow if the transducer is used over steep bottom topography 
and complications from beam thresholding (Foote et al., 1991), an un
certain sound absorption constant (Fisher and Simmons, 1977), and 
surface effects from bubbles (Løvik and Dalen, 1981) and ship motion 
(Stanton, 1982). For deep-sea acoustic applications, transducers have 
been mounted on underwater sampling vehicles and platforms (such as 
an autonomous split-beam acoustic array (Smith et al., 1989), a 
deep-towed transducer (Kloser, 1996) and an autonomous underwater 
vehicle (AUV) (Benoit-Bird et al., 2017) to overcome these limitations. 

Multibeam echosounder (MBES) technology is commonly mounted 
on modern underwater sampling vehicles such as AUVs and remotely 
operated vehicles (ROVs) to map the deep-seafloor with high resolution 
over large spatial scales (Sen et al., 2016; Huvenne et al., 2018). MBES 
are also being increasingly applied to the quantitative estimate of fish 
densities due to the benefits of these systems to measure a larger volume 
of water than single-beam echosounders with a similar (or improved) 
resolution (Gerlotto et al., 2000; Melvin and Cochrane, 2015). In the 
deep-sea, MBES mounted on mobile sampling platforms such as AUV or 
ROV have the potential to provide valuable tools for the study of 
deep-sea pelagic and benthopelagic targets. An advantage is that the 
ROVs or AUVs can perform other operations, such as video camera 
transect surveys, simultaneously with the collection of target back
scatter information by the MBES. For example, an AUV-mounted MBES 
was used to detect and quantify the movements of benthopelagic 
backscattering targets (likely to be individual fish or squid) at ~ 800 m 
in Monterey Bay (Dunlop et al., 2018). ROVs also represent a potentially 
effective platform for acoustic technology to detect and quantify 
deep-sea fish communities, especially at Station M where the ROV Doc 
Ricketts is annually deployed for benthic imaging surveys (Kuhnz et al., 
2014). ROVs, however, have also been observed to cause an avoidance 
response in some deep-sea species, including the roundnose grenadiers 
(Coryphaenoides rupestris), which is thought to react to artificial illumi
nation and vehicle noise (Trenkel et al., 2004). 

The present study focuses on determining the depth-related trends in 
the distribution of mobile abyssal benthopelagic animals in the north
eastern Pacific using acoustic backscatter data collected from an MBES 

mounted on a terrain-following ROV. Here, we investigate the ability of 
the MBES-method to detect, characterize and provide quantitative data 
on the mobile benthopelagic fauna as part of the Station M long-term 
abyssal time-series. A key question in relation to the survey method is 
whether the presence of the ROV platform can influence faunal 
behavior. 

2. Materials and methods 

2.1. ROV-mounted multibeam echosounder equipment and survey details 

A high-resolution MBES was mounted on the ROV Doc Ricketts to 
collect backscatter data at Station M (35� 100N, 122� 590W) at ~ 4000 m 
in the abyssal Northeast Pacific (Fig. 1). The ROV was deployed from the 
RV Western Flyer during the Pulse 67 Station M cruise on the 15 
November 2016, and the MBES transect was recorded between 17:48 
and 19:05 (UTC). A Reson 200/400 kHz Seabat T-20s (Teledyne RESON, 
Denmark) MBES was used to collect data at a frequency of ~200 kHz 
(512 beams over a 140� swath). The Seabat T-20s has a maximum range 
of 225 m and was not calibrated. Calibration of a MBES increases the 
utility of the instrument (Lanzoni and Weber, 2012). However, uncali
brated MBES can still provide useful information on target spatial 
characteristics and behavior (Brehmer et al., 2003; Kupilik and Petersen, 
2014). The MBES transducer was mounted on the base of the ROV sled 
and was deployed facing downwards towards the seafloor. A Teledyne 
RDI 1200 kHz navigator doppler velocity log (DVL) and an ultra-short 
baseline (USBL) system (Sonardyne Ranger 2) collected positioning 
and altitude data during the transects. The ROV flew in a straight line on 
a mean bearing of 312.04� (�2.48�) to cover a transect of 1.95 km across 
the abyssal seafloor. During this transect the ROV maintained a speed of 
0.15 ms� 1 at a height of 50 m above the seafloor. Midwater video tran
sects were collected simultaneously with MBES data using a 
high-definition video camera to validate the acoustic signal and to assist 
with the classification of detected targets. Benthic video-only transects 
were also recorded at Station M during other ROV dives in the Pulse 67 
cruise between the 11th – 14th November 2016. During these benthic 
transects the ROV flew at an altitude of ~1 m above the seafloor and at a 
speed of 0.15 m s� 1 for a cumulative distance of 2.73 kms. 

Fig. 1. Map of the survey location at Station with the transects start and end 
locations marked. 
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2.2. Acoustic data processing 

The MBES backscatter data were processed using Echoview version 
9.0 (Echoview Software, Australia) following an adaptation of the MBES 
processing steps outlined in Dunlop et al. (2018). During pre-processing, 
the echogram was visually inspected and the 
echosounder-detected-bottom corrected. Acoustic data contaminated by 
background noise from other deployed instruments and the ROV motor 
and noise were discarded using algorithms and settings to clean the data. 
The Echoview Kovesi imaging denoising algorithm (derived from 
Kovesi, 1999) was used to remove unwanted statistical noise from the 
pings. The Multibeam Background Removal algorithm further reduced 
unwanted noise, this time from reverberation, acoustical and electrical 
noise. Data directly below the ROV was largely contaminated by noise, 
therefore data within 5 m of the transducer was removed from the 
analysis. 

The cleaned acoustic data were further processed using the Echo
view® Multibeam target detection operator to extract single targets and 
calculate their in-situ relative target strength using a target strength 
frequency distribution between � 100 and 20 dB. The Echoview® fish 
tracking algorithm finds and tracks single echoes over several pings. The 
algorithm was applied to extracted single targets to obtain identifica
tions of the same target’s movements in space and time as it crosses the 
beam over multiple pings. It was specified in the algorithm to detect at 
least 5 cross-target detections per track. Full details of the parameters 
using the Echoview® target strength analysis are found in Table 1. 

2.3. Target characterization and classification 

Tracked targets were characterized by their location and depth in the 
water column using the metrics target depth, track length, duration and 
tortuosity. Some groups of targets had characteristics that showed they 
were incorrectly connected as tracks. These unrealistic tracks were 
identified based on their total distance covered along with the number of 
targets and were removed from the analysis. Track characteristics used 
to assess the response of targets to the moving ROV platform included: 
(1) changes in track horizonal and vertical direction, (2) changes in 
track depth, (3) track tortuosity (measured as the distance covered by 
the track divided by the straight-line distance between the endpoints of 
the track, a measure of departure from a straight line, which has a value 
of (1) and (4) major-axis angle of the track (i.e. the angle of horizontal 
movement) were used to analyze data for the presence of avoidance 
behavior. Images and videos collected from the towed camera sled, ROV 
video-transect and baited underwater camera deployments previously 
collected at Station M have shown that deep-sea grenadiers of the genus 
Coryphaenoides dominated fish assemblages at Station M (Priede et al., 
1994, 2019; Bailey et al., 2006; Kuhnz et al., 2019). Pelagic and benthic 
video-transects collected alongside the MBES data in this study were also 
used to help confirm target classification (Kuhnz et al., 2019). Benthic 
videos were annotated using the Monterey Bay Aquarium Research 
Institute (MBARI) Video Annotation and Reference System (VARS) 
(Schlining and Stout, 2006). 

3. Results 

The low speed of the ROV vehicle enabled 3475 long traces of in
dividual targets crossing the beam over several pings to be tracked in the 
water column from the seafloor to 45 m altitude above the sea floor. 
(Fig. 2.). The number of target detections per track ranged from 5 (the 
threshold used to define tracks) to 160 (17.9 target detections � 0.36 
(mean � SE)). Tracks covered between 0.1 and 23.7 m (1.8 m � 0.07 
(mean � SE)) in space and targets were tracked between 1.1 and 49.2 s 
(5.2 s � 0.10 (mean � SE)). In general, there was a significant relation
ship between the density of tracks (individuals m� 3) and height above 
the seafloor (regression; F1, 43 ¼ 290.1, r2 (adj) ¼ 0.871, p ¼ 0.001) 
(Fig. 3). Track densities at 45 m altitude reached 0.5 individuals 
1000 m� 3 and declined to 0.006 individuals 1000 m� 3 at 6 m water 
depth above the seafloor. However, a local peak in track density (0.01 
individuals 1000 m� 3) was observed in close association with the 
seafloor. 

The measure of tortuosity represents the divergence from movement 
in a straight line. Based on tortuosity, the majority of the tracks detected 
by the MBES moved in a straight line tortuosity ranged from 1 (a straight 
line) to 3.88 (mean 2.31 � 0.03 (mean � SE)). The ROV moved in a 
northwesterly direction while 82.2% of the tracks moved within a 90�

angle in the same direction (i.e. 270–360�) as the ROV (Fig. 4a). The 
vertical movement of tracks in relation to the movement of the ROV was 
minimal. The mean (�SE) change in target depth was � 0.01 m � 0.10 
and ranged between - 1.6 m (downwards) to þ 1.3 m (upwards). No 
specific direction of vertical movement was favored by the targets in 
relation to the ROV. For example, 49% of tracks moved in a downwards 
direction, while 50.1% moved upwards (Fig. 4b). 

Coryphaenoides armatus/yaquinae and C. leptolepis were the primary 
benthopelagic fish fauna observed in both the benthic and pelagic video 
transects recorded simultaneously at Station M. Twenty-nine individuals 
of the genus Coryphaenoides spp. were observed in the benthic transects 
in close association with the seafloor. This number corresponded to a 
density of 10.6 individuals per km2 (equivalent to 0.0106 individuals 
1000 m� 3) (data reported in Kuhnz et al., 2019). In addition to Cor
yphaenoides spp., larvaceans (class Appendicularia), siphonophores and 
copepods were also commonly observed in video transects in the water 
column. 

Table 1 
Echoview parameters for target strength analysis using single-target detections 
and fish tracking algorithms.  

Processing Step Key Operators Settings 

Cleaning Ping Subset Operator  
Kovesi Image 
Denoising Operator 

Minimum wavelength ¼ 4 Softness ¼ l 
Standard deviation to reject ¼ 4 

Multibeam 
Background Removal 
Operator 

Minimum threshold ¼ 20 
Window size (pings) ¼ 3 
Algorithm ¼median Percentile ¼ 60 
Minimum SNR (dB) ¼ 1.00 

Detection and 
Tracking 

Multibeam Target 
Detection Operator 

Specified maximum range (m) ¼ 50 
Link target clusters ¼ no 
Max. horiz/vcrt. Linking dist. (beams, 
samples) ¼ 1.49/1.49 
Min. candidate length/height 
(cm) ¼ 0.001/0.001 
Min. target length height 
(cm) ¼ 0.001/0.001 

Target Conversion 
Operator 

Filter targets ¼ no 

Processed Data 
Operator  
Target Property 
Threshold Operator 

Threshold targets by ¼ Target length 
across beams 
Minimum threshold (cm) ¼ 0.01 
Maximum threshold (cm) ¼ 150 

Target-Tracking 
A1gorithm 

Single target thickness source/ 
factor ¼ Transmitted pulse length/ 
0.01 
Data ¼ 4D (range, angles and time) 
Alpha (major axis/’ minor axis/ 
range) ¼ 0.4/0.4/0.4 
Beta (major axis/minor axis/ 
range) ¼ 0.4/0.4/0.4 
Excl. disi, (m) (major axis/minor axis/ 
range) ¼ 1/1/1 
Missed ping expansion (%) (major 
axis/minor axis’range) ¼ 25/25/25 
Weights (major axis/minor axis/ 
range/TS/ping gap) ¼ 1/1/1/0.5/5 
Min. no. single targets/pings in 
track ¼ 5/5 
Max. gap between single targets 
(pings) ¼ 5  
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4. Discussion 

The combined use of a ROV-mounted MBES and high definition 
video camera, has demonstrated a new perspective on studying the 
mobile benthopelagic fish at Station M. Benthopelagic targets, most 
likely deep-sea grenadiers of the genus Coryphaenoides that are known to 
dominate the benthopelagic fish fauna at Station M (Bailey et al., 2006; 
Priede et al., 2019), were tracked in the MBES data. The swimming 
behavior of the observed targets were relatively unaffected by the 
presence of the ROV Doc Ricketts and an increasing density of bentho
pelagic targets with distance from the seafloor was observed. 

The behavior of some fish is unchanged by the presence of a ROV 
platform, however others can respond to the noise generated by the 
lights, motors, propulsion, bow wave, and hydraulic power (Krieger, 
1992; Stoner et al., 2008). For example, a lighted ROV elicited a mod
erate response in roundnose grenadiers (C. rupestris) in the Bay of Biscay 

at a water depth between 1100 and 1500 m (Trenkel et al., 2004). 
However, it must be taken into account that C. rupestris has a more 
highly developed visual system than C. armatus/yaquinae (Wagner, 
2001), making the species more susceptible to light from the ROV. In 
Monterey Bay, a clear avoidance response in benthopelagic fish at 
~800 m was elicited by the seafloor mapping AUV D. Allan B. moving 
through the water and was resolved by a SeaBat 7125 “swath” MBES. 
These targets displayed a consistent avoidance movement downwards 
and away from the AUV (Dunlop et al., 2018). The reaction of fish to an 
ROV can depend upon the vehicle operating speed and also the pro
pulsion system (Trenkel et al., 2004; Stoner et al., 2008). The AUV in 
Monterey Canyon was moving at 1 m s� 1, a speed 6.7 times faster than 
the ROV at Station M. However, the ROV Doc Ricketts was using lighting 
and hydraulic propulsion, both known to impact the behavior of 
deep-sea fauna (Lorance and Trenkel, 2006; Ryer et al., 2009). The 
behavior response of a target to a moving vehicle is also species 

Fig. 2. An Echoview screenshot of the single target echogram in a 2D view with depth (meters) on the y-axis and transect distance (meters) on the x-axis.  

Fig. 3. Histogram of the distribution of target density with depth between the seafloor (0 m) to 45 m above the seafloor.  
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dependent (Stoner et al., 2008). The fish fauna at 800 m in Monterey 
Canyon were dominated by the species (i.e. C. acrolepsis, Antimora 
microlepsis, Alepocephalus tenebrosus, Dosidicus gigas, Lycodapus sp and 
Merluccius productus), while the benthopelagic fish fauna at Station M by 
grenadiers (Coryphaenoides spp.) (Bailey et al., 2006; Drazen and Hae
drich, 2012). The behavioral response of a species has been suggested to 
be dependent on the tradeoff between foraging and predator avoidance 
(Lorance and Trenkel, 2006). Grenadiers at Station M have no natural 
predators and therefore are less likely to display a strong avoidance 
response to the moving ROV. A study in the abyssal Northeast Atlantic 
found that C. armatus explored baited landers and suggested that the 
species lacked a hiding instinct (Jamieson et al., 2006). Acoustic 
tracking studies of abyssal grenadiers by Priede and Smith (1986) north 
of Hawaii at 5800 m water depth, found grenadier populations that were 
relatively immobile, patchily distributed and unaffected by sampling 
occurring elsewhere on the site. In addition, C. armatus observed in 
towed-camera surveys at Station M did not respond to the presence of 
the camera sled by either changing direction or orientation until the sled 
was very close (Bailey et al., 2006). It should however be noted that it is 
possible that fish could be avoiding the ROV outside the water volume 
observed by the downward orientated echosounder and go unobserved. 
Much of our understanding on the behavior of the abyssal grenadiers has 
been collected at Station M using baited underwater camera systems, 
ingestible acoustic transponders and towed and time-lapse cameras 
(Priede et al., 1986; Bagley anf Priede, 1997; Bailey et al., 2002; Vardaro 
et al., 2007; Priede et al., 2019). Ingestible transponders have allowed 
the behavior of two species of Grenadiers (C. armatus and C. yaguinae) 
swimming away from a bait sources to be observed (Priede et al., 1990; 
Armstrong et al., 1992). Wilson and Smith (1984) proposed that Cor
yphaenoides adopt a sit and wait strategy on the seafloor until the odor of 
a carcass is detected but further work has shown that grenadiers have a 
tendency to move across-current and swim independently of bottom 
currents to forage at a low continuous speed to reduce energy demands 
(Priede et al., 1990; Ruxton and Bailey, 2005). This swimming behavior 
is consistent with that observed here in the tracks of targets at Station M. 
The same camera systems have generated density estimates of bentho
pelagic fauna close to the seafloor (1 m above) at Station M. Densities 
are reported in individuals per km2 or hectare2 because of the small 
volume sampled. The volumetric density estimates from the MBES at 
1 m above the seafloor study were integrated to areal densities, resulting 
in a mean value 10.5 individuals per km2. This can be compared to 10.6 
individuals per km2 recorded in the ROV video camera transect surveys 

conducted in combination with the MBES surveys. This demonstrates 
that the densities of benthopelagic fish recorded by the ROV-mounted 
MBES are comparable to those recorded by the ROV-camera transects. 
The MBES system however, can also record fish densities at other depths 
throughout the water column providing a greater understanding of 
benthopelagic fish distribution and their role in the abyssal 
environment. 

The benthopelagic layer creates an area of enriched pelagic biomass 
10s–100s of meters above the seafloor (Smith, 1982). Here benthope
lagic fish feed in the water column close to the seafloor where they play 
a role in both the lateral and vertical transport of organic material 
(Priede and Smith, 1986; Priede et al., 1990; Jamieson et al., 2006). The 
increasing density of targets with distance from the seafloor over the 
range studied here at Station M shows that many benthopelagic fish are 
active in the benthopelagic layer at least up to 45 m above the seafloor. 
Many detailed studies of deep-sea benthopelagic fish fauna have been 
made close to the seafloor or in the area directly above (Priede et al., 
1994; Jones et al., 2003; Bailey et al., 2006). This dataset clearly illus
trates the importance of also sampling higher into the water column to 
fully understand how abyssal benthic systems interact with the ben
thopelagic environment. Some studies have examined deep-sea pelagic 
biomass through the ocean layers and have shown this biomass to 
decline with water depth (Roe, 1988; Priede and Merrett, 1996; Priede 
and Froese, 2013). For example, Collins et al. (2005) reported a greater 
abundance of smaller C. armatus at shallower depths in the Northeast 
Atlantic, over a depth range of 800–4800 m. 

This proof-of-concept study demonstrates that an ROV-mounted 
MBES survey can effectively provide ecologically valuable data on the 
distribution and behavior of benthopelagic fish at an abyssal site. 
However, further replication of these methods and the deployment of a 
calibrated MBES system would likely advance the findings of this study. 
The platform appeared to produce minimal observer bias from avoid
ance behavior in the taxa of interest at Station M and thus minimizes 
target orientation changes that can affect backscattering strength and 
target detection over background scattering. These data add new insight 
into benthopelagic fish behavior away from the seafloor. This is a 
valuable complement to furthering understanding of the pelagic-benthic 
links in the abyssal deep-sea. 
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Fig. 4. Polar plots of the vertical and horizontal direction of tracked targets by distance.  

K.M. Dunlop et al.                                                                                                                                                                                                                              



Deep-Sea Research Part II xxx (xxxx) xxx

6

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We would like to thank Susan von Thun and Linda Kuhnz from the 
MBARI Video Laboratory for the annotation of the Station Pulse 67 
pelagic and benthic video transects, the crew and ROV team of the RV 
Western Flyer and Ken Smith and Crissy Huffard for facilitating the 
research visit of Kathy Dunlop to MBARI. Funding for this research was 
kindly provided by the David and Lucile Packard Foundation. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.dsr2.2019.104679. 

References 

Benoit-Bird, K.J., et al., 2017. Prey in oceanic sound scattering layers organize to get a 
little help from their friends. Limnol. Oceanogr. 62, 2788–2798. https://doi.org/ 
10.1002/lno.10606. 

Armstrong, J.D., et al., 1992. Photographic and acoustic tracking observations of the 
behaviour of the grenadier Coryphaenoides (Nematonurus) armatus the eel 
Synaphobranchus bathybius, and other abyssal demersal fish in the North Atlantic 
Ocean. Mar. Biol. 112, 535–544. https://doi.org/10.1007/BF00346170. 

Bagley, P.M., Priede, I.G., 1997. An autonomous free-fall acoustic tracking system for 
investigation of fish behaviour at abyssal depths. Aquat. Living Resour. 10, 67–74. 
https://doi.org/10.1051/alr:1997007. 

Bailey, D.M., et al., 2002. Measurement of in situ oxygen consumption of deep-sea fish 
using an autonomous lander vehicle. Deep Sea Res. 49, 1519–1529. https://doi.org/ 
10.1016/S0967-0637(02)00036-5. 

Bailey, D.M., et al., 2006. Long-term change in benthopelagic fish abundance in the 
abyssal northeast Pacific Ocean. Ecology 87, 549–555. https://doi.org/10.1890/04- 
1832. 

Bailey, D.M., et al., 2007. Cameras and carcasses: historical and current methods for 
using artificial food falls to study deep-water animals. Mar. Ecol. Prog. Ser. 350, 
179–191. https://doi.org/10.3354/meps07187. 

Benoit-Bird, K.J., Lawson, G.L., 2016. Ecological insights from pelagic habitats acquired 
using active acoustic techniques. Annu. Rev. Mar. Sci. 8, 463–490. https://doi.org/ 
10.1146/annurev-marine-122414-034001. 

Brehmer, Patrice, et al., 2003. New applications of hydroacoustic methods for 
monitoring shallow water aquatic ecosystems: the case of mussel culture grounds. 
Aquat. Living Resour 16, 333–338. https://doi.org/10.1016/S0990-7440(03)00042- 
1. 

Britton, J.C., Morton, B., 1994. Marine carrion and scavengers. Oceanogr. Mar. Biol. 
Annu. Rev. 32, 369–434. 

Cartes, J.E., et al., 2016. Contributions of allochthonous inputs of food to the diets of 
benthopelagic fish over the northwest Mediterranean slope (to 2300 m). Deep Sea 
Res. 109, 123–136. https://doi.org/10.1016/j.dsr.2015.11.001. 

Collins, M.A., et al., 1998. Acoustic tracking of the dispersal of organic matter by 
scavenging fishes in the deep-sea. In: Lagardere, J.P., et al. (Eds.), Advances in 
Invertebrates and Fish Telemetry. Springer, Dordrecht, pp. 181–186. https://doi. 
org/10.1007/978-94-011-5090-3_21. 

Collins, M.A., et al., 2005. Trends in body size across an environmental gradient: a 
differential response in scavenging and non-scavenging demersal deep-sea fish. Proc. 
R. Soc. B Biol. Sci. 272, 2051–2057. https://doi.org/10.1098/rspb.2005.3189. 

Drazen, J.C., Haedrich, R.L., 2012. A continuum of life histories in deep-sea demersal 
fishes. Deep Sea Res. 61, 34–42. https://doi.org/10.1016/j.dsr.2011.11.002. 

Drazen, J.C., Sutton, T.T., 2017. Dining in the deep: the feeding ecology of deep-sea 
fishes. Annu. Rev. Mar. Sci. 9, 337–366. https://doi.org/10.1146/annurev-marine- 
010816-060543. 

Dunlop, K.M., et al., 2018. Detection and characterisation of deep-sea benthopelagic 
animals from an autonomous underwater vehicle with a multibeam echosounder: a 
proof of concept and description of data-processing methods. Deep Sea Res. 134, 
64–79. https://doi.org/10.1016/j.dsr.2018.01.006. 

Fisher, F.H., Simmons, V.P., 1977. Sound absorption in sea water. J. Acoust. Soc. Am. 62, 
558–564. https://doi.org/10.1121/1.381574. 

Foote, K.G., et al., 1991. Postprocessing system for echo sounder data. J. Acoust. Soc. 
Am. 90, 37–47. https://doi.org/10.1121/1.401261. 

Gerlotto, F., et al., 2000. The application of multibeam sonar technology for quantitative 
estimates of fish density in shallow water acoustic surveys. Aquat. Living Resour. 13, 
385–393. https://doi.org/10.1016/S0990-7440(00)01055-X. 

Gordon, J., Duncan, J.R., 1985. The ecology of the deep-sea benthic and benthopelagic 
fish on the slopes of the Rockall Trough, northeastern Atlantic. Prog. Oceanogr. 15, 
37–69. https://doi.org/10.1016/0079-6611(85)90037-0. 

Haedrich, R.L., Henderson, N.R., 1974. Pelagic food of Coryphaenoides armatus, a deep 
benthic rattail. Deep Sea Res. 21, 739–744. https://doi.org/10.1016/0011-7471(74) 
90080-1. 

Huvenne, V.A., et al., 2018. ROVs and AUVs. In: Micallef, A., et al. (Eds.), Submarine 
Geomorphology. Springer, Cham, pp. 93–108. https://doi.org/10.1007/978-3-319- 
57852-1_7. 

Iwamoto, T., Stein, D.L., 1974. Systematic review of the rattail fishes (Macrouridae: 
Gadiformes) from Oregon and adjacent waters. California Academy of Sciences. No. 
RLO-2227-T-12–35.  

Jamieson, A.J., et al., 2006. Behavioural responses to structures on the seafloor by the 
deep-sea fish Coryphaenoides armatus: implications for the use of baited landers. 
Deep Sea Res. 53, 1157–1166. https://doi.org/10.1016/j.dsr.2006.04.002. 

Jamieson, A.J., et al., 2012. Distinguishing between the abyssal macrourids 
Coryphaenoides yaquinae and C. armatus from in situ photography. Deep Sea Res. 64, 
78–85. https://doi.org/10.1016/j.dsr.2012.02.001. 

Jones, E.G., et al., 2003. Bathymetric distribution of some benthic and benthopelagic 
species attracted to baited cameras and traps in the deep eastern Mediterranean. 
Mar. Ecol. Prog. Ser 251, 75–86. https://doi.org/10.3354/meps251075. 

King, N.J., Priede, I.G., 2008. Coryphaenoides armatus, the Abyssal Grenadier: global 
distribution, abundance, and ecology as determined by baited landers. Am. Fish. Soc. 
Symp. 63, 139–161. 

Kloser, R.J., 1996. Improved precision of acoustic surveys of benthopelagic fish by means 
of a deep-towed transducer. ICES J. Mar. Sci. 53, 407–413. https://doi.org/10.1006/ 
jmsc.1996.0057. 

Kovesi, P., 1999. Phase preserving denoising of images. In: Australian Pattern 
Recognition. Society Conference. Digital Image Computing: Techniques and 
Applications. Perth, Australia, pp. 212–217. 

Krieger, K., 1992. Distribution and abundance of rockfish determined from a submersible 
and by bottom trawling. Fish. Bull. 91, 87–96. 

Kuhnz, L.A., et al., 2014. Rapid changes and long-term cycles in the benthic megafaunal 
community observed over 24 years in the abyssal northeast Pacific. Prog. Oceanogr. 
124, 1–11. https://doi.org/10.1016/j.pocean.2014.04.007. 

Kuhnz, L.A., et al., 2019. Continued changes and long-term cycles in a benthic 
megafaunal community observed over 30 years in the abyssal NE Pacific. Deep Sea 
Res. (submitted for publication).  

Kupilik, M.J., Petersen, T., 2014. Acoustic tracking of migrating salmon. J. Acoust. Soc. 
Am. 136, 1736–1743. https://doi.org/10.1121/1.4894796. 

Lanzoni, C., Weber, T.C., 2012. Calibration of multibeam echo sounders: a comparison 
between two methodologies. In: 11th European Conference on Underwater Acoustics, 
Edinburgh, Scotland. July 2012. https://doi.org/10.1121/1.4772734. 

Lorance, P., Trenkel, V.M., 2006. Variability in natural behaviour, and observed 
reactions to an ROV, by mid-slope fish species. J. Exp. Mar. Biol. Ecol. 332, 106–119. 
https://doi.org/10.1016/j.jembe.2005.11.007. 

Løvik, A., Dalen, J., 1981. The influence of wind-induced bubbles on echo integration 
surveys. J. Acoust. Soc. Am. 69, 1653–1659. https://doi.org/10.1121/1.385943. 

Martin, B., Christiansen, B., 1997. Diets and standing stocks of benthopelagic fishes at 
two bathymetrically different midoceanic localities in the northeast Atlantic. Deep 
Sea Res. 44, 541–558. https://doi.org/10.1016/S0967-0637(97)00008-3. 

Melvin, G.D., Cochrane, N.A., 2015. Multibeam acoustic detection of fish and water 
column targets at high-flow sites. Estuar. Coasts 38, 227–240. https://doi.org/ 
10.1007/s12237-014-9828-z. 

Priede, I.G., Froese, R., 2013. Colonization of the deep sea by fishes. J. Fish Biol. 83, 
1528–1550. https://doi.org/10.1111/jfb.12265. 

Priede, I.G., Merrett, N.R., 1996. Estimation of abundance of abyssal demersal fishes; a 
comparison of data from trawls and baited cameras. J. Fish Biol. 49, 207–216. 
https://doi.org/10.1111/j.1095-8649.1996.tb06077.x. 

Priede, I.G., Merrett, N.R., 1998. The relationship between numbers of fish attracted to 
baited cameras and population density: studies on demersal grenadiers 
Coryphaenoides (Nematonurus) armatus in the abyssal NE Atlantic Ocean. Fish. Res. 
36, 133–137. https://doi.org/10.1016/S0165-7836(98)00105-2. 

Priede, I.G., Smith Jr., K.L., 1986. Behaviour of the abyssal grenadier, Coryphaenoides 
yaquinae, monitored using ingestible acoustic transmitters in the Pacific Ocean. 
J. Fish Biol. 29, 199–206. https://doi.org/10.1111/j.1095-8649.1986.tb05011.x. 

Priede, I.G., et al., 1990. Foraging behavior of abyssal grenadier fish: inferences from 
acoustic tagging and tracking in the North Pacific Ocean. Deep Sea Res. 37, 81–101. 
https://doi.org/10.1016/0198-0149(90)90030-Y. 

Priede, I.G., et al., 1994. Seasonal change in activity of abyssal demersal scavenging 
grenadiers Coryphaenoides (Nematonums) armatus in the eastern North Pacific Ocean. 
Limnol. Oceanogr. 39, 279–285. 

Priede, I.G., et al., 2019. Abyssal demersal fishes recorded at Station M (34�50’N, 123�
00’W, 4100 m depth) in the North East Pacific Ocean: An annotated check list and 
synthesis. Deep Sea Res 104648. https://doi.org/10.1016/j.dsr2.2019.104648. 

Roe, H.S.J., 1988. Midwater biomass profiles over the Madeira Abyssal Plain and the 
contribution of copepods. In: Boxshall, G.A., Schminke, H.K. (Eds.), Biology of 
Copepods. Springer, Dordrecht, pp. 169–181. https://doi.org/10.1007/978-94-009- 
3103-9_15. 

Ruxton, G.D., Bailey, D.M., 2005. Searching speeds and the energetic feasibility of an 
obligate whale-scavenging fish. Deep Sea Res. 52, 1536–1541. https://doi.org/ 
10.1016/j.dsr.2005.02.008. 

Ryer, C.H., et al., 2009. Effects of simulated underwater vehicle lighting on fish behavior. 
Mar. Ecol. Prog. Ser. 391, 97–106. https://doi.org/10.3354/meps08168. 

Schlining, B.M., Stout, N.J., 2006. MBARI’s video annotation and reference system. In: 
OCEANS 2006. IEEE, Boston, USA, pp. 1–5. https://doi.org/10.1109/ 
OCEANS.2006.306879. 

Sen, A., et al., 2016. The use of multibeam backscatter and bathymetry as a means of 
identifying faunal assemblages in a deep-sea cold seep. Deep Sea Res. 110, 33–49. 
https://doi.org/10.1016/j.dsr.2016.01.005. 

Smith Jr., K.L., 1978. Metabolism of the abyssopelagic rattail Coryphaenoides armatus 
measured in situ. Nature 274, 362–364. 

K.M. Dunlop et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.dsr2.2019.104679
https://doi.org/10.1016/j.dsr2.2019.104679
https://doi.org/10.1002/lno.10606
https://doi.org/10.1002/lno.10606
https://doi.org/10.1007/BF00346170
https://doi.org/10.1051/alr:1997007
https://doi.org/10.1016/S0967-0637(02)00036-5
https://doi.org/10.1016/S0967-0637(02)00036-5
https://doi.org/10.1890/04-1832
https://doi.org/10.1890/04-1832
https://doi.org/10.3354/meps07187
https://doi.org/10.1146/annurev-marine-122414-034001
https://doi.org/10.1146/annurev-marine-122414-034001
https://doi.org/10.1016/S0990-7440(03)00042-1
https://doi.org/10.1016/S0990-7440(03)00042-1
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref8
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref8
https://doi.org/10.1016/j.dsr.2015.11.001
https://doi.org/10.1007/978-94-011-5090-3_21
https://doi.org/10.1007/978-94-011-5090-3_21
https://doi.org/10.1098/rspb.2005.3189
https://doi.org/10.1016/j.dsr.2011.11.002
https://doi.org/10.1146/annurev-marine-010816-060543
https://doi.org/10.1146/annurev-marine-010816-060543
https://doi.org/10.1016/j.dsr.2018.01.006
https://doi.org/10.1121/1.381574
https://doi.org/10.1121/1.401261
https://doi.org/10.1016/S0990-7440(00)01055-X
https://doi.org/10.1016/0079-6611(85)90037-0
https://doi.org/10.1016/0011-7471(74)90080-1
https://doi.org/10.1016/0011-7471(74)90080-1
https://doi.org/10.1007/978-3-319-57852-1_7
https://doi.org/10.1007/978-3-319-57852-1_7
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref58
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref58
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref58
https://doi.org/10.1016/j.dsr.2006.04.002
https://doi.org/10.1016/j.dsr.2012.02.001
https://doi.org/10.3354/meps251075
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref23
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref23
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref23
https://doi.org/10.1006/jmsc.1996.0057
https://doi.org/10.1006/jmsc.1996.0057
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref61
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref61
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref61
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref62
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref62
https://doi.org/10.1016/j.pocean.2014.04.007
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref27
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref27
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref27
https://doi.org/10.1121/1.4894796
https://doi.org/10.1121/1.4772734
https://doi.org/10.1016/j.jembe.2005.11.007
https://doi.org/10.1121/1.385943
https://doi.org/10.1016/S0967-0637(97)00008-3
https://doi.org/10.1007/s12237-014-9828-z
https://doi.org/10.1007/s12237-014-9828-z
https://doi.org/10.1111/jfb.12265
https://doi.org/10.1111/j.1095-8649.1996.tb06077.x
https://doi.org/10.1016/S0165-7836(98)00105-2
https://doi.org/10.1111/j.1095-8649.1986.tb05011.x
https://doi.org/10.1016/0198-0149(90)90030-Y
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref38
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref38
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref38
https://doi.org/10.1016/j.dsr2.2019.104648
https://doi.org/10.1007/978-94-009-3103-9_15
https://doi.org/10.1007/978-94-009-3103-9_15
https://doi.org/10.1016/j.dsr.2005.02.008
https://doi.org/10.1016/j.dsr.2005.02.008
https://doi.org/10.3354/meps08168
https://doi.org/10.1109/OCEANS.2006.306879
https://doi.org/10.1109/OCEANS.2006.306879
https://doi.org/10.1016/j.dsr.2016.01.005
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref45
http://refhub.elsevier.com/S0967-0645(19)30241-3/sref45


Deep-Sea Research Part II xxx (xxxx) xxx

7

Smith Jr., K.L., 1982. Zooplankton of a bathyal benthic boundary layer: In situ rates of 
oxygen consumption and ammonium excretion. Limnol. Oceanogr. 27, 461–471. 
https://doi.org/10.4319/lo.1982.27.3.0461. 

Smith, K.L., Hessler, R.R., 1974. Respiration of benthopelagic fishes: in situ 
measurements at 1230 meters. Science 184, 72–73. https://doi.org/10.1126/ 
science.184.4132.72. 

Smith Jr., K.L., et al., 1989. Acoustic detection and tracking of abyssopelagic animals: 
description of an autonomous split-beam acoustic array. Deep Sea Res. 36, 
1427–1441. https://doi.org/10.1016/0198-0149(89)90093-9. 

Stanton, T.K., 1982. Effects of transducer motion on echo-integration techniques. 
J. Acoust. Soc. Am. 72, 947–949. https://doi.org/10.1121/1.388175. 

Stoner, A.W., et al., 2008. Evaluating the role of fish behavior in surveys conducted with 
underwater vehicles. Can. J. Fish. Aquat. Sci. 65, 1230–1243. https://doi.org/ 
10.1139/F08-032. 

Trenkel, V.M., et al., 2004. Do visual transects provide true population density estimates 
for deepwater fish? ICES J. Mar. Sci. 61, 1050–1056. https://doi.org/10.1016/j. 
icesjms.2004.06.002. 

Vardaro, M.F., et al., 2007. A study of possible “reef effects” caused by a long-term time- 
lapse camera in the deep North Pacific. Deep Sea Res. 54, 1231–1240. https://doi. 
org/10.1016/j.dsr.2007.05.004. 

Wagner, H.J., 2001. Brain areas in abyssal demersal fishes. Brain Behav. Evol. 57, 
301–316. https://doi.org/10.1159/000047249. 

Wilson, R.R., Smith, K.L., 1984. Effect of near-bottom currents on detection of bait by the 
abyssal grenadier fishes Coryphaenoides spp., recorded in situ with a video camera on 
a free vehicle. Mar. Biol. 84, 83–91. https://doi.org/10.1007/BF00394530. 

Yeh, J., Drazen, J.C., 2009. Depth zonation and bathymetric trends of deep-sea 
megafaunal scavengers of the Hawaiian Islands. Deep Sea Res. 56, 251–266. https:// 
doi.org/10.1016/j.dsr.2008.08.005. 

K.M. Dunlop et al.                                                                                                                                                                                                                              

https://doi.org/10.4319/lo.1982.27.3.0461
https://doi.org/10.1126/science.184.4132.72
https://doi.org/10.1126/science.184.4132.72
https://doi.org/10.1016/0198-0149(89)90093-9
https://doi.org/10.1121/1.388175
https://doi.org/10.1139/F08-032
https://doi.org/10.1139/F08-032
https://doi.org/10.1016/j.icesjms.2004.06.002
https://doi.org/10.1016/j.icesjms.2004.06.002
https://doi.org/10.1016/j.dsr.2007.05.004
https://doi.org/10.1016/j.dsr.2007.05.004
https://doi.org/10.1159/000047249
https://doi.org/10.1007/BF00394530
https://doi.org/10.1016/j.dsr.2008.08.005
https://doi.org/10.1016/j.dsr.2008.08.005

	Ecological insights into abyssal bentho-pelagic fish at 4000 m depth using a multi-beam echosounder on a remotely operated  ...
	1 Introduction
	2 Materials and methods
	2.1 ROV-mounted multibeam echosounder equipment and survey details
	2.2 Acoustic data processing
	2.3 Target characterization and classification

	3 Results
	4 Discussion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


