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Abstract

The extent and speed of marine environmental mapping is increasing quickly with technological advances,
particularly with optical imaging from autonomous underwater vehicles (AUVs). This contribution describes a
new deep-sea digital still camera system that takes high-frequency (>1 Hz) color photographs of the seafloor,
suitable for detailed biological and habitat assessment, and the means of efficient processing of this mass
imagery, to allow assessment across a wide range of spatial scales from that of individual megabenthic organ-
isms to landscape scales (>100 km?). As part of the Autonomous Ecological Surveying of the Abyss (AESA) proj-
ect, the AUV Autosub6000 obtained > 150,000 seafloor images (~160 km total transect length) to investigate the
distribution of megafauna on the Porcupine Abyssal Plain (4850 m; NE Atlantic). An automated workflow for
image processing was developed that corrected nonuniform illumination and color, geo-referenced the photo-
graphs, and produced 10-image mosaics (‘tiles,” each representing a continuous strip of 15-20 m? of seafloor),
with overlap between consecutive images removed. These tiles were then manually annotated to generate bio-
logical data. This method was highly advantageous compared with alternative techniques, greatly increasing
the rate of image acquisition and providing a 10-50 fold increase in accuracy in comparison to trawling. The
method also offers more precise density and biodiversity estimates [Coefficient of variation (CV) < 10%] than
alternative techniques, with a 2-fold improvement in density estimate precision compared with the WASP
towed camera system. Ultimately, this novel system is expected to make valuable contributions to understand-

ing human impact in the deep ocean.

The continued evolution of deep-diving autonomous
underwater vehicle (AUV) technology is making the world’s
oceans more accessible. Despite being the Earth’s largest habi-
tat, the deep sea is relatively understudied (Tyler 2003; Glover
et al. 2010). It was not until the 1960s and 1970s that the deep
sea was appreciated to contain diverse habitats and fauna with
a multitude of abyssal hills and seamounts emerging from
abyssal plains (Ramirez-Llodra et al. 2011). Relationships
between this biological diversity and environmental factors
have a poorly understood dependence on analytical scale
(Chase and Knight 2013). Only by gathering data across scales
in the range of 1 m? to 100 km?, often referred to as a land-
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scape scale (Forman 1983), can a greater understanding of the
functional relationships and heterogeneity within and
between habitats be attempted. Such knowledge is now criti-
cal to our ability to manage and conserve deep-sea environ-
ments (Ruhl et al. 2011).

Current methods for the study of deep-sea megafauna
include trawl sampling and photographic and video surveys.
Trawls have been useful in determining some long-term and
large-scale patterns in invertebrate and fish ecology (Billett et
al. 2001; Haedrich and Merrett 1988). However, each trawl
amalgamates specimens collected over its entire length into a
single sample, limiting spatial interpretation, and it is often dif-
ficult to quantify the true seafloor area sampled. Furthermore,
trawls may disturb the habitat under study, and the resultant
samples are often damaged with soft-bodied organisms in poor
condition or lost. Evidence from time-lapse photography sug-
gests that trawls substantially underrepresent some fauna, par-
ticularly the smaller size classes (Bett et al. 2001).
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There has been an increased use of image data for marine
ecological surveys, both for faunal surveys, measurements of
animal activity, and the study of particulate organic matter
supply to the seafloor (Bett et al. 2001; Heger et al. 2008; Mor-
ris et al. 2012, 2013; Smith et al. 2013). Non-bottom contact
photographic methods have the ability to cover a large
seafloor area with little environmental impact. They allow
fauna that are often poorly represented by other sampling
methods to be observed and identified (Rice et al. 1982), and
can allow local environmental data to be recorded such as
habitat and resource availability (Svoboda 1985; Bett et al.
1995). Quantitative and spatially explicit data can be collected
over moderate to very large areas at a definable resolution.

Off-bottom towed cameras, such as the NOC Wide Angle
Seabed Photography (WASP; Jones et al. 2009) system, provide
within-transect spatial data. However, there are difficulties
with controlling the position, altitude, and speed of the cam-
era as it is tethered to the surface vessel and so is influenced
by swell. This can lead to a large proportion of photographs
being unsuitable for quantitative analysis (Jones et al. 2007).
On-bottom towed camera sleds do have better stability, but
may be more destructive of the seabed habitat and can have
image quality issues from induced turbidity (Wakefield and
Genin 1987).

Remotely operated vehicles (ROVs) and human occupied
vehicles (HOVs) have also been used to collect photographic
and video data, allowing topographically complex habitats to
be studied, including deep-sea vent and cold-water coral sites
(Morris et al. 2012, 2013; Wheeler et al. 2013). These vehicles
may also permit the collection of voucher specimens for iden-
tification. However, they have drawbacks for large-scale sur-
veying such as slow transect speeds and large amounts of ship
time being required for their operation, as well as the influence
of swell, and difficulty holding a constant depth due to the
tether connection to the surface vessel and limited thruster
power. Both can also induce major fish disturbance from
hydraulic noise and continuous flood lighting, leading to sys-
tematic error in density estimates (e.g., Stoner et al. 2008).

In contrast, AUVs provide stable imaging platforms that
can be operated close to the seafloor in suitable areas, produce
less noise than ROVs or HOVs, and do not require continuous
lighting. They are capable of sustained operations where the
surface vessel is engaged in other work, reducing the ship time
dedicated to their operation. It has been long expected that
use of AUVs would rapidly increase our knowledge of the dis-
tribution of visible megafauna at landscape scales (Forman
and Gordon 1986).

Here we describe the implementation of ecological map-
ping using the NOC Autosub6000 AUV over the Porcupine
Abyssal Plain (Fig. 1). With a 6000 m depth capability and a
range of 150+ km, this AUV is well suited to landscape-scale
ecological surveys in the abyss. We use photographic, geo-
location, and geophysical technologies to collect a large quan-
tity of environmental and biological data over an extended
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area. We present a new method of creating continuous geo-ref-
erenced image tiles of the seafloor, which are used to assess
faunal density and diversity. Specifically, we focus on methods
associated with a downward looking (vertical) camera, dis-
cussing these methods and evaluating biological results
against data collected by other techniques.

Materials and procedures

Area of investigation

The Porcupine Abyssal Plain (PAP) (Fig. 1) is one of only
two abyssal locations worldwide with a long-term (20+ years)
time series of benthic biological observations (Hartman et al.
2010). Previous work has concentrated on the link between
particulate organic carbon (POC) supply and the response of
various elements of the benthic community (Hartman et al.
2010; Kalogeropoulou et al. 2010; Soto et al. 2010). The first
intensive benthic program began at PAP in 1989 (Rice 1990).
Since then, benthic megafauna data have been primarily col-
lected using trawls and time-lapse photography (Bett et al.
2001; Billett et al. 2010). The trawl data from these previous
expeditions provided a taxonomic inventory with which to
compare the in situ specimen photographs of this study.
Platform and sensors

Autosub6000 is an autonomous underwater vehicle meas-
uring 5.5 m in length and 0.9 m in diameter, having a weight
in air of 1800 kg (Fig. 2). Fitted with lithium polymer
rechargeable batteries, it can operate for ~48 h at a speed of 1.7
ms. It has an IXSEA Photonic Inertial Navigation System
(PHINS) and an RDI Teledyne Workhorse Navigator Acoustic
Doppler Current Profiler (ADCP) to enable underwater navi-
gation. A Tritech SeaKing scanning sonar is employed for
obstacle avoidance. Two-way communications with the vehi-
cle are achieved via a LinkQuest Tracklink 10000 ultra-short
baseline (USBL) system. At the surface communication is pos-
sible via a WiFi radio link.

As deployed in the present study, the vehicle carried a sen-
sor suite including dual conductivity, temperature, and depth
(CTD) system, optical backscatter-based turbidity sensor, tri-
axial magnetometer, 300 kHz ADCP, sidescan sonar; sub-bot-
tom profiler, and multibeam echosounder. In addition to
these standard sensors, two cameras (one vertical downward-
facing and one oblique forward-facing) were also fitted. Point
Gray Research Inc. Grasshopper 2 cameras were employed,
with a 2/3-inch sensor (2448 x 2048 pixels, i.e., 5 Mega-pixel).
A 12 mm focal length lens with horizontal and vertical accept-
ance angles 26.71° and 22.65°, respectively, was used. The ver-
tical camera was mounted at 90° to the long-axis of the vehi-
cle in its forward section (Fig. 3). The oblique camera was
mounted in the nose of the vehicle, and aimed 35° below the
long-axis (Fig. 3). At a target altitude of 3.2 m, the vertical
camera captures an image of 2.4 m? of seabed, with the
oblique camera imaging an area of approximately 16.5 m?.

A NOC-designed xenon strobe unit was used with each
camera (11 J, with 2 Hz potential repetition rate). A PC104-
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Fig. 1. The study location in the Porcupine Abyssal Plain sustained observatory (PAP-SO) area of the NE Atlantic Ocean off Western Europe (marked by
a star on insert map). The main chart shows bathymetry from ship-borne systems at 60 by 60 m pixel resolution with depth color coded according to
the scale shown. Coarse scale and fine scale survey grids are shown over an abyssal hill. Mission 56 (yellow line) was ca. 15 km to the south on a flat
area of the Abyssal Plain. Colored traces represent individual images taken throughout each given mission between 1.9 and 4.1 m altitude.

based data logger stored engineering data (navigation proces-
sor, control sensors, actuation systems) and lower-rate science
data (CTD), which was downloaded post-mission via WiFi.
High-rate sensors (multibeam, sidescan sonar, sub-bottom
profiler, cameras) had their own integral hard drives, accessi-
ble over Ethernet (and WiFi). Transfer of large numbers of
photographs was most effectively achieved via cabled transfer
from the hard drive at the end of each mission. Engineering,
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navigation, and science data (e.g., CTD) were recorded at 2-s
intervals. These data were then interpolated to provide water
depth, altitude, heading, pitch, roll, and geo-location for each
seafloor image (0.87 s camera repetition rate). The time period
for which the camera took images was determined by consid-
ering the nominal velocity of the AUV over the seafloor, the
degree of overlap required for tiling, the angular view, and
camera resolution, as well as the target altitude for the camera
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Fig. 2. Autonomous Underwater Vehicle Autosub6000. Here the vehicle is pictured on a gantry (A) following recovery, with the oblique camera and
flash visible (B). The inset image shows a zoomed in picture of the vertical camera(C) and flash position (D) on the vehicle.

vertical
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Fig. 3. Schematic of the Autosub6000 in operational mode above the sea floor showing the camera locations and fields of view. aw = angle width; ah
= angle height of vertical camera. Note. Autosub and the perspective grid are not to scale.
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(which was set at 3.2 following trials during mission 51) for
optimal visibility of the seafloor as well as possible identifica-
tion of smaller animals. The image interval and altitude can be
changed dependent on the required outcomes of the missions.

Field operations were carried out in the vicinity of the PAP
site (4850 m water depth; 48°50’ N 016°30’ W; Hartman et al.
2012) during RRS Discovery cruise 377 (July 2012) (Ruhl 2013).
Autosub6000 missions were primarily focused around an
abyssal hill located c¢. 15 km NNW of the PAP central benthic
sampling location. Five successful photographic survey mis-
sions were carried out during the cruise. General mission
deployment operations were as follows: Once in the water, the
vehicle acquired a GPS location fix at the surface and a com-
mand to initiate the mission was sent to the vehicle via WiFi.
The vehicle then dived and began a helical descent to the tar-
get altitude. The acoustic modem was used to transfer engi-
neering data to allow monitoring of the operation. When
within c¢. 100 m of the seafloor the Doppler Velocity Log
(DVL) became effective in tracking the AUV relative to the
seafloor. Both the DVL and the inertial navigation data were
combined to give the location of the vehicle. To adjust for any
navigational offset accrued during the descent phase, the vehi-
cle started the survey with a navigation box with 1 km sides.
The position of the vehicle was monitored from the surface
vessel via the USBL system, and any offset from the intended
location of the navigation box was calculated and transmitted
to the AUV (McPhail and Pebody 2009). The vehicle then
updated its absolute geo-location before commencing the sci-
ence mission.
Mapping survey

Shipborne multibeam swath bathymetry data for the study
area acquired on previous surveys [RRS James Cook cruises 062
(July/August 2011) and 071 (May 2012); Simrad EM120; Ruhl
2012, 2013] were used for initial AUV mission planning pur-
poses (Fig. 1). Autosub6000 was used to collect additional high
resolution bathymetric data (gridded at 5 m x 5 m pixel reso-
lution) over the abyssal hill region of the study area from 100
m altitude. The AUV bathymetry data were collected with a
Simrad EM2000 multibeam echosounder (111 beams with a
0.5° roll correction). The AUV position was recorded using
range-only navigation algorithms and the inertial navigation
output (McPhail 2009). The final map was created within the
Caris HIPS and SIPS software, using a BASE (Bathymetric Asso-
ciated with Statistical Error) surface over a 5 m grid and was
used to help determine photographic survey waypoints.
Photographic survey

Two physical scales of observation were assessed during five
AUV photographic missions (M51, M53, M54, M35, MS56): (i)
‘Broad-scale grid’ 10 km x 10 km, with 1 km track spacing; and
(ii) ‘Fine-scale grid’ 1 km x 1 km, with 100 m track spacing
(Fig. 1). The broad-scale survey encompassed the majority of
the abyssal hill and included adjacent areas of level-bottom
abyssal plain. Two fine-scale surveys were carried out within
the broad-scale survey area, one on the adjacent abyssal plain,
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and one on the elevated topography of the abyssal hill (M54
and MSS). A third fine-scale survey was carried out in the
level-bottom abyssal plain environment of the PAP central
area (Billett et al. 2010) 15 km to the south (M56). An addi-
tional single photographic survey line was also run between
PAP central and the broad-scale survey grid. For all photo-
graphic surveys reported here, the target altitude was 3.2 m
above the seafloor, and images were recorded every 0.87 s.
Here we focus on the vertical downward-facing camera.
Image processing

Autosub6000 completed a total photographic track length
of approximately 160 km during the five missions. Following
initial inspection, only images from linear track segments
(e.g., vehicle turns excluded) where the vehicle altitude was
between 1.9 and 4.1 m were processed further (>150,000
images; Table 1). These images were subject to manipulation
implemented via a MatlabV2013a (Mathworks) script as below
(Web Appendix A).

Dark frame removal

Fifty images from an altitude of 15-30 m were selected, rep-
resenting control images without seafloor image data. The
mean pixel value was calculated to derive an average ‘black
frame’ image and thus the mean level of ‘noise,” observed
within the images. This black frame image was subtracted
from each seafloor image before further processing (Fig. 4a
and 4b). This was repeated for each mission.

Nonuniform illumination correction

Fifty seafloor images (1.9-4.1 m altitude) were selected at
random within a given mission. For each pixel position in the
image the mean intensity was calculated. The mean intensity
value was then used to equalize each image in an attempt to
minimize illumination vignetting (a reduction in image bright-
ness or saturation at the periphery) before analysis (Fig. 4c¢).

Color correction

The light path (from flash to seafloor to image sensor) for
each image pixel was calculated from the vehicle altitude,
assuming the sensor plane was parallel to the seafloor. Indi-
vidual pixels in the red, green, and blue channels were cor-
rected for percentage light loss assuming the clear type I
(oceanic) light attenuation values given by Chiang and Chen
(2012) (Fig. 44d).

Geo-referencing

Interpolated latitude and longitude (WGS84) values from
the vehicle’s navigation record were assigned to the center of
each image. To allow the area of the images to be calculated a
conversion to the Universal Transverse Mercator (UTM) pro-
jected coordinate system (zone 28N) was undertaken. A three-
dimensional rotation was then applied to correct for vehicle
heading, pitch, and roll. The image was then reprojected to
seabed level (Fig. 4d), and in the corresponding seafloor
dimensions and geographic position were obtained.

To facilitate subsequent tiling (mosaicking), each image was
resampled to a fixed pixel seabed resolution (0.59 mm), equiv-
alent to that of a photograph taken from an altitude of 3 m.
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ﬁ 2 g’ " 0w m ool ‘Imfuse’ (Fig. 4G) to produce an image tile representing c. 15-
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Fig. 4. Example of image automated processing step outputs from raw image to 10 image tile. A) Raw image, B) Backscatter removed, C) Non-uni-
form illumination applied, D) Color correction applied, E) Geo-referenced and resized image, F) Correctly positioned and cropped to remove overlap
area from image, G)10 image tile, H) Tile, which has been histogram corrected to aid with annotation. Note: the individual used in these images is a

Psychropotes longicauda as used in the analysis section.

ibility of the fauna (e.g., trawl catches included infaunal
organisms which were invisible to photographic methods, and
the relative morphological distinctiveness of live in situ fauna
versus preserved catch material). To provide some control of
factors (i) and (ii), sample pooling and sample-based rarefac-
tion was carried out, and factor (iii) was acknowledged by
assessing trawl data in two batches. The dominant form of
temporal change in megabenthos communities at the PAP-SO
has been referred to as the ‘Amperima Event(s)’ (Billett et al.
2010), reflecting apparent boom-bust population dynamics of
the small holothurians, A. rosea, and other associated commu-
nity changes. Consequently, we have divided the available
trawl catch data into A. rosea ‘bust’ periods 1989-94, 2000,
2004-05, and A. rosea ‘boom’ periods 1996-99, 2002 (see Billett
et al. 2010, Fig. 5). WASP data were collected during the RRS
James Cook 062 cruise during 2011 (Ruhl 2012) (Table 2). Only
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WASP transects over level abyssal plane sites were considered
for comparisons.
Density estimation

Total megabenthos density was assessed according to the
original sampling units (WASP photographs; Autosub6000 tiles
and whole trawl catches respectively), and by pooling WASP
photographs in to consecutive groups of 3, to approximately
match the average area covered by a single Autosub6000 tile.
Mean and standard deviation (SD, ) of density per sampling
unit were calculated on log(x + 1) transformed data, to
acknowledge the likely aggregated distribution of the
megabenthos, and back-transformed to report geometric mean
density values (Table 3). A coefficient of variation (CV) in den-
sity was calculated for each dataset, based on the log-normal
form of CV = [exp(SD, ?) — 1]°° (see e.g., Limpert et al. 2001)
and expressed as a percentage. 95% Confidence intervals were
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derived for both density and coefficient of variation in each
dataset using a bootstrap percentile method from 10,000 re-
samplings, implemented using the ‘boot’ package (Canty and
Ripley 2013) in R version 3.0.2 (R Core Team 2013).

To examine potential differences between the methods at
the morphotype level, two key taxa were considered: ‘Amper-
ima +," a complex of the small holothurian genera Amperima,
Kolga, and Ellipinion, which are difficult to discriminate in
seabed photographs, and the much larger holothurian, Psy-
chropotes longicauda. These were chosen due to their presence

F ‘,}iﬂ

Fig. 5. Example of an annotated tile section. L1 to L4 indicate individual
organisms that have been identified and measured using the macro tool
in ImagePro: L1 sea cucumber Paroriza sp.; L2 decapod Munidopsis sp.; L3
and L4 anemone Kadosactis sp.

Landscape-scale ecological surveying

Fig. 6. Example organisms observed during annotation of vertical
images. A) Freyastera sp. and Amphianthus sp., B) Cerianthid sp., C)
Oneirophanta sp., D) Pseudostichopus villosus, E) Amperima sp. and losac-
tis vagabunda, (F) Coryphaenoides armatus, G) Grimpoteuthis sp. Each
white scale bar represents 10 cm on the seabed.

Table 2. WASP towed camera system deployment data for RRS James Cook cruise 062, Porcupine Abyssal Plain, July/August 2011.

Nr %
Date Ship Survey Total nr “useful” useful of
Mission” (2011) Launchf Recover# time (h)$ time (h)' photos photos total
PAP C1 27 Jul 16:30 21:55 5.41 0.67 200 85 42.5
H1 05 Aug 12:36 18:47 6.18 1.1 342 217 63.4
F11 08 Aug 08:11 14:20 6.15 1.08 297 183 61.6
F21 11 Aug 17:51 23:30 5.65 1.08 323 222 68.7
H2 13 Aug 06:36 12:28 5.86 1.08 337 253 751
H3 17 Aug 10:24 13:59 3.58 1.08 180 149 82.8
H4 21 Aug 12:04 18:06 6.03 1.13 228 116 50.9
PAP T1 24 Aug 21:39 04:19 6.66 0.98 307 236 76.9
Total 45.52 8.2 2214 1461 66.0

"WASP station identifier.

Time vehicle was launched (UTM).

Time vehicle was recovered (UTM).

$Total ship time required for survey.

'Seabed photographic survey phase of mission.

Level abyssal plan transect used in ecological comparison.
Note. PAP C and M56 are in the same location
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Table 3. Comparisons of the Porcupine Abyssal Plain sustained observatory megabenthos density estimates and their precision across

techniques.

Density (ind. ha™)

Coefficient of variation (%)

Geometric 95% 95% Reference 95% 95%

mean Cl low Cl high sample Cl low Cl high
WASP photos 3015 2765 3276 27.5 25.0 30.1
WASP 3-photos pooled 2976 2699 3264 17.4 15.2 19.7
Autosub6000-AESA tiles 5170 5100 5241 12.8 12.4 13.2
Trawl catches (A. ‘bust’) 87 73 103 36.8 26.1 43.5
Trawl catches (A. ‘boom’) 264 225 311 45.9 35.2 55.1

Cl, confidence interval

in all three data sets allowing a comparison, as well as repre-
senting taxa from this study which were “rare and large” (Psy-
chropotes longicauda) and a common taxa (‘Amperima +'), both
of which are readily identified.
Diversity estimation

Assessment of megabenthos diversity across techniques was
carried out using sample-based rarefaction (Colwell et al.
2012) as implemented with “EstimateS” (version 9.1.0; Col-
well et al. 2012). In particular, the ‘S(est)’ parameter (the
expected number of taxa in t pooled samples) and Fisher’s a
diversity index (‘o Mean’ parameters, e.g., Magurran 2004)
were used. For these two parameters, “EstimateS” provides
unconditional, analytical estimates of standard deviation
(SD), enabling the calculation of a coefficient of variation
(CV% =100 x SD/parameter mean). Following the recommen-
dations of Gotelli and Colwell (2001), comparisons of these
parameters were limited across techniques to common
expected number of individuals, as given in “EstimateS” by
(t/T) x N, where t is the number of sampling units pooled, T is
the total number of sampling units, and N is the total number
of individuals over all sampling units.

Assessment

Survey efficiency

Use of both the NOC Wide Angle Seabed Photography
(WASP) system (Ruhl et al. 2012) and Autosub6000 (present
study; Tables 1 and 2) at PAP-SO enables a comparison of pho-
tographic survey performance. Autosub6000 has a higher ship-
time efficiency, collecting 189,015 images covering some 26 ha
in 22 h of ship operation time, representing a survey rate of 1.2
ha h-!. By comparison, WASP covered approximately 0.7 ha in
46 h of ship time (0.015 ha h™') collecting 2214 images. Con-
sidering the generation of quantitative survey data, the effec-
tive survey acquisition rate of Autosub6000 could be up-rated
to ~2.3 ha h! if full battery capacity was employed; the towed
camera approach could be up-rated to ~ 0.1 ha h! with cabled
power and data link to the surface vessel. For additional com-
parison, the trawl acquisition rate is of the order 0.8 ha h7,
although in terms of ‘true quantitative’ (i.e., area fully cen-
sused) acquisition it is likely to be < 0.08 ha h.
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The Autosub6000 system returned 96% quantitatively use-
ful images when excluding vehicle turns (Table 1), whereas the
WASP system returned only 66% (Table 2). Autosub6000 was
programmed to fly at an altitude of 3.2 m above the seabed;
however, because of image quality only images in the altitude
range 1.9-4.1 proved to be quantitatively useful. The mean
altitude of usable images throughout all missions was 3.2 m
with a standard deviation (SD) of 0.26 m, indicating a stable
operating altitude. By comparison, the mean altitude of all
usable images from the WASP vehicle was estimated to be 2.7
m with a SD of 0.82 m. Autosub6000’s stability as a camera
platform is further illustrated in its corresponding pitch (mean
=-1.05° SD = 1.8°) and roll (mean = 1.22°, SD = 0.95°) statis-
tics. WASP does not carry a pitch and roll sensor, but it is
directly impacted by ship’s heave, and so is inherently a much
less stable camera platform.

Image quality

The automated image processing technique was subjectively
assessed by comparing raw images to processed images, and by
an assessment of scaling accuracy. Illumination vignetting
appeared to be significantly reduced and the usefulness of the
image appreciably improved by the illumination correction
algorithms (Fig. 4). An improvement in our images might have
been achieved with slightly more flash illumination.

Image tiling and quantification

The tiling process was assessed by comparing adjacent
images with the corresponding image segment in a tile, to
determine if common objects were co-located. The mean dis-
placement of 100 common objects was 4.45 cm (95% Confi-
dence Interval [CI]: 4.14-4.76 cm), with a mean of 150 cm
between image centers, giving an along-track (1D) error of
2.97% (95% CI = 2.76-3.17%). A potential source of error in
the relative placement of images was the lower frequency of
the navigation and altitude data compared with the frame
interval rate, i.e., 0.5 Hz versus 1.15 Hz, (or 2 s versus 0.87 s
interval). The navigation and altitude data associated with
individual photographs were therefore interpolated values
and subject to some error. An obvious improvement for the
system would be directly matched navigation, altitude, and
image acquisition time points. No independent test of
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absolute geo-location was undertaken. Combined inertial and
Doppler navigation processing was used without implement-
ing any correction for potential drift. Drift is expected to accu-
mulate as 0.1% of distance traveled in higher altitude opera-
tions such as bathymetric mapping (McPhail 2009), although
this value may increase somewhat in low altitude operations
such as photography.

The general success of the tiling process, as assessed by
common object displacement, suggested good physical scaling
of images to ‘real-world’ units. This is further supported by the
serendipitous observation of two beverage cans on the seabed.
In processed tiles, these cans measured 11.7 and 10.9 cm, the
true size being 11.2 cm. This limited ground-truthing effort
again suggests a 1D error of < 5%.

Ecological quantification

An order of magnitude or greater variation was observed in
total megabenthos density estimates between trawls and pho-
tographic methods (Table 3). Similarly, trawl estimates had an
appreciably lower precision (CV 37% to 46%) than photo-
graphic estimates (CV 13% to 28%). Individual WASP photo-
graphs provided a lower precision (CV 28%) than individual
Autosub6000-based tiles (CV 13%); however, when WASP
photos were pooled in consecutive groups of 3 to match the
physical scale of tiles, precision was improved (CV 17%) and
approximated that of the Autosub6000 method. The precision
of Autosub6000 tiles was marginally higher (P < 0.05) than the
pooled WASP photos. With the Autosub6000 method, it was
possible (and will be in subsequent publications) to examine a
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much greater range of physical scales (i.e., images or tiles per
sampling unit).

An order of magnitude variation in ‘Amperima +' density
estimates was apparent between trawl A. ‘bust’ (19 ind.ha™)
and A. ‘boom’ periods (190 ind. ha?) (Fig. 7). All photo-
graphic density estimates (confidence limit minimum 388
ind. ha) were significantly (P < 0.05) higher than the maxi-
mum trawl A. ‘boom’ estimate (confidence limit maximum
241 ind. ha™'). There was also significant (P < 0.05) variation
between WASP (600 ind. ha™') and Autosub6000 (400 ind.
ha™) density estimates, likely attributable to temporal varia-
tion. In contrast, P. longicauda exhibited only modest density
variation between trawl A. ‘bust’ (4 ind.ha!) and A. ‘boom’
periods (15 ind.ha™), with all photographic estimates (16-25
ind.ha™) broadly comparable to the latter trawl data. This lim-
ited variation in P. longicauda density is assumed to reflect
both a higher trawl fishing efficiency, and a more conservative
reproduction strategy of this large species, in comparison to
the small taxa that comprise the ‘Amperima +" morphotype.

Over the majority of the range in expected number of indi-
viduals observed, the Autosub6000 method produced signifi-
cantly (P < 0.05) higher estimates of morphotype richness
than the other techniques (Fig. 8). Compared at common lev-
els of expected number of individuals (Table 4), estimated
taxon richness and taxon diversity (Fisher’s alpha) were appre-
ciably higher in the Autosub6000 data than the WASP data.
However, precision in these estimates was highly consistent
between the two photographic methods, with CV ranging
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Fig. 7. Comparisons of PAP-SO megabenthos density estimates for key morpho-types (left “Amperima + *; right Psychropotes longicauda) across techniques.
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6.2-6.6% in richness, and 6.9-7.6% in diversity. Similarly,
comparisons between the Autosub6000 and trawl data, indi-
cated the former gave appreciably higher values, but there was
little variation in precision between techniques, notably in the
case of Fisher’s a diversity where CV ranged only 3.7-4.4%
across the 3 data sets compared. The Autosub6000 method
appears to be capable of achieving high accuracy and preci-
sion in diversity measures at both smaller and larger physical
scales, a combination that neither trawl nor tow camera tech-
niques can accomplish.

Discussion

Through the example of a successful practical survey, and
its assessments against alternative techniques the method

Landscape-scale ecological surveying

described appears to permit a broad scale, effective, and effi-
cient investigation of megafaunal ecology at abyssal depths.
The method offers an important advance in the ability to
study the deep-sea benthos and should facilitate both tempo-
ral and spatial studies. The method has a particular applica-
tion in habitat mapping, where benthic community struc-
tures can be compared within a range of habitats as assigned
via consideration of abiotic factors, such as rugosity, steep-
ness, and depth derived from acoustic data, as well as features
noted from image data. Other applications are in manage-
ment, and conservation, and may be well suited to surveying
frontier areas (e.g., beneath Arctic ice; Dowdeswell et al.
2008) and regions of potential broad-scale human impact
(e.g., polymetallic nodule mining; Thiel 2001). AUV opera-
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Fig. 8. Comparisons of PAP-SO megabenthos diversity estimates across techniques, as sample-based rarefaction of expected taxon richness. (Vertical

dashed lines indicate diversity comparison points detailed in Table 4).

Table 4. Comparisons of the Porcupine Abyssal Plain sustained observatory megabenthos diversity estimates and their precision across
techniques.

Morphotype richness Fisher’s o diversity

Sample S 95% Cl  95% CI cv cv

units Individuals (est) low high SD (%) Mean SD (%)

Autosub-AESA tiles 110 984 55.5 48.7 62.2 3.44 6.2 12.6 0.86 6.9
WASP photos 726 988 39.0 33.9 441 2.59 6.6 8.1 0.62 7.6
Autosub-AESA tiles 1910 17093 90.5 87.9 93.1 1.33 1.5 12.6 0.47 3.7
Trawl catches (A. ‘bust’) 15 17093 72.0 71.1 72.9 0.45 0.6 9.6 0.40 4.2
Trawl catches (A. ‘boom’) 5 17942 61.3 55.4 67.2 3.00 4.9 8.0 0.35 4.4

S(est), expected morphotype richness; Cl, confidence interval; SD, standard deviation; CV, coefficient of variation
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tions under ice do require special considerations for deploy-
ment, operational communications, and recovery. However,
examples of AUV deployments through breaks in ice and
away from the edge of ice sheets have shown that under ice
research is tractable. Special consideration is also warranted
for handling intervention/abort scenarios, including if/how
mechanisms such as drop weights or acoustic and satellite
beacons are used. Here we used an automated abort drop
weight (with optional manual control via acoustic communi-
cations), as well as an Argos satellite transponder, which acti-
vates upon surfacing, giving an independent means to locate
the vehicle. But, we typically did not communicate with the
vehicle except to track its position while working on other
tasks in its vicinity.

In the present survey, landscape-scale megabenthos and
environmental data have been effectively generated. In doing
so, a near-continuous 1D visual image of the abyssal seafloor
that extends for some 160 km, encompassing approximately
26 h, has been generated. The accuracy of the combined iner-
tial and DVL navigation of the Autosub6000 vehicle and its
altitude sensor data allowed areas of contiguous photograph
overlap to be removed to within c. 3% accuracy (1D), allowing
a continuous image to be formed that simplifies subsequent
analysis and interpretation.

The choice of methods depends, of course, on analytical
requirements. For example, some data sets have limited navi-
gational input or have a requirement to mosaic images in two
dimensions. Here we have restricted our approach to mosaick-
ing and tiling in one dimension, but many issues apply in
both cases. Previously developed mosaicking techniques made
key advances as detailed below, but many such tools had lim-
itations for high-throughput processing. Pizarro and Singh
(2003) produced mosaics from ROV images, where location
data were not available, using feature detection and blending.
Although effective, this would not be efficient over large areas,
with small errors magnifying over the transect length, partic-
ularly in areas of relatively featureless seabed. Singh et al.
(2004) described a spatial mosaicking method that worked
well for small areas and allowed individual strips to be auto-
matically created. However, for the highest resolution images
to be achieved, these strips had to be created image by image.
Such manual mosaic creation has been effective in some stud-
ies (e.g., Marsh et al. 2013), but is not practical for surveys
consisting of tens of thousands of images, or more.

Singh et al (2004) also described a Fourier transformation
technique, which was able to resolve rotations of 0.3° and
0.44% change in scaling, and appeared to be successful for
images with a large amount of overlap. The scheme described
here uses a three-axis rotation and translation to the seabed,
allowing for perspective correction. The individual pixel geo-
referencing allows mosaicking to occur even if gaps occur
between images. Mosaicking using both feature matching and
geo-referencing methods was achieved by Escartin et al. (2008)
using 20,823 images obtained by the ARGO II towed camera
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system. Each image was assigned the camera’s geographic
location and rotated solely on heading, as pitch and roll were
thought to be stable enough to be discounted. An issue with
their method was that some features appeared to be masked in
overlapping frames, as a result of blending (removing the vis-
ible border between single images). Barreyre et al. (2012) cre-
ated mosaics of the Lucky Strike hydrothermal vent site, from
56,000 images acquired 1996-2009 using ROVs (Prados et al.
2012). Primary navigation was provided by USBL and match-
ing of features between images was necessary to further tune
the navigation. This was followed by image blending. As
expertise related to image processing expands, and tools are
brought together in new ways, we expect that high-through-
put mosaic creation methods will improve and effectively
include blending.

Although complicated by temporal variation and other fac-
tors, the comparative density results suggested substantial
undersampling of the megabenthos by trawling of about an
order of magnitude (minimum photographic confidence limit
2700 ind.ha? versus maximum trawl confidence limit 300
ind. ha™). In addition, the ‘Amperima +' and P. longicauda com-
parisons suggested a potential body size-related variation in
trawl fishing efficiency. Using the Autosub6000 data as the
denominator, ‘Amperima +' trawl fishing efficiency was 5% to
46% and P. longicauda trawl fishing efficiency was 28% to 92%,
depending on bust or boom conditions. Similar conclusions
were previously reported by Bett et al. (2001) in a comparison
of PAP-SO trawl data with time-lapse camera data.

Whereas there are no concurrent WASP or trawl data with
which to compare the Autosub6000 method results, the total
megabenthos density estimate (5200 ind.ha™) was of the same
order as those derived by detailed analyses of time-lapse pho-
tographs (Bett et al. 2001) during the 1997-2000 Amperima
boom period (5700-8400 ind.ha!). Though not conclusive,
this would suggest the Autosub6000 method was as effective
and potentially accurate with respect to even the smaller frac-
tions of the megabenthos. Further, its apparent high precision
(CV 13%) promises good sensitivity in the detection of change
(spatial and temporal) in megabenthos communities.

Autosub6000 data were also shown to have a higher diver-
sity estimate than the other methods. It was not entirely clear
why the WASP diversity estimate should be lower than that of
the Autosub6000. It is possible that this is partly due to a
change in the type of camera used, leading to images of a dif-
ferent resolution and different illumination characteristics.
Other possibilities include temporal variation in density
and/or dominance levels. This effect is well illustrated in the
comparison of trawl A. ‘bust’ and A. ‘boom’ periods (Fig. 8).
During the A. ‘bust’ period, the median rank-1-dominance
(Magurran 2004) was 29% (22% to 32% interquartile range)
but was substantially higher at 51% (39% to 67% IQR) during
the A. ‘boom’ period. This change in dominance is reflected in
the slope of the corresponding rarefaction curves. Rank-1-
dominance varied only modestly between the WASP (53%)
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and Autosub6000 (47%) data sets, and was occupied by the
same taxon in both cases (Iosactis vagabunda). Greater varia-
tion was, however, apparent in the ‘Amperima + morphotype,
the rank-2 taxon (20%) in the WASP data, having a density of
600 ind. ha!, switching to the rank-3 taxon (8%) with a den-
sity of 400 ind. ha! in the Autosub6000 data. It may also be
that the image correction (e.g., illumination, color, etc.) used
in the Autosub6000 method led to improved specimen detec-
tion, for example more reliable recording of the presence and
identity of small, low contrast specimens, such as ophiuriods.

Again there are no concurrent data with which to make a
conclusive comparison with the Autosub6000 method results.
Nevertheless, that the richness and diversity estimates consis-
tently exceeded those of the other methods tested suggests
that it is highly effective. With a good precision (CV < 10%) of
richness and diversity estimation achieved in a sample size as
low as 30-40 tiles, the method promises very good sensitivity
in the detection of change (spatial and temporal) in megaben-
thos communities.

The practicalities of bulk image storage and processing are
important to consider. In the present study, the most effective
data retrieval was to remove the hard-drive from the AUV and
transfer images from them via cable onto a multi-disk mass
storage server. Working with raw images, geo-referenced
images, tiled-images, and annotated tiles multiplies the data
volume in non-trivial ways, though not all of these data need
be retained in the longer term. The time to process and anno-
tate mass-collected images can also be substantial and must be
considered during survey design. However, despite some limi-
tations, it is expected that this method will enable a step-
change in megabenthos ecological data quantity and quality
at the PAP-SO site.

Summary

In summary, the Autosub6000-AESA methodology,
described and assessed above, offers very significant advan-
tages over the alternative techniques tested. (i) The use of a
stable autonomous imaging platform greatly enhances effec-
tive survey acquisition per hour of committed shiptime where
the AUV system offers 20-100 fold improvement over the
towed camera. (ii) In terms of quantifying megabenthos den-
sity, the Autosub6000 techniques appears to offer a 10-50 fold
improvement in accuracy over the trawl, i.e., there is a greater
than one order-of-magnitude under-sampling by the trawl.
This low fishing efficiency is likely to be nonrandom across
taxa and body sizes, such that trawl samples are both quanti-
tatively and qualitatively inferior to the photographic data.
However, it must be noted that trawls do have the clear advan-
tage of allowing physical specimen collections and thus
achieve a higher level of taxonomic resolution. (iii) The Auto-
sub6000 tiles provided a two-fold improvement in density
estimate precision when compared with individual WASP
images, however this is most likely a spatial-scale effect (i.e.,
aggregate patch size) rather than method related. (iv) Com-
parisons of taxon richness and diversity across techniques are
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complex and encompass a number of uncontrolled factors. It
is, nevertheless, clear that the Autosub6000 method uniformly
produced 30% to 60% higher estimates than either WASP
(towed camera) or trawl data for the same sample size (as num-
ber of individuals). (v) Trawls may destroy and break up soft-
bodied or fragile animals and miss smaller organisms entirely,
which can be viewed and successfully counted using off-bot-
tom photo surveys

Comments and recommendations

Through the enhanced spatial resolution achieved by this
method, we expect the data obtained to be particularly valu-
able in revealing relationships between the megabenthos and
various environmental parameters, such as proximity to
topography and patches of phytodetritus. A key limitation of
the method is that only those megabenthos visible at the sed-
iment surface are censused, although some data on the mega-
infauna may be derived from analyses of lebenspurren (Bell et
al. 2013).

The Autosub6000 camera system described here has already
been successfully employed in a combined geophysical and
photographic survey of an inshore (100 m water depth)
marine-protected area (Wynn et al. 2014). The system is cur-
rently employed in further continental shelf operations, and
will soon be deployed on missions concerned with deep-sea
resource exploitation (seafloor mining; oil and gas). There will
be further development of the instrumentation and technique
through the Autosub Long Range (LR) vehicle (Wynn et al.
2014), which has substantially enhanced range and
endurance, including a hibernation mode. It will be possible
to run repeat surveys (e.g., monthly) at the PAP-SO site during
a single AutosubLR deployment, with the vehicle hibernating
on the seabed between surveys. This capability will give
unprecedented insights into benthic temporal variability in
the deep sea, and an efficient high-throughput methodology
to process and analyze images will be key.
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