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• First ROV exploration of macro-litter in
submarine canyons of southwest Australia

• These canyons are much less impacted
compared to most of those studied world-
wide.

• Canyon megabenthos (including deep
water corals) is not yet affected by
macro-litter.

• We set a baseline for monitoring the status
of habitats and littering.
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We assessed the anthropogenic impacts on southwestern Australian submarine canyons by quantifying macro-litter
discovered during Remotely Operated Vehicle surveys. The study area encompasses the Bremer canyon systems and
Perth Canyon. The categories of macro-litter identified by our study are plastic, metal, aluminium, glass, fabric,
mixed, derelict fishing gear, and unclassified. The anthropogenic impacts in the canyons explored is minimal, espe-
cially in the Bremer canyon systems, whereas Perth Canyon has comparatively more macro-litter, presumably due
to intense maritime traffic and nearby urban development. On a global scale, however, the environmental status of
southwestern Australian canyons is relatively pristine. This analysis provides a baseline for the monitoring and endur-
ing stewardship of these habitats where lush and diverse biota, including deep-sea corals, thrive.
tellan).

eptember 2022; Accepted 1 Octob

er B.V. This is an open access artic
1. Introduction

Marine litter is recognized as a global menace to the health of the oceans,
from shorelines to the deep seabed (Bergmann et al., 2015; Botero et al., 2020;
Ceccarelli, 2009; Chiba et al., 2018; Consoli et al., 2018a; Derraik, 2002;
Galgani et al., 2000; Galgani, 2015; Galgani et al., 2015; Harris et al., 2021;
er 2022
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Ioakeimidis et al., 2015; Jeftic et al., 2009; Pham et al., 2014; Pierdomenico
et al., 2019; Spedicato et al., 2019; Tekman et al., 2022; Woodall et al.,
2015). Litter poses a threat to marine benthic organisms in different ways:
alterating food webs (Peng et al., 2020), the indirect catch of fish species
(ghost fishing), direct physical impact on habitats or species by entanglement
that may cause damage by pulling, breaking, covering sessile organisms and
obstructing suspension feeders (Consoli et al., 2018b; Angiolillo et al., 2021).

Submarine canyons are known hotspots of biodiversity (De Leo et al.,
2010; Robertson et al., 2020); for instance, charismatic and vulnerable cold
(deep)-water corals commonly inhabit canyon settings where they might be
exposed to anthropogenic impacts (Amaro et al., 2016; Angiolillo et al.,
2021; Appah et al., 2022; D’Onghia et al., 2016; Fabri et al., 2014; Giusti
et al., 2019; Lastras et al., 2016; Orejas et al., 2009; Pohl et al., 2020;
Schlining et al., 2013; Taviani et al., 2017; Tubau et al., 2015). The condition
of submarine canyons ranges from almost intact to highly degraded, at times
strongly impacted by a number of stressors such as littering and fishing (Cau
et al., 2017; Fernandez-Arcaya et al., 2017; Galgani et al., 1996; Mordecai
et al., 2011; Ramirez-Llodra et al., 2011; Silva and Araújo, 2021; D’Onghia
et al., 2017; van den Beld et al., 2017).
Fig. 1.Global distribution of studies in the literature reporting and/or quantifying litter i
et al., 2013, Watters et al., 2010; 5: Wei et al., 2012; 6–7: Buhl-Mortensen and Buhl-Mor
Carrió et al., 2020, Fabri et al., 2019, Gerigny et al., 2019, Lastras et al., 2016; 14: Gerign
et al., 2019, Enrichetti et al., 2020; 19: Grinyó et al., 2021; 20–22: Taviani et al., 2017; Ca
25: Chimienti et al., 2020; 26: Prampolini et al., 2020; 27–28: Pierdomenico et al. 2019
32: Trotter et al., 2019; 33: Galgani and Lecomu, 2004.
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Since submarine canyons also provide fundamental ecosystem services
and goods (De Leo et al., 2010; Fernandez-Arcaya et al., 2017), their health
needs to be safeguarded by implementing suitable governance programs to
sustain the Blue Economy, conforming to the United Nations Decade of
Ocean Science for Sustainable Development (UNESCO, 2021; Silva and
Araújo, 2021). One major step to achieve this goal is to better constrain
the distribution, typology, and impacts of seafloor marine macro-litter in
the World's oceans, a crucial prerequisite to foster adequate societal
responses (Canals et al., 2021; Silva and Araújo, 2021). However, only a
small fraction of submarine canyons have been assessed thus far in terms
of anthropogenic footprint, which underscores the urgent need to fill such
gaps in our limited knowledge of the deep ocean (Fig. 1).

In relation to such anthropogenic impacts, virtually no information is
available for the deep seabed of southwestern Australia (see https://
www.awe.gov.au/environment/marine/marine-pollution/marine-debris),
due to the lack of deep-sea remotely operated vehicle (ROV) exploration of
these environments. We present here the first quantitative assessment of
macro-litter (items >25 mm in the longest dimension: Fleet et al., 2021)
found in several large submarine canyon systems along the SW Australian
n submarine canyons. 1: Quattrini et al., 2015; 2: Cleland et al., 2021; 3–4: Schlining
tensen, 2017, 2018; 8: Appah et al., 2022; 9: Pham et al., 2014; 10–13: Dominguez-
y et al., 2019; 15–16: Ramirez-Llodra et al., 2013, Mecho et al., 2018; 17–18: Giusti
u et al., 2017, Moccia et al., 2019; 23: Taviani et al., 2019; 24: Angeletti et al., 2014;
–2020; 29: Oliveira et al., 2015; 30: Mecho et al., 2020; 31: Zhong and Peng, 2021;

https://www.awe.gov.au/environment/marine/marine-pollution/marine-debris
https://www.awe.gov.au/environment/marine/marine-pollution/marine-debris
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continental margin, based upon recently acquired images by deep-sea ROV
(Trotter et al., 2019, 2021, 2022). The canyons explored incise the south-
western Indian and Southern Ocean sectors of Australia's passive margin,
and have no present connection to any recent fluvial system (Heap and
Harris, 2008; Harris and Whiteway, 2011). Such features differ from
many submarine canyons around the world (McCulloch et al., 2017;
Trotter et al., 2019, 2021, 2022), where fluvial connection can be major
conduits for land generated anthropogenic litter. Our study sites are within
the BremerMarine Park (Trotter et al., 2022) and the Perth CanyonMarine
Park (McCulloch et al., 2017; Trotter et al., 2019, 2021, 2022) located in
the Australian Southern Ocean and adjacent southeast Indian Ocean.

Our observations are limited to macro-litter on the seabed, whereas
assessing globally-pervasive microplastics (Andrady, 2011; Bergmann
et al., 2018; Peng et al., 2020; Reisser et al., 2013; Woodall et al., 2015)
requires specialized sampling techniques that were incompatible with our
main research goals and is thus beyond the scope of this study. Quantifying
these observations is also a pre-requisite for evaluating the environmental
status of the resident biota and to implement appropriate measures for
future long-term maintenance (e.g., Danovaro et al., 2020; Kazanidis
et al., 2020; Galgani et al., 2022).

1.1. Study area

1.1.1. Oceanographic setting
The southern boundary of Australia is characterized by complex ocean-

ographic dynamics that sustain periodic upwelling phenomena, assisted by
the presence of several submarine canyons that incise the continental shelf
and slopes. In the shallowest layer of the water column to ~300 m depth,
the Leeuwin Current transports warmer and more saline South Indian
Central Water (SICW, Cresswell and Peterson, 1993) southwards from the
equatorial North-West Shelf region, then eastwards to Tasmania
(Wijeratne et al., 2018; Akhir et al., 2020). Beneath the Leeuwin Current,
the Flinders Current flows westward from Tasmania to Cape Leeuwin
then northwards (as the Leeuwin Undercurrent) to the Perth Canyon,
transporting highly oxygenated Subantarctic Mode Water (SAMW) formed
by deep winter convection in the region south of Australia (McCartney,
1977; Wong, 2005; Woo and Pattiaratchi, 2008). The Flinders Current
flows within a depth range of ~300 to ~750 m reaching a maximum
depth of 800–1000 m (Middleton and Bye, 2007; Duran et al., 2020).
Below the SAMW between ~800–1300 m is the Antarctic Intermediate
Water (AAIW) that originates in the Antarctic Polar Zone (Molinelli,
1981; Fine, 1993; Sloyan and Rintoul, 2001). Underlying the AAIW, the
Upper Circumpolar Deep Water (UCDW) flows at depths of ~1500 to
~2600 m, whilst the Lower Circumpolar Deep Water (LCDW) comprises
the deepest water mass which ranges between 2600 and 3500 m.

1.1.2. Geomorphological setting

1.1.2.1. The Bremer canyon systems (BCS). Seven submarine canyons
deeply incise the portion of the continental margin of the Bremer Sub-
Basin from the uppermost slope to the base of the scarp (Fig. 1). In the
easternmost part of the BCS area, the Bremer Canyon is composed of
five main branches extending from the shelf break at 140–380 m to
>2000 m. The head of the canyon reaches slope angles of 60°, which
become flatter and more U-shaped around 2200 m when it merges
with the Bremer Channel. The adjacent Hood Canyon, the head of
which is located at ~500–600 m depth, has slopes ranging from 10° to
65° that gradually diminish seawards. The head encompasses multiple
tributaries that connect to a single channel, about 2500 m deep and
about 5 km wide. To the southwest, the Henry and Knob canyons incise
the continental slope from 650 to 900 m down to 3400 and 3600 m
where they merge with the wide Bremer Channel. A tributary of the
Knob Canyon almost reaches the shelf break at ~180 m. The gradient
of the canyons heads is about 40°. The seabed of the canyons' is gener-
ally of coarse–grained or mixed sediments and muddy along the flanks
with rocks outcropping within gullies and scarps.
3

1.1.2.2. Perth Canyon. The Perth Canyon is a blind canyon that extends from
the continental slope to the abyssal plain (to about 4000 m depth) covering
an area of>1500 km2. The canyon is defined by two V-shaped sinuous trib-
utaries and steep walls with angles from 30° to 40°, which increase in the
deepest sector reaching ~70°. Around the Perth Canyon there are numer-
ous smaller blind canyons along the continental slope from 1700 m to
3900 m water depth. These canyons run E-W and straight down to the
Perth abyssal plain, parallel to the deepest arm of the Perth Canyon
(McCulloch et al., 2017; Trotter et al., 2019).

2. Materials and methods

Cruise FK200126 was undertaken during the austral summer from
January 26th to February 26th aboard the RV Falkor provided by the not-
for-profit Schmidt Ocean Institute (SOI). Falkor's multibeam sonar system
was used for bathymetric mapping. The SOI's custom-built remotely oper-
ated vehicle, SuBastian, was deployed to collect in-situ some representative
fauna (especially deep-water corals), sediments, seawater, and rocks from
the canyons and shelf environments, as well as to record images of these
largely unexplored habitats including macro-litter on the substrate.

2.1. Multibeam bathymetric analysis

High-resolution bathymetric data were acquired using both Kongsberg
EM 302 and 710 multibeam echo sounders. The multibeam echo-sounder
data was processed onboard using Quimera software generating dynamic
surface using the cube option at variable resolution, 10 m from 200 m to
1500 water depths and 30 m for greater water depths. The data were
‘cleaned’ using the Swath Editor that consists of interactively selecting
and rejecting soundings as well as filtering functions, which automatically
detected and rejected outliers. Digital terrain models (DTMs) were gener-
ated for each survey area at variable resolution depending on the water
depth. The DTMs were exported in ASCII ESRI format and analyzed with
ArcGIS 10.5. Using the ArcGIS Spatial Analyst tool, we derived the hill
shade from the DTM with a vertical exaggeration of 1.5.

2.2. Benthic marine macro-litter detection and classification

Images from all ROV transects were primarily annotated in real-time
during the dives using Falkor's video annotation software, SQUIDLE+,
with some edits made post-survey (http://squidle.org/). SQUIDLE+ is a
new improved online and in-field platform for the management and
annotation of Georeferenced images and videos. We customized the classi-
fication list to include anthropogenic impacts, to whichwe assigned in real-
time all litter observed during the dives. For each dive we exported an .xls
file storing both annotations, image name, date, time, and coordinates for
each image recorded every 5 s. The litter items were counted and density
(item km−1) was calculated as the ratio between items and dive lengths,
considering the entire set of dives performed in each area. We transformed
the .xls files in point shapefile (.shp) to be further analyzed in GIS software
(ArcMap10.8). We selected from the .shp files all points labeled as anthro-
pogenic to be plotted on the Multi Beam DTM. Post-cruise, still images
labeled with ‘anthropogenic’ were visually analyzed and all benthic litter
items further classified as: glass, fabric, plastic metal, derelict fishing gear
(DFG), mixed, or unclassified (Fig. 2). A map was then compiled showing
all classified benthic marine litter items observed in the areas surveyed.

2.3. Literature data

A systematic and bibliometric literature review was performed using a
quantitative approach to identify and analyze existing studies that report
the presence of seafloor litter specifically in submarine canyon systems.
The search was limited to records providing macro-litter occurrences,
hence excluding those focusing on micro-litter (e.g., microplastics).
Two databases, Scopus (scopus.com) and the Web of Science
(webofknowledge.com), were used employing the query terms “litter”

http://squidle.org/
http://scopus.com
http://webofknowledge.com


Fig. 2. Location of dives reporting occurrence of macro-litter in the Perth Canyon and Bremer canyon systems and the distribution of macro-litter categories along the dives
paths. The location of the complete Dive list can be found at https://soi.squidle.org/geodata/explore?filters=%7B%22platform_ids%22:[10]%7D#map. Major urban
centers with the population density (source: https://ghsl.jrc.ec.europa.eu), ports (source: https://msi.nga.mil/) and water courses are showed.
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AND “canyon”. A cross-check between the results from these two databases
was performed to exclude duplicate records. The locations of studies fulfill-
ing the criteria were then extracted and converted into spatial data using
ArcGIS 10.5 software (© ESRI).

3. Results

Marine macro-litter was identified, categorized, andmapped during the
FK200126mission, documenting direct evidence of human imprints on the
deep-sea bottom off SW Australia. The typology of marine litter recorded
during our ROV dives includes some of the most common types of marine
debris listed by Butterworth et al., 2012, i.e., bags, glass bottles, cans, and
ropes, as well as abandoned or derelict fishing gear. A total of 28 items
4

were documented in the areas explored within the Bremer canyon systems
and Perth Canyon Marine Park.

3.1. Bremer canyon systems

Ten ROV dives (312 to 323) were undertakenwithin the BremerMarine
Park, in and around the Bremer and Hood canyons in particular, and near
the mouth of the Henry and Knob canyons (Fig. 2). The dives explored a
wide area and depth range, from sites near themouth of the canyon systems
(312,321) to the shallower depths of the continental shelf (318, 320), but
mostly the intermediate depths along the northern flanks and walls of the
canyons (313, 314, 315, 322, 323). The surveys explored the substrate
from ~180 to 3300 m depths.

https://soi.squidle.org/geodata/explore?filters=%7B%22platform_ids%22:
https://ghsl.jrc.ec.europa.eu
https://msi.nga.mil/


Table 1
Table reporting the benthic macro-litter items identified in the explored sites with categories, quantity, depth of occurrence and length of the dive.

Area DIVE Latitude (ddeg) Longitude (ddeg) Item Category Item Depth (m) Length (m)

BCS Dive 315 −34.74 119.66 Plastic bag Plastic 1 1531.32 2791.37
BCS Dive 318 −34.66 119.73 Plastic ball Plastic 1 489.24 1181.83
BCS Dive 318 −34.66 119.73 Nylon Net Plastic 1 459.10 2702.95
BCS Dive 320 −34.65 119.73 Longline DFG 1 328.48 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 328.06 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 305.69 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 303.94 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 280.70 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 233.17 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 185.18 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 265.57 2702.95
BCS Dive 320 −34.65 119.72 Cage and Longline DFG 1 267.10 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 270.05 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 337.31 2702.95
BCS Dive 320 −34.65 119.72 Longline DFG 1 357.56 2702.95
BCS Dive 321 −34.93 119.78 Unknown Unclassified 1 2953.41 2922.79
BCS Dive 321 −34.93 119.78 Barrel Metal 1 2591.99 2922.79
BCS Dive 323 −34.76 119.63 Plastic pipe Plastic 1 1118.51 5842.12
Perth Canyon Dive 327 −31.68 114.86 Can Metal 1 671.59 2913.50
Perth Canyon Dive 327 −31.68 114.86 Glass bottle Glass 1 678.99 2913.50
Perth Canyon Dive 327 −31.68 114.86 Metal Strip Metal 1 673.86 2913.50
Perth Canyon Dive 328 −32.10 114.86 Plastic bag Plastic 1 2256.11 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic bag Plastic 1 2257.29 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic bag Plastic 1 2258.87 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic bag Plastic 2 2257.62 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic cup Plastic 1 2251.21 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic strap Plastic 1 2247.61 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic cladding Plastic 1 2244.01 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic bag Plastic 1 2241.35 2613.92
Perth Canyon Dive 328 −32.10 114.86 Metal component Metal 1 2240.57 2613.92
Perth Canyon Dive 328 −32.10 114.86 Plastic bag Plastic 1 2240.84 2613.92
Perth Canyon Dive 329 −31.96 114.63 Metal lid Metal 1 2998.71 4282.91
Perth Canyon Dive 329 −31.96 114.63 Metal barrel Metal 1 3002.14 4282.91
Perth Canyon Dive 329 −31.96 114.62 Glass Bottle Glass 1 2657.01 4282.91
Perth Canyon Dive 329 −31.96 114.62 Glove Fabric 1 2652.26 4282.91
Perth Canyon Dive 329 −31.96 114.62 Ordnance Mixed 1 2632.93 4282.91
Perth Canyon Dive 329 −31.96 114.61 Can Aluminum 1 2602.75 4282.91
Perth Canyon Dive 331 −32.01 114.99 Canvas Fabric 1 1082.90 2710.75

Fig. 3. Percent contribution of litter categories in areas explored in the BCS. The total number ofmacro-litter items is reported. The category “unknown”was usedwhen litter
was not identifiable. DFG: derelict fishing gear.
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A small amount of macro-litter was observed during five dives (315,
318, 320, 321, 323), which mainly consisted of plastic and metal items,
and derelict fishing gear (Fig. 2). Dives 315, 318, 320 and 323 surveyed
different portions of the head of the Hood Canyon within a depth range
of 180–1550m. The lowest density of benthicmacro-litter was documented
in Dive 315 (0.36 items km−1), with only one plastic item detected in
>2700 m of seafloor explored (Table 1, Figs. 3–4). Two plastic items were
identified in 1182 m of seafloor surveyed during Dive 318, resulting in
macro-litter density of 1.69 items km−1. Dive 320 explored the shallowest
section of the Hood Canyon (~180–390m), where various types of derelict
fishing gear were documented along the 2700 m transect, mostly
Fig. 4. Bathymetric profile and the occurrence of litter items

6

represented by longlines entangling rocky outcrops emerging from the sea-
floor. Here, the highest litter density was registered, reaching 4.44 items
km−1. In the westernmost part of the Hood Canyon explored, Dive 323 rep-
resents the longest dive traverse that extended >5800 m. The presence of
macro-litter was minimal, with only one plastic item observed (= 0.17
items km−1).

The southernmost survey that yielded macro-litter, Dive 321, transited
~4200 m of muddy floor and rocky flanks near the mouth of the Henry
Canyon, between ~900 and ~1300 m water depths. The seafloor was
mostly devoid of macro-litter (0.47 items km−1) except for a metal item
(barrel) observed on the soft substrate and an unidentified item.
, divided by categories, identified along the dives tracks.



Fig. 5. Bar plot showing the presence of litter, quantity expressed as log(n + 1) of item km−1, in submarine canyons at global scale. References are reported in Table 1.

Table 2
Comparison of litter densities on the seafloor from the literature and this study by considering both litter and fishing-related waste (GW, general waste) and by dividing litter
from derelict fishing gear (DFG) and fishing impacts.

Area Location Depth (m) GW item km−1 Litter item km−1 DFG item km−1 Ref

BCS Southern Ocean 180–3020 1.08 0.36 0.72 This study
Perth Canyon Southern Ocean 740–3000 1.71 1.71 0 This study
Porcupine Bank Canyon Atlantic Ocean 567–2126 2.15 – – Appah et al., 2022
Canyons of Bay of Biscay Atlantic Ocean 223–2359 1.66 – – van den Beld et al., 2017
Lisbon Atlantic Ocean 1602 13.2 – – Mordecai et al., 2011
Setúbal Atlantic Ocean 2194 4.9 – – Mordecai et al., 2011
Cascais Atlantic Ocean 4574 2.1 – – Mordecai et al., 2011
Nazaré Atlantic Ocean 741–4385 0.83 – – Mordecai et al., 2011
S. Vincente Canyon Atlantic Ocean 93–553 1.67 – – Oliveira et al., 2015
Central California canyons Pacific Ocean 20–365 1.8–3.2 – – Watters et al., 2010
Alvin Canyon Gulf of Mexico 846–1110 8.22 – – Quattrini et al., 2015
Atlantis Canyon Gulf of Mexico 885–1794 2.11 – – Quattrini et al., 2015
Block Canyon Gulf of Mexico 1044–2135 3.41 – – Quattrini et al., 2015
Heezen Canyon Gulf of Mexico 703–1723 8.78 – – Quattrini et al., 2015
Hydrographer Canyon Gulf of Mexico 580–1423 1.38 – – Quattrini et al., 2015
Nygren Canyon Gulf of Mexico 678–1590 9.14 – – Quattrini et al., 2015
Oceanographer Canyon Gulf of Mexico 983–1248 3.49 – – Quattrini et al., 2015
Un-named Canyon Gulf of Mexico 1018–1139 28.89 – – Quattrini et al., 2015
Veatch Canyon Gulf of Mexico 1967–2026 6.67 – – Quattrini et al., 2015
Cannes Canyon Mediterranean Sea 945–1443 26.5 25.6 0.9 Angiolillo et al., 2021
Monaco Canyon Mediterranean Sea 1291–2194 16 15.4 0.6 Angiolillo et al., 2021
French canyons Mediterranean Sea 80–700 3.01 – – Fabri et al., 2014
Cassidagne Canyon Mediterranean Sea 200–515 8.2 Fabri et al., 2019
Cap de Creus Canyon Mediterranean Sea 156–1570 24.53 – – Tubau et al., 2015
Cap de Creus Canyon Mediterranean Sea 150–400 45.5 Dominguez-Carrió et al., 2020
La Fonera Canyon Mediterranean Sea 140–1731 45.17 – – Tubau et al., 2015
Blanes Canyon Mediterranean Sea 165–1492 4.68 – – Tubau et al., 2015
Dramont Mediterranean Sea 20–342 4.34 – – Giusti et al., 2019
Monaco Mediterranean Sea 40–251 2.75 – – Giusti et al., 2019
Bordighera Mediterranean Sea 20–300 20.46 – – Giusti et al., 2019
Arma di Taggia Mediterranean Sea 25–95 8.47 – – Giusti et al., 2019
Bergeggi Mediterranean Sea 230–445 7.10 – – Giusti et al., 2019
Petrace Canyon Mediterranean Sea 40–260 177.43 – – Pierdomenico et al., 2020
Gioia Canyon Mediterranean Sea 17–541 124.71 – – Pierdomenico et al., 2020
Dohrn Canyon Mediterranean Sea 140–634 50.3 15.9 Taviani et al., 2019

M. Taviani et al. Science of the Total Environment 857 (2023) 159243
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3.2. Perth Canyon

Five ROV dives (327 to 331) were undertaken in the Perth Canyon, four
of which were impacted by macro-litter (327, 328, 329, 331) (Fig. 2). The
dives targeted sites from the shallower continental shelf to the deeper
reaches of the canyon to ~3000 m depth. The seabed was observed to be
more impacted by anthropogenic items than the sites surveyed in the
Bremer canyon systems. Our survey identified four main types of macro-
litter: plastics (e.g., bags, cups), glass (bottles), metal (cans), fabric (clothes)
and mixed (ordnance; Table 1). Plastic objects represent the most common
human-derived material. Larger items include inert military objects
(ordnance), presumably from naval maneuvers that frequently occur in
the canyon, and scientific equipment such as the lost autonomous ocean
glider reported by Trotter et al. (2019).

Dive 327 explored the flat continental shelf from ~670 to 740 m in the
northernmost site, imaging ~2700 m of the seafloor. The benthic macro-
litter observed consisted of three items (Figs. 2–4, Table 1), the density
being 1.11 items km−1. At the juncture of the two main limbs of the can-
yon, dive 328 surveyed ~2600 m of seabed from the floor up along the
steep walls of the canyon at depths between 1790 and 2260 m. The density
of litter was the highest recorded in the area at 4.21 items km−1. The 11
items identified were mostly plastics (10), represented by bags, cups, and
straps, together with a metal ordnance component. The deepest dive
(329) surveyed the canyon floor towards themouth of the canyon, between
~2550 and 3000 m. This site hosted the largest number of macro-litter
items observed in the Perth Canyon (1.40 items km−1), with 6 items repre-
senting metal, aluminium, glass, fabric, and military ordnance categories.
The presence of macro-litter was consistently lower in the ~2600 m long
track of Dive 331, which explored intermediate depths of the west wall of
the Perth Canyon's east limb between depths of ~770 and 1130 m, with
only one fabric item identified (0.38 items km−1).

With respect to impacts on biota, we did not observe any obvious harm
to the local fauna. Many items lie on muddy/silty bottoms, at times even
acting as shelter to vagrant megafauna (Fig. 6C). The impact of long lines,
Fig. 6. Examples of benthic macro-litter in the Bremer canyon systems: (A) plastic (or pl
459 m, Hood Canyon; (C) plastic ball on soft bottom at ~490 m: it provided shelter to
sponges at ~290 m, Hood Canyon; (E) derelict fishing gear entangled on rocky bottom
357 m, Hood Canyon; (G) unclassified items (likely plastic) associated with rocky bl
Canyon; (I) plastic pipe on soft bottom at 1118 m, Hood Canyon.
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however, may be different since DFG can potentially entangle erect sponges
and cnidarians; yet no such interaction was observed. The lines were bio-
fouled by epizooans (Fig. 8B,C), as was the abandoned fish trap (Fig. 8A).

During the first mission to the Perth Canyon in 2015, an unsuccessful
attempt was made to retrieve an autonomous ocean glider from the
seafloor, lost by a previous scientific expedition (Fig. 8D). Other attempts
of recovering macro-litter at depth were also carried out during the survey
of the BCS with partial success (Fig. 8E, F).

4. Discussion

ROV video records provide evidence of benthic macro-litter in the sub-
marine canyon environments located off southwestern Australia. In terms
of anthropogenic impacts on the sea bottom, the portions of the canyons ex-
plored are remarkably pristine. In fact, quantitative comparative analyses
reveal that macro-litter densities are lower than most of the other canyon
systems known globally (Fig. 5, Table 2). This is especially the case in the
Bremer canyon systems where only 18 items were identified in >16 km
of seafloor surveyed.Most of themacro-litter observed in the BCS is hypoth-
esized to be sourced next to its present location. DFG represent the over-
whelming majority of identified items (12 out of 18). These were,
however, exclusively observed in the shallowest portion of the Hood
Canyon (~180–390 m) where the seabed hosts flourishing animal forests
dominated by sponges and populated by benthic vagile organisms as well
as a diverse fish fauna, some being potential targets of fishing activities.
Yet, the pressure on benthic biota is minimal, with no visible damage to
the local benthic fauna, which is contrary to that commonly observed in
many other submarine canyons. Evidence of impacts from fishing equip-
ment on benthic biota populating submarine canyon systems are, indeed,
common in the literature, which document damage to habitats by gear
under tension that is entangled around rocky obstacles and sessile species
(e.g., Fabri et al., 2014; Galgani et al., 2018; Consoli et al., 2020).

Other macro-litter items were occasionally observed, with plastic being
the second most frequent category. For instance, plastic (polymer)
astic/foil) bag lying on a gravelly bottom at 1531 m, Hood Canyon; (B) nylon net at
a squat lobster (family Galatheidae), Hood Canyon; (D) longline on bottoms rich in
at 267 m, Hood Canyon; (F) longline entangled on the bedrock draped by mud at
ocks and gravel at ~2950 m, Henry Canyon; (H) metal barrel at 2590 m, Henry



Fig. 7. Examples of macro-litter items identified in the Perth Canyon. (A-C), from left: metal strip, glass bottle and aluminium can on the continental shelf between 670 and
740m; (D-I) items identified between 1790 and 2260 m, including plastic bags (D-G), plastic cup (H) and discarded ordnance (I); (L-P) macro-litter on soft bottom imaged in
the deepest dive (2550–3000m): metal containerwith lid (L); glass bottle (M), fabric glove (N), discarded ordnance (O),mixed class, observed at 2630m, aluminium can (P);
deteriorated fabric at 1082 m (Q).
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compounds, such as bags and cups, represented the most abundant macro-
litter category in the Perth Canyon, accounting for more than half of the
items observed along the 12 km of seafloor explored. Metal, glass, and
fabric were also detected, together with mixed materials and aluminium
objects to a lesser extent. We hypothesize that benthic macro-litter
observed in the Perth Canyon was primarily discarded at sea by ship and
boat activity (e.g. commercial, local, and tourism traffic), which is intense
in this area given its proximity to a major port (Port Fremantle) and the
Western Australian state capital city of Perth (https://www.operations.
amsa.gov.au/Spatial/DataServices/MapProduct). In principle, litter float-
ing from the shore and/or wind-blown (Bergmann et al., 2022) could ulti-
mately contribute to deep seabed pollution. Specific hydrographic
patterns and increased downslope currents characterize submarine canyons
as preferential pathways for the transport of macro-litter to the deep sea
(Pham et al., 2014). Recent long-term studies reported a significant
increase in the quantities of debris with time (e.g., Mediterranean French
canyons, Gerigny et al., 2019), suggesting a relationship with land-based
human activities.
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We attribute the overall limited impacts on the SW Australian canyon
systems explored to be partially related to their important status as com-
monwealth marine parks, which ensures some restrictions of human activ-
ities within these areas. In addition, the lower density of coastal human
activities in SW Australia compared to other regions (e.g., the Mediterra-
nean French coast) is consistentwith the limited transport of debris towards
the deep environment through canyon systems.

It must be acknowledged that the variety of methods used to quantify
benthicmacro-litter reported in the literature impedes comprehensive com-
parisons between different areas, which ultimately limits the conclusions
that can be drawn from litter found in submarine canyons.

Although most of the studies rely on information from visual surveys,
quantities are reported both as counts or weight standardized by area (kg
or item km−2) and linear distance (kg or items km−1). If the former provides
a more precise estimation of litter density, deriving the exact aerial extension
of the portion of seabed imaged during the surveys may be problematic due
to the absence of known-distance indicators (e.g., lasers), variations in the ori-
entation of the vehicle, distance from the bottom, and angle of the cameras.

https://www.operations.amsa.gov.au/Spatial/DataServices/MapProduct
https://www.operations.amsa.gov.au/Spatial/DataServices/MapProduct


Fig. 8. A-C: Benthic macro-litter biofouling; derelict fishing gear in Dive 320 at 290 m (A), 267 m (B) and 270 m (C) fouled by sponges and bryozoans; (D-F): attempts to
remove macro-litter from the seabed; failed attempt of recovering a lost glider during the Perth Canyon 2015 cruise (D) (this site was named after it in McCulloch et al.,
2017 and Trotter et al., 2019); recovery of a metallic item in Dive 328 at 2240 m (E), failed, and of a discharged ordnance at 2632 m, successful (F).
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Acknowledging recent valuable efforts comparing and evaluating the impact
of litter in submarine canyons using literature records (Hernandez et al.,
2022), a framework to effectively compare studies and data is still lacking.

Implementing standardized methodologies for the detection, quantifi-
cation, and characterization of debris in the marine environment is
therefore critical to advance our understanding of the presence of benthic
macro-litter in submarine canyons and deep-sea environments in general.

5. Conclusions

Albeit limited in spatial coverage and only related to macro-litter
(i.e., excluding potential chemical pollution and micro-litter), this study
suggests that the current condition of the Bremer canyon systems and
Perth Canyon, in terms of visible anthropogenic impacts, is very limited
and partly due to their national status as marine parks. This first quantita-
tive analysis, documenting the typology and intensity of human-related
impacts, not only reflects their successful stewardship but also represents
a baseline for future assessment of the environmental status of benthic com-
munities in these marine parks. Importantly, good management programs
must be ongoing and continually re-assessed to ensure their veracity and
to at least maintain this low level of impacts, so the future value of these
vulnerable ecosystems is guaranteed.
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