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Submarine canyons influence oceanographic processes, sediment transport, productivity and benthic biodiversity
from the continental shelf to the slope and beyond. However, not all canyons perform the same function. The
relative influence of an individual canyon on these processes will, in part, be determined by its form, shape and
position on the continental margin. Here we present an analysis of canyon geomorphic metrics using an updated
national dataset of 713 submarine canyons surrounding mainland Australia. These metrics (attributes) for each
canyon are used to classify them into canyon types across a hierarchy of physical characteristics separately for

Keywords:

Au}::;alia shelf-incising (n = 95) and slope-confined (blind; n = 618) canyons. We find that the canyon metrics describe
submarine canyons a wide variety of canyon form and complexity that is consistent with a population of canyons that has evolved
bathymetry at different rates around the Australian margin since the break-up of Gondwana. The large number of slope-

morphometrics
hierarchical classification

confined canyons is interpreted to reflect dominance of slope mass-wasting processes over erosive turbidity
flows from fluvial and shelf sources on an arid continent. The distribution of submarine canyons around the
Australian margin is not regular, with clusters occurring in the east, southeast, west and southwest where the
margin is steepest. The classification result provides a quantitative framework for describing canyon heterogeneity
for application in studies of geological controls on individual canyons, canyon oceanography and canyon

biodiversity.

Crown Copyright © 2014 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

Submarine canyons are common geomorphic features that occur on
the margins of all continents (Shepard, 1972; Harris and Whiteway,
2011; Harris et al., 2014). Their complex morphology interacts with
ocean currents, tides and internal waves, setting up hydrodynamic
conditions that influence benthic ecosystems and habitats (Vetter,
1994; Bosley et al., 2004; De Leo et al., 2010). Submarine canyons
were first scientifically described by marine geologists, who focused
on their significance as major geomorphic features of continental
margins and as conduits for sediment export from coastal and shelf
environments to the deep sea over geologic timescales (e.g. Shepard
and Dill, 1966). More recently, the ecological significance of submarine
canyons has been recognised, as features associated with enhanced
primary productivity, benthic biomass and biodiversity (Huvenne and
Davies, 2013).

As our knowledge and understanding of the importance of sub-
marine canyons for biodiversity has improved, our need for a systematic
approach to describing and classifying them has grown. In this paper we
review the geomorphological classification of canyons and relate
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specific geomorphic attributes to the physical oceanographic and eco-
logical processes that have been identified by previous workers as
being important to defining differences in canyon ecosystems
(e.g., Schlacher et al., 2007; Cartes et al., 2010; McClain and Barry,
2010; Vetter et al., 2010; others detailed in Section 3). In this context,
we present a new submarine canyon dataset for the Australian conti-
nental margin, derive physical properties for all canyons and use these
measures to classify Australian canyons as a framework for examining
their geomorphic and ecological characteristics.

2. Definitions and canyon types

Here we adopt the criteria for submarine canyons proposed by
Shepard (1972, 1981) who recognised that canyons may have several
origins and restricted his definition to “steep-walled, sinuous valleys
with V-shaped cross sections, axes sloping outward as continuously as
river-cut land canyons and relief comparable to even the largest of
land canyons”. This definition therefore excludes other seafloor valleys,
including: delta-front troughs (located on the prograding slope of large
deltas); fan valleys (the abyssal, seaward continuation of submarine
canyons some of which are remarkably long; Skene and Piper, 2006;
Bourget et al., 2008); slope gullies (incised into prograding slope
sediments); fault valleys (structural-related, trough-shaped valleys,
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generally with broad floors); shelf valleys (incised into the shelf by
rivers during sea level low stands, generally less than 120 m deep);
and glacial troughs incised into the continental shelf by glacial erosion
during sea level low stands, generally U-shaped in profile and having
a raised sill at their seaward terminus (Shepard, 1981).

Among the submarine canyons that fit Shepard's criteria, there are
two broad types: (i) Shelf-incising canyons, with the largest extending
landward as shelf valleys that have a direct connection to modern
river systems. A sub-category of shelf-incising canyon, termed “headless
canyons”, incise the shelf but do not extend across the shelf as shelf
valleys nor do they connect to river systems (Greene et al., 1991); (ii)
Blind (slope-confined) canyons that are confined to the continental
slope with heads that terminate below the shelf break (also termed
slope-sourced canyons; Brothers et al., 2013).

3. Hydrodynamic and ecological significance of canyons

The topography of submarine canyons can influence local upwelling
and downwelling of water masses and generate other complex hydro-
dynamic processes, notably internal tides (Shepard, 1975; Hotchkiss
and Wunsch, 1982; Klinck, 1996; Allen et al., 2001; Cacchione et al.,
2002; Carter and Gregg, 2002). Canyons may also act as conduits for
transporting sediment and nutrients from the shelf to the deep sea
(Gardner, 1989a; Vetter and Dayton, 1998, 1999; Canals et al., 2006;
de Stigter et al., 2007; Zuniga et al., 2009; Cunha et al., 2011; Martin
et al,, 2011; Puig et al,, 2013). Internal tides and waves, in contrast,
can resuspend sediments through focusing effects and transport them
up-canyon and across the shelf break (Shepard et al., 1974a, 1974b;
Gardner, 1989b; Kunze et al., 2002; de Stigter et al., 2007; Puig et al.,
2013). The combined effects of these hydrodynamic processes enhance
shelf-slope exchanges and vertical motions of water and materials
(Allen et al., 2001; Jordi et al., 2005) and have a substantial influence
on the physical and biochemical properties of submarine canyons.

Of particular importance to canyon ecology are enhanced nutrient
levels (e.g. chlorophyll-a, organic carbon and nitrogen, lignin) in the
water column and sediment (Palanques et al., 2005; Garcia et al.,
2008; Zuniga et al., 2009; Tesi et al., 2010; Kiriakoulakis et al., 2011;
Martin et al., 2011; van Oevelen et al., 2011; De Leo et al., 2012) and
the vertical profiles of light availability (turbidity), temperature, salinity
and oxygen (Bosley et al., 2004; S.J. Rennie et al., 2009; Zuniga et al.,
2009; Martin et al., 2011; De Leo et al., 2012). Together with large
depth ranges, steep walls, rocky outcrops and mixed sediment types,
these factors contribute to high spatial and temporal heterogeneity of
canyon habitats which may in turn facilitate high marine biodiversity
(Schlacher et al., 2007; McClain and Barry, 2010).

Refuge and food supply are two determining factors of habitat qual-
ity. Submarine canyons commonly have heterogeneous substrate types
that offer habitats for various benthic species (e.g., Vetter et al., 2010;
Cunhaetal., 2011; De Mol et al., 2011; Paterson et al., 2011). In addition,
canyons can provide natural refuge from fishing activities (Yoklavich
et al., 2000) and harbour relic species (Gili et al., 2000; Palanques
et al,, 2005). Increased food supply in the vicinity of canyon heads and
the upper reaches of canyons can lead to strong primary and secondary
production (Vetter, 1994; Skliris and Djenidi, 2006; Cartes et al., 2010;
Vetter et al.,, 2010). The aggregation effect of the food web enhances
species diversity (Gili et al., 2000; Genin, 2004; van Oevelen et al.,
2011). Numerous studies have demonstrated the significant biodiversi-
ty values of submarine canyons for:

 benthic macrofauna such as polychaetes (e.g., Rowe et al., 1982;
Vetter, 1994; Vetter and Dayton, 1998; Cartes et al., 2010; Louzao
et al., 2010; Cunha et al., 2011; Paterson et al., 2011; Currie and
Sorokin, 2014; De Leo et al., 2014);

 benthic megafauna such as sponges and cold-water corals (e.g., Rowe,
1971; Vetter and Dayton, 1999; Hargrave et al., 2004; Schlacher et al.,,
2007; Cartes et al., 2010; De Leo et al., 2010; Ramirez-Llodra et al.,

2010; Vetter et al., 2010; De Mol et al., 2011);

* phytoplankton (e.g., Skliris and Djenidi, 2006; Mendes et al., 2011);

* zooplankton such as krill (e.g., Greene et al., 1988; Allen et al., 2001;
Skliris and Djenidi, 2006; Robison et al., 2010);

« fish and invertebrates such as rockfish, Pacific ocean perch and giant
squid (e.g., Vetter and Dayton, 1999; Yoklavich et al., 2000; Brodeur,
2001; De Leo et al., 2010; Vetter et al., 2010; Guerra et al., 2011; De
Leo et al.,, 2012); and

» whales (e.g., Hooker et al., 1999; S. Rennie et al., 2009).

4. Submarine canyons in Australia

The distribution of submarine canyons on the Australian margin was
first mapped at the national scale by Heap and Harris (2008). A total of
423 submarine canyons was identified on all margins of the continent,
with the greatest number (n = 127) along the southeast margin
where the continental shelf and slope are both relatively narrow and
steep. In contrast, only seven canyons were identified on the broad
shelf of the northern margin (Heap and Harris, 2008). This contrast in
the distribution of canyons in relation to the shelf and slope of the
Australian margin was further highlighted by Porter-Smith et al.
(2012) in a morphometric analysis of 257 canyon catchments.

In addition to these continent-wide studies, Australian submarine
canyons have been mapped at local to regional scales along the south-
western (Von Der Borch, 1968; Exon et al., 2005), south-south-eastern
(Hill et al., 1998; Gingele et al., 2004; Hill et al., 2005; Mitchell et al.,
2007) and north-eastern (Puga-Bernabeu et al., 2011, 2013, 2014; Web-
ster et al., 2012) margins with a focus on canyon geology, geomorphol-
ogy and sedimentology. Canyon-specific studies of local patterns in
benthic biodiversity (e.g. Schlacher et al., 2007; Currie et al., 2012;
Currie and Sorokin, 2014) and of canyon oceanography (e.g. Perth
Canyon; S. Rennie et al., 2009) have contributed to an improved under-
standing of canyons as sites of enhanced productivity. However, the
drivers of broader regional patterns in biodiversity within and between
canyons remain poorly understood.

Many canyons on the Australian margin are influenced to some
degree by either the Leeuwin Current (western to southern margins)
or the East Australian Current (eastern margin), in addition to more
localised oceanographic phenomena such as the Ningaloo Current
(central western margin), the Flinders Current (southern margin),
and dense shelf water cascades such as documented for Bass Strait
(Godfrey et al., 1980) and southwest Australia (Pattiaratchi et al.,
2011). Many canyons are located within the new national network of
Commonwealth Marine Reserves (CMRs) and are recognised as Key
Ecological Features (KEFs) in the management plans for these reserves
(Commonwealth of Australia, 20134, b). In particular, it is the role that
canyons play in channelling nutrient-rich waters and thereby pro-
moting productivity that is highlighted in the profile descriptions of
these canyon KEFs. It follows then that to support the management of
these marine reserves and to better understand the ecological processes
associated with submarine canyons, an integrated analysis of canyons
and oceanography is required.

5. Data sources and methods
5.1. Bathymetry datasets

Our analysis covers the full extent of the Australian Exclusive
Economic Zone (excluding the external territorial seas and extended
continental shelf; Fig. 1), an area of 6.82 million km?. The study area is
arbitrarily divided into eight geographic regions, as defined by Heap
and Harris (2008) (Fig. 1). The eight regions are used here to facilitate
the presentation and comparison of the canyon mapping and classi-
fication results.

To map the submarine canyons on the Australian margin we used
three bathymetry datasets. Dataset 1 is the national-scale bathymetry
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Fig. 1. The study area showing extents of bathymetry datasets used to map submarine canyons on the Australian margin. The eight geographic regions previously defined by Heap and
Harris (2008) (N—north, NW—northwest, NE—northeast, E—east, SE—southeast, S—south, SW—southwest, W—west) and the extent of Fig. 2 are also shown.

grid that covers the entire study area (Fig. 1) with a spatial resolution of
~250 m (Whiteway, 2009). It is the latest update of the grid used by
Heap and Harris (2008) to map the seabed geomorphic features on
the Australian margin. The 250 m bathymetry grid was derived from
multibeam and single beam data, Australian Hydrographic Service
Laser Airborne Depth Sounding data, Royal Australian Navy fairsheets,
the General Bathymetric Chart of the Oceans (GEBCO) bathymetric
model, and the 1 and 2 arc minute ETOPO satellite derived bathymetry
(Whiteway, 2009). Dataset 2 is an ~100 m resolution bathymetry grid
covering the Great Barrier Reef and Coral Sea regions (Fig. 1) produced
by Beaman (2010) using the latest data from multibeam and single
beam surveys, airborne LIDAR surveys, and satellite remotely sensed
imagery. Dataset 3 includes multibeam sonar data gridded to 50 m res-
olution and compiled as tiles that provide coverage for 1.11 million km?
of the margin (Wilson, 2012; Fig. 1). Importantly, these higher resolu-
tion multibeam bathymetry data include large sections of the outer
continental shelf to upper continental slope, where most Australian
submarine canyons are located (Heap and Harris, 2008; Harris and
Whiteway, 2011).

5.2. Mapping method

Submarine canyons are complex and heterogeneous seabed features
with steep walls, relatively flat bottoms and variable shapes, often with
multiple branches. It is therefore currently difficult to delineate canyon
extents using automatic techniques such as GIS-based segmentation,
which is designed to obtain relatively homogeneous spatial objects
(features) ideally from continuous high resolution multibeam bathym-
etry data across each canyon. We therefore used a manual digitising
method to map canyon boundaries, following Heap and Harris (2008).
First, we generated hill-shaded layers from the bathymetry datasets to
enhance the topography of seabed features and assist the identification
of canyon catchment (drainage) boundaries (Porter-Smith et al,, 2012).
These boundaries were manually digitised as GIS polygons on the hill-

shaded bathymetry layers. We also digitised one canyon head and foot
for each canyon (non-branched and multi-branched canyons alike). As
an example, Fig. 2 illustrates the resultant polygon, canyon head and
foot, and centrelines (detailed below) for the multi-branched Perth
Canyon.

After mapping all canyon-like features on the Australian margin, we
applied the following filtering criteria to obtain the final set of canyon
polygons: (i) the water depth at the canyon head is less than 4000 m;
(ii) the incision of the canyon head relative to the surrounding inter-
fluve is greater than 100 m (detailed further in Section 5.3), and (iii)
the depth range between the canyon head and foot is greater than
600 m. These criteria follow the global canyon mapping study of
Harris and Whiteway (2011), with the exception of the threshold for
the depth range. In this continental scale study we considered the 600
m threshold as more appropriate (rather than 1000 m as used by
Harris and Whiteway, 2011). Together, these criteria ensure the dataset
excluded non-canyon features such as abyssal valleys, slope gullies and
shallow shelf valleys.

The bathymetry datasets used for the submarine canyon mapping
have different spatial resolutions and variable uncertainty levels. To
address this data quality and uncertainty issue, we assigned each can-
yon an uncertainty score, largely based on the spatial resolution of the
bathymetry datasets underlying the canyon. The uncertainty scores
range from 1 to 5, to represent the least to the most uncertain mapping,
respectively. Canyons with uncertainty scores of 1 and 2 were mapped
almost exclusively using the multibeam bathymetry dataset with 50
m spatial resolution. The canyons that were mapped using a combina-
tion of the bathymetry datasets with higher and lower spatial resolu-
tions were assigned uncertainty scores between 3 and 5.

5.3. Canyon metrics

For each canyon polygon, a total of 30 metrics (attributes) were
derived based on its shape, morphometric characteristics and



Z. Huang et al. / Marine Geology 357 (2014) 362-383 365

114°30'E

31°30'S

1-32°0'S

115°0°E

Fig. 2. Perth Canyon showing key parameters measured for all canyons in this study, including: Canyon Head depth (281 m); Canyon Foot depth (4683 m); Centreline distance for the main
axis and tributaries (224 km); Canyon Perimeter (386 km); Maximum Bounding Rectangle (MBR; 51 x 95 km) and the Canyon Head Buffer. Additional derived parameters are listed in

Table 1. Location of Perth Canyon is shown in Fig. 1.

geographical location (Table 1). Some of these metrics were calculated
in ArcGIS Desktop™ and are self-explanatory, such as planar area
(PA), perimeter (Pm) and depth range (DR). The methods to obtain
and calculate other metrics were as follows:

« Centreline length (CL) is defined as the length of the “centreline” of an
elongated canyon polygon (Fig. 2). In this study, the centreline was
used as an approximate representation of the canyon thalweg. The
centrelines were generated using the ArcScan toolset available in
ArcGIS Desktop™. For a dendritic canyon, CL was calculated as the
length of the main canyon plus all tributary canyon centrelines.

* Minimum bounding rectangle (Mbr) was defined as the minimum
rectangle enclosing a canyon polygon (Freeman and Shapira, 1975;
Toussaint, 1983; Fig. 2). The rectangle width (MbrW), length (MbrL)
and orientation (degrees relative to north; MbrO) were calculated,
as well as the length to width ratio (LtWR), the border index (BI)
and compactness (Cp), using the following equations:

MbrL
LOWR = (1)
Pm
Bl = (MbrL + Mbrw) x 2° @)

MbrW x MbrL
== pA 3)
 Canyon volume (Vm) was defined as the 3-D space bounded by the
canyon bottom and walls. It was calculated from the volumetric differ-
ence between a reference surface (in 3-D) and the canyon surface (in
3-D) using the “Surface Difference” tool in ArcGIS Desktop™. Both the
canyon surface and reference surface are bathymetric surfaces; and
the canyon surface is below the reference surface. The canyon surface
was created by converting the canyon polygon to raster layer, then to
a TIN surface. The reference surface is the surface over the top of the
canyon walls, created by: (i) extracting depth values for all vertices
along the canyon polygon, effectively representing the top of canyon
walls; (ii) creating an interpolated raster layer based on these depths
using the “TopoToRaster” tool in ArcGIS Desktop™; and (iii)
converting the interpolated raster layer to a TIN as the reference
surface.

Sinuosity (Sn) was calculated using the following equation:

Cp

where HtFD is the head to foot distance.

Head incision (HI) depth was calculated as the depth range within a
2 km buffer around a canyon head (Fig. 2). This distance was chosen
on the basis that most canyon heads exert maximum influence on
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Table 1

Descriptions of canyon metrics.
Name Code Definition Units Group
Planar area PA Area of canyon polygon km? Shape
Perimeter Pm Perimeter of canyon polygon km Shape
Centreline length CL Total length of canyon/sub-canyons centreline(s) km Shape
Minimum bounding rectangle width MbrW  Width of the minimum rectangle that encloses the canyon polygon km Shape
Minimum bounding rectangle length MbrL Length of the minimum rectangle that encloses the canyon polygon km Shape
Minimum bounding rectangle orientation =~ MbrO Orientation of the minimum rectangle that encloses the canyon polygon Degrees'  Shape
Length to width ratio LtWR A measure of elongation. Larger the value the more elongate the canyon None Shape
Border Index BI A measure of geometric complexity. Larger the value the more fractal the canyon None Shape
Compactness Cp A measure of compactness. Larger the value the more compact the canyon None Shape

(or the smaller its border)

Number of branches NoB Number of sub-canyons Integer Shape

Volume Vm 3-D volume enclosed by the canyon bottom and walls km? Shape

Head to foot distance HtFD Euclidian distance between canyon head and foot km Shape
Sinuosity Sn A measure of the quality of being sinuous. Larger the value the more sinuous the canyon =~ None Shape

Head incision HI Incision depth of canyon head m Morphometric
Average gradient AG Average gradients within canyon polygon Degrees Morphometric
Standard deviation of gradient StdG Standard deviation of the slope gradients within canyon polygon Degrees Morphometric
Range of gradient RG Range between maximum and minimum gradients within canyon Degrees Morphometric
Surface area SA 3-D surface area of canyon km? Morphometric
Rugosity Rg Roughness of canyon surface None Morphometric
Head to foot gradient HtFG Gradient between canyon head and foot Degrees Morphometric
Percentage of gradient greater than 15° pG15 Percentage of canyon area with slope gradients greater than 15° % Morphometric
Head depth HD Water depth of canyon head m Location

Foot depth FD Water depth of canyon foot m Location
Depth range DR Depth range between canyon head and foot m Location
Incision depth? ID Averaged depth of canyon area that incises into shelf break m Location
Incision area® 1A Area of canyon area that incises into shelf break km? Location
Distance to shelf break® DtSB Euclidian distance of canyon to shelf break km Location
Distance to river mouth? DtRM Euclidian distance of canyon to the mouth of the nearest permanent river km Location
Distance to nearest canyon DtNC Euclidian distance to the nearest canyon km Location

Focal variety FV Number of neighbouring canyons within a nominated proximity Integer Location

1 Relative to north for major axis.
2 For shelf-incised canyons only.
3 For blind canyons only.

hydrodynamic and ecological processes within an area that extends
on the order of several kilometres (not tens of km) from the rim
(Allen et al., 2001; Carter and Gregg, 2002; S. Rennie et al.,, 2009).
Surface area (SA) incorporates the three-dimensionality of the seabed
and is always greater than the planar area. The algorithm of Jenness
(2004) was used to calculate the surface area of each canyon cell
(after converting the polygon to a raster with a 50 m spatial resolu-
tion); then all cells within a polygon were summed to derive SA.
Rugosity (Rg) was calculated as:

SA
Rg = PA" (5)

Head to foot gradient (HtFG) represents the gradient between the
canyon head and foot and was calculated as:

DR
HtFG = atan (W) x 180 = . (6)

Incision area (IA) and incision depth (ID) are two metrics generated
for shelf-incising canyons only, using the shelf break line as the base-
line. In Australian continental margins, the shelf break was conven-
tionally defined by the 200 m contour (Butler et al., 2001;
Porter-Smith et al., 2012). In this study, the shelf break line was
mapped from the 200 m depth contour in the 250 m bathymetry
grid and modified to fit the shelf break more accurately using the
100 m and 50 m bathymetry grids with the aid of their hill-shaded
layers (Fig. 1). A 2 km buffer was then created around the shelf
break line and where a canyon polygon intersected the buffer, ID
was calculated as the average depth of the intersected area. Because
we considered the shelf break as a zone rather than a 1-D line and
that 2 km was an appropriate buffering distance. Similarly, IA was

the planar area of the intersected area.

« Focal variety (FV) indicates the canyon spatial density, or spacing,
calculated here using the “Focal Variety” tool in ArcGIS Desktop™
with a circle neighbourhood of a 100 km radius (Harris and
Whiteway, 2011).

5.3.1. Classification system and analytical techniques

A hierarchical classification system was used to classify the canyons
based on the metrics derived for each canyon polygon. At the top level
of the classification tree (i.e. Level 1 (L)), a two-category classification
was imposed on each canyon as being shelf-incising or blind (slope-
confined) using the ‘distance to shelf-break’ (DtSB) metric. Canyons
with heads at least 500 m shoreward of the shelf break and coincident
with a landward deflection of the shelf break were classified as shelf-
incising. These criteria were to exclude those canyons that merely
touch the shelf break line and those that do not incur a landward deflec-
tion. All canyons that do not satisfy the above criteria in the dataset
were classed as blind canyons. Subsequent levels of the canyon classifi-
cation were determined using knowledge-driven (supervised) and
data-driven (unsupervised) classification techniques separately. Both
knowledge-driven and data-driven classification techniques have been
successfully used in habitat mapping and classification (e.g. Harris
et al., 2008; Harris and Whiteway, 2009; Harris, 2011; Huang et al.,
2011). Knowledge-driven techniques are able to utilise expert knowl-
edge gained from a growing body of scientific observations and
research. The resultant classes use descriptive terms that are easily
understood by end users. The classification process, however, involves
a degree of subjectivity. Data-driven techniques, on the other hand,
are more objective and automatic. They, however, tend to be more
sensitive to data errors. The resultant classes are also more difficult to
interpret. This study employed both techniques to take full advantage
of their relative merits.



Z. Huang et al. / Marine Geology 357 (2014) 362-383 367
Table 2
Statistics of canyon metrics, summarised by canyon type (the highlighted values were used for the knowledge-driven classifications).
Canyon type
All canyons Shelf-incised canyons Blind canyons

Min Max Mean s.d.! Min Max Mean s.d. Min Max Mean s.d.
Pm 6.2 1320 88.8 116.0 15.7 1320 146.1 192.5 6.2 1294 80.0 96.5
PA 1.0 4695 157.3 353.6 4.2 4695 3323 691.0 1.0 2906 1304 257.1
CL 2.7 738.4 46.7 65.3 6.6 727.6 80.8 109.2 2.7 738.4 414 53.8
Mbrw 0.6 1143 8.4 10.3 1.1 1143 129 15.9 0.6 61.5 7.8 8.9
MbrL 2.7 215.2 26.7 248 5.8 215.2 382 38.7 2.7 173.0 249 213
MbrO 0.2 179.6 83.2 43.8 4.6 178.0 86.4 34.6 0.2 179.6 82.7 45.1
LtWR 1.0 25.7 4.5 2.9 1.0 18.0 43 29 1.0 25.7 4.5 2.9
BI 0.8 3.8 1.1 0.3 0.9 3.2 13 0.5 0.8 3.8 1.1 03
Cp 1.1 10.3 22 0.8 1.5 10.3 2.7 1.2 1.1 6.0 2.2 0.7
NoB 1.0 47.0 2.8 34 1.0 25.0 44 49 1.0 47.0 2.6 31
HI 3.0 1664 605.9 270.1 3.0 1023 421.2 229.6 102.0 1664 634.3 264.8
HD -4000 -13.0 -1414 1067 -471.0 -13.0 -180.6 91.1 -4000 -49.0 -1604 1021
FD -5537 -108 -3170 1267 -5073 -108.0 -2297 1295 -5537 -784.0 -3304 1209
DR 34.0 4922 1756 944.4 34.0 4922 2117 1270 601.0 4686 1701 872.2
AG 0.1 38.1 12.7 49 0.1 21.7 118 49 1.8 38.1 12.8 49
StdG 0.1 20.0 8.5 2.8 0.1 13.6 7.7 3.1 0.9 20.0 8.6 2.7
RG 0.6 88.7 58.9 17.2 0.6 88.4 55.9 22.0 6.8 88.7 59.4 16.3
SA 1.0 4925 1726 375.9 43 4925 357.3 724.8 1.0 2974 144.2 2774
Rg 1.0 2.1 1.1 0.1 1.0 13 1.1 0.1 1.0 2.1 1.1 0.1
Vm 0.0 1346 20.1 713 0.0 1346 46.1 158.0 0.0 473.9 16.2 44.0
HtFD 2.6 203.7 26.1 24.0 5.7 203.7 375 37.6 2.6 169.0 243 20.7
HtFG 0.0 229 5.4 3.1 0.0 11.7 4.8 2.4 0.2 22.9 5.5 3.1
DtSB 0.0 757.3 65.3 104.9
DtNC 0.0 377.0 5.6 21.0 0.1 20.1 2.8 34 0.0 377.0 6.0 22.5
FV 1.0 46.0 19.2 9.9 4.0 46.0 20.9 10.2 1.0 46.0 18.9 9.8
D -798 -90.6 -410.5 156.1
1A 1.6 3051 1203 455.5
pG15 0.0 96.4 327 19.8 0.0 75.4 303 194 0.0 96.4 33.0 19.9
Sn 1.0 7.7 1.6 0.9 1.0 7.7 2.0 13 1.0 7.4 1.6 0.8
DtRM 235 1136 221.7 211.6 235 456.2 90.8 83.7

The knowledge-driven technique used in this study was based on
the potential significance of the metrics outlined above in determining
the nature of canyon habitats. From the 30 metrics calculated for all can-
yons, five metrics were selected as those that were most likely to be of

ecological significance, as follows:

(i) The percentage of the canyon surface area having a slope
gradient greater than 15° (pG15). This threshold value (15°)
was chosen as the divide between hard (>15°) and soft (or un-
consolidated) substrate (<15°), with the former a potential hab-
itat for sessile organisms and associated faunas;

(ii) The head-to-foot gradient of the canyon (HtFG), a parameter that
may influence slope stability and down-canyon sediment trans-

port;
(iii) Canyon volume (Vm), a parameter that incorporates the surface

area and depth of a canyon, and therefore, is a measure of the
potential for a canyon to provide heterogeneous habitats;

(iv) Head incision depth (HI), which provides a measure of the bathy-
metric range at the canyon head and therefore the potential for
exposed, hard substrate and for enhanced vertical mixing associ-
ated with upwelling and interaction with ocean boundary cur-

rents;

(v) Distance to the nearest canyon (DtNC), a parameter that indi-
cates the degree of canyon clustering (or isolation) in a given
area and in turn the potential for connectivity between more
locally variable (or unique) habitats.

Other metrics may also be suitable for the knowledge-driven classi-
fication. For example, the Rugosity (Rg) metric, which indicates the

roughness of canyon surface, can be used to replace the head-to-foot
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Fig. 3. Spatial distribution of the 713 mapped submarine canyons on the Australian margin, showing also the network of Commonwealth Marine Reserves (CMRs).

gradient or the proportion steeper than 15°. These five selected metrics
were used to divide shelf-incising and blind canyons separately into
sub-types across three further levels of classification (L,, L3 and Ly).
These levels incorporated the gradient metrics (pG15 and HtFG for
L,), volume and depth metrics (Vm and HI for L3) and spacing metric
(DtNC for Ly) as a way of systematically assigning each canyon to a hier-
archy of classes. The global mean values for these metrics were used as
the class boundaries (the highlighted values in Table 2).

The data-driven classification employed an Expectation-
Maximization (EM) clustering algorithm (Dempster et al., 1977) to
derive three independent L, classifications based on canyon shape,
morphometrics and geographical location. After taking into account
the correlations among the canyon metrics, four metrics were selected
for each classification. The shape-based classification used LtWR, Cp,

Bl and Vm. The morphometric-based classification used HI, pG15,
HtFG and Rg. The location-based classification used HD, DR, DtNC, and
either DtRM (for shelf-incising canyons) or DtSB (for blind canyons).
For the EM algorithm, we set the maximum number of iterations to
100, then employed Akaike's Information Criterion (AIC; Akaike,
1974) and a five-fold cross-validation procedure to find the optimal
number of clusters between 1 and 10. To verify whether the selected in-
dividual metrics are significant in separating the resultant clusters, an
analysis of variance (ANOVA) using the F-test was carried out and eval-
uated at 99% significant level. In other words, the result of the one-way
ANOVA indicates whether the mean of the metric is different among the
clusters. It should be noted that we use the terminology of “cluster” (in-
stead of “class”) for the results of the data-driven classification because a
cluster does not have a meaningful class name associated with it.

Table 3
The areas (i.e. PA in Table 1) and numbers of submarine canyons in eight geographic regions, summarised for all canyons, shelf-incised canyons and blind canyons.
NE E SE S N w NwW N Sum
All canyons Area (km?) 5274 10,271 25,995 14,140 15,890 19,506 11,138 9940 112,154
Area (km?)' 5720 4500 37,820 16,910 12,490 10,130 6020 10,560 104,150
Number 109 88 187 69 101 110 43 6 713
Number! 66 32 127 39 64 39 31 7 405
Shelf-incised canyons Area (km?) 600 3775 9147 2493 5607 7 0 9940 31,569
Number 7 20 50 2 9 1 0 6 95
Blind canyons Area (km?) 4674 6496 16,848 11,647 10,283 19,499 11,138 0 80,585
Number 102 68 137 67 92 109 43 0 618

1 The numbers were extracted from Heap and Harris (2008).
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Table 4
Uncertainty levels of the Australian submarine canyons.

Uncertainty Score All canyons Shelf-incised canyons Blind canyons
1 59 (8.3%) 27 (28.4%) 32 (5.2%)

2 243 (34.1%) 52 (54.7%) 191 (30.9%)

3 258 (36.2%) 10 (10.5%) 248 (40.1%)
4 106 (14.9%) 0(0.0%) 106 (17.2%)

5 47 (6.6%) 6 (6.3%) 41 (6.6%)

6. Results
6.1. Canyon distribution and form

In total, 713 submarine canyons were identified and mapped on the
Australian margin (Fig. 3). This includes all canyons that satisfied the
criteria we used to filter out non-canyon-like features such as valleys
and gullies, and six canyon-like features in the Arafura Sea (the north-
ern region) that are located entirely on the continental shelf. While
these six canyon-like-features fail the criteria in terms of their depth
range, they are potentially important to the ecosystem processes on
the northern shelf and are recognised as Key Ecological Features for
the North Marine Region (Commonwealth of Australia, 2013b)
(Fig. 3). This new tally of 713 canyons is a substantial increase on the
405 mapped by Heap and Harris (2008) (the tally of 405 excluded can-
yons they identified in the external territorial seas and extended conti-
nental shelf, Table 3) and the 256 mapped by Harris and Whiteway
(2011). These previous efforts at mapping Australian submarine can-
yons each used lower resolution bathymetry datasets (250 m and
2 km, respectively).

In terms of the uncertainty score applied to each canyon, 42% of the
713 canyons was mapped from the high-quality multibeam bathymetry
dataset and assigned scores of 1 and 2 (Table 4). A further 36% has an
acceptable uncertainty score of 3 and the remaining 22% a score of 4
or 5. The submarine canyons identified here occupy a total area of
112,154 km?, which is 1.64% of the continental EEZ and 8004 km? great-
er than the area reported by Heap and Harris (2008). With reference to
the eight geographic regions of the Australian continent used by Heap
and Harris (2008; Fig. 1), the southeast region has the greatest number
of canyons while the northern region has the fewest (Table 3). Half of
the canyons are located on the southern margin (SE, S and SW regions).
On average, canyons in the northeast region are the smallest in area
while canyons on the western margin are larger than those on the
eastern margin.

6.2. Geomorphology of Australian submarine canyons

Submarine canyons on the Australian margin are highly variable
in size, with planar areas ranging from 1 km? to 4695 km? (mean:
157 km?; standard deviation: 353 km?) and volumes of <0.01 km?> to
1346 km> (mean: 20 km?>; standard deviation: 71 km?) (Fig. 4 and
Table 2). The planar shape of these canyons is also diverse. Most are
elongate (83% with LtWR > 2.0, mean LtWR = 4.5), many are more or
less fractal (47% with Bl > 1.0, mean Bl = 1.1), the majority are compact
(89% with Cp > 1.5, mean Cp = 2.2), and many are dendritic (53% with
NoB > 1, mean NoB = 2.8) (Fig. 4 and Table 2). On average, canyon
heads incise more than 600 m into the seabed. Average gradients on
canyon walls are ~13° with an average 33% of canyon area steeper
than 15° (pG15) (Table 2). Average head to foot gradients (HtFG) are
~5.4° (Table 2).

Canyons on the Australian margin vary in extent across the outer
continental shelf and continental slope to abyssal plain, with the
shallowest canyon head in 13 m water depth (offshore the Great Barrier
Reef) and the deepest head at 4000 m (on the northwest margin), with
an average total depth range (DR) of 1756 m (Table 2). Most canyons

are well separated from the coast and river mouths, with the closest
canyon 23.5 km from a permanent river mouth and the farthest
1136 km away (mean: 221 km) (Table 2). The majority of canyons are
closely spaced in clusters, with mean spacing of 5.6 km (Table 2). Within
a neighbourhood radius of 100 km there are, on average, 19 canyons
(Table 2).

6.3. Canyon classification

6.3.1. Shelf-incising and slope-confined (blind) canyons

Among the 713 mapped canyons, 95 are classified as shelf-incising
and 618 as slope-confined (or blind) canyons. Shelf-incising canyons
are generally larger, ranging in area from 4.2 to 4695 km? (mean:
332 km?), and collectively cover 28% of the mapped canyon area
(Table 2). Shelf-incising canyons also have different geometric
(shape), morphometric and location characteristics to blind canyons
(Table 2 and Fig. 4). On average, shelf-incising canyons are less elongate,
more fractal, more compact, more sinuous and more dendritic. These
canyons have less complex seabed topography but are shallower, span
a greater water depth range and more closely spaced. Table 3 and
Fig. 5 show the distribution of shelf-incising and blind canyons among
the eight geographic regions. More than half of the shelf-incising can-
yons are located in the southeast region, including the large, dendritic
Bass Canyon system comprised of six tributary canyons: Everard, Anem-
one, Archer, Pisces, Moray and Mudskipper Canyons (Fig. 5h; Mitchell
et al., 2007). The region also contains The Ling Hole Canyon, Pieman
Canyon, Southwest Cape Canyon, Riedle Canyon and King Island
Canyon. A further 20% of the shelf-incising canyons is in the east region,
including Long Nose Canyon (Fig. 5e). The southwest region has
nine shelf-incising canyons, including Perth Canyon, Pallinup Canyon,
Mermaid Canyon, Kalgan Canyon, Denmark Canyon, Wilson Canyon
and Bremer Canyon (Fig. 5f). The northeast region has seven unnamed,
shelf-incising canyons (Fig. 5¢). The North region has six canyons in the
Arafura Sea (Fig. 5b). The southern region has two shelf-incising
canyons, Sprigg Canyon and Du Couedic Canyon (Fig. 5g). The west
region has one unnamed shelf-incising canyon and the northwest
region has no shelf-incising canyons (Fig. 5a, d). Blind canyons are ab-
sent from the northern region, but are otherwise relatively evenly dis-
tributed among the other seven geographic regions.

6.3.2. Knowledge-driven classification
For both shelf-incising and blind canyons, using the global mean
values highlighted in Table 2, the knowledge-driven classifications

", o«

yielded four classes at L,: “steep wall, steep gradient”; “steep wall,
gentle gradient”, “gentle wall, steep gradient”, and “gentle wall, gentle
gradient”. At L a further four classes were obtained: “large volume
with large head incision”, “large volume with small head incision”,
“small volume with large head incision”, and “small volume with
small head incision”. Finally, at L, the two resultant classes are “widely
spaced” and “adjacent”. For shelf-incising canyons, a class was further
split only if there were more than 20 canyons in the class. This resulted
in 10 classes (classification tree nodes; Fig. 6). For blind canyons, the
splitting threshold was 35 canyons, which resulted in 22 classes
(Fig. 7). The splitting thresholds were chosen to reduce the number of
small final classes.

Among the 95 shelf-incising canyons, 43 are classed as gently
sloping (i.e., “gentle wall, gentle gradient”) with overall gradients less
than 5.4° and less than 33% of their canyon walls steeper than 15°
(Fig. 6). Of these, 37 have a volume less than 20 km? and a head incision
less than 606 m (i.e., “small volume with small head incision”; L3). With-
in this class, 31 are within 5.6 km of another canyon (i.e., “adjacent”). In
sum, these are low gradient, relatively small, shallow and clustered
canyons. An example of this relatively common type of shelf-incising
canyon is Southwest Cape Canyon located off southern Tasmania
(Fig. 8a). Much rarer are low gradient, shelf-incising canyons that are
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larger than 20 km?, with Bass Canyon on the south-eastern margin and
an unnamed canyon on the eastern margin as examples (Fig. 8b, c).

The second-most common class of shelf-incising canyon (n = 26) at
L, is steeply sloping (>5.4° and >33% of canyon wall steeper than 15°)
but varies in volume and head incision dimensions, resulting in four
classes at level 3 of the hierarchy (Fig. 6). One of these classes comprises
five canyons that have a large volume and large head incision depth
(>20 km? and >606 m, respectively), four of which are located off the
north coast of New South Wales and one off the northern Great Barrier
Reef (Fig. 9). These particular canyons are all dendritic (8-10 branches,
Table 5), with multiple gullies and steep canyon walls. As such, they are
among the most topographically complex shelf-incising canyons on the
Australian margin. In addition, they are also less elongate, less compact,
more fractal, more closely spaced and closer to river mouths than the
average shelf-incising canyon (Tables 2, 5). Examples of the other
three Ls classes under the “steep wall, steep gradient” category, defined
by canyon volume and head incision depth, include an unnamed canyon
that incises the Great Barrier Reef shelf, Sprigg Canyon and Riedle
Canyon (Fig. 8f, g, h).

The remaining 26 shelf-incising canyons can be divided into two L,
groups. One group is composed of 15 canyons that are low gradient
(<5.4°) but with relatively steep walls, an example of which is Bremer
Canyon on the southern margin (Fig. 8e). The other group includes 11
canyons that have a steep gradient with relatively gentle walls, an ex-
ample of which is Coral Canyon in Bass Strait (Fig. 8d). Neither of
these two groups could be sub-divided any further by this analysis. In
terms of the regional variability for shelf-incising canyons, the east
and northeast regions are dominated by the “steep wall, steep gradient”
canyons (Fig. 5¢, e); the southwest region is dominated by the “steep
wall, gentle gradient” canyons (Fig. 5f); while, the southeast region
has a large number of the “gentle wall, gentle gradient” canyons
(Fig. 5h); the “gentle wall, steep gradient” canyons are also predomi-
nantly located in the southeast region (10 out of 11; Fig. 5).

Of the 618 blind canyons, almost half (n = 275) are gently sloping
with overall gradients less than 5.4° and less than 33% of their canyon
walls steeper than 15° (Fig. 7). Approximately one-third (n = 208)
is steep, with a head to foot gradient greater than 5.4° and more
than 33% of their canyon walls is steeper than 15°. The remaining 135
blind canyons are either gentle in overall gradient with steep walls (n
= 79) or steep in overall gradient with gentle walls (n = 56). At the
next level of the hierarchy (L3), these four classes divide into 16 sub-
classes based on canyon volume and depth of head incision. Of these,
most blind canyons fall into two groups: small volume (<20 km?) low
gradient canyons with head incision less than 606 m (n = 156), and;
small volume, steep canyons with head incision greater than 606 m (n
= 142). The remaining 14 sub-classes at this level of the hierarchy
have memberships in the range of 2 to 61 canyons and represent the
full range of combinations of low/high overall gradient, gentle/steep
walls, small/large volume and small/large head incision depth (Fig. 7).

The final level of the hierarchy (L4) captures the strong degree of
clustering among the more common types of blind canyons. Thus, 126
of the 142 small, steep canyons are located within 5.4 km of another
canyon, and 125 of the 156 small, low gradient canyons are similarly
proximal to another canyon. Many of these closely spaced blind canyons
are along the western, south-western, and southern margins of the
continent (Fig. 5). In terms of the regional variability for blind canyons,
the east region is dominated by the “steep wall, steep gradient” canyons
(Fig. 5e); the west region is dominated by the “gentle wall, gentle

gradient” canyons (Fig. 5d); the southwest and southeast regions have
larger percentages of the “steep wall, steep gradient” and “gentle wall,
gentle gradient” canyons (Fig. 5f, h); the south region has more “steep
wall, steep gradient” canyons than other classes (Fig. 5g); the northwest
region is dominated by the “gentle wall, gentle gradient” canyons
(Fig. 5a); while, the northeast region has more “gentle wall, gentle
gradient” canyons than other classes (Fig. 5¢).

6.3.3. Data-driven EM classification

For shelf-incising canyons, the EM algorithm resulted in two clusters
based on the shape metrics, two clusters based on morphometrics and
three clusters based on location metrics (Fig. 10). Of the four shape
metrics, three were significant in separating the two clusters; the
length-to-width ratio, border index and canyon volume (Table 6).
Generally, the canyons in cluster 2 (n = 64) are more elongate, less frac-
tal and much smaller in volume than the cluster 1 (n = 31) canyons
(Fig. 10). Most of these canyons are located in the southeast region
(Fig. 5h). For the morphometric-based clusters, all four metrics were
significant in separating the two resulting clusters; namely, head in-
cision depth, percentage of gradient greater than 15°, canyon head-to-
foot gradient and rugosity (Table 6). In this result, the canyons in cluster
2 (n = 46) are more complex in seabed topography, with greater head
incision depths, greater head-to-foot gradients, larger percentage of
steep walls, and higher rugosities (Fig. 10). The east, southeast, south-
west and northeast regions have a good number of these canyons,
whereas canyons in cluster 1 are predominantly in the southeast region
(Fig. 5).

The location-based clustering indicates that three metrics are signif-
icantly different among the three clusters; canyon head depth, depth
range and distance to the nearest canyon (Table 6 and Fig. 10). The
canyons in cluster 2 (n = 51) have the shallowest canyon head depths
and smallest depth range, while canyons in cluster 1 (n = 34) have a
greater depth range and are closely spaced whereas the canyons in clus-
ter 3 (n = 10) have the deepest canyon heads and are most widely
spaced. Most of the cluster 2 canyons are in the southeast region,
whereas the southeast and east regions have more cluster 1 canyons
and the canyons in cluster 3 are mostly located in the east region
(Fig. 5).

For the blind canyons, the EM algorithm resulted in four clusters
based on shape metrics, five clusters based on the morphometrics and
four clusters based on location metrics (Fig. 11). All of the four shape
metrics were significant in separating the four resulting clusters, includ-
ing the length to width ratio, border index, compactness and canyon
volume (Table 6). In general, these clusters (n = 78, 79, 228, 233,
respectively) define a trend of increasing elongation and decreasing
volume between clusters 1 and 4 (Fig. 11). In addition, cluster 2 is the
most fractal and compact. Most of the regions are dominated by can-
yons in cluster 3 and cluster 4 (Fig. 5). Canyons in cluster 1 are roughly
distributed across all regions except the northeast; while, two-thirds of
canyons in cluster 2 is located on the west, southeast and northeast
regions (Fig. 5). All morphometrics were also significant in separating
the five resulting clusters (n = 33, 103, 225, 88, 169, respectively)
(Table 6). Overall, canyons in cluster 1 have the most complex topo-
graphy (Fig. 11). Most of them are located on the southeast, southwest
and south regions (Fig. 5). Canyons in cluster 3 are clearly the least
complex in topography. About two-thirds of them is located on the
west and southeast regions.

Fig. 4 Boxplots of canyon metrics for all mapped canyons (All), shelf-incising canyons (SIC) and blind canyons (BC), including: (a) Perimeter area; (b) Perimeter; (c) Centreline length;
(d) Minimum bounding rectangle width; (e) Minimum bounding rectangle length; (f) Minimum bounding rectangle orientation; (g) Length to width ratio; (h) Border index;
(i) Compactness; (j) Number of branches; (k) Volume; (1) Head to foot distance; (m) Sinuosity; (n) Head incision depth; (o) Average gradient; (p) Standard deviation of gradient;
(q) Range of gradient; (r) Surface area; (s) Rugosity; (t) Head to foot gradient; (u) Percentage of gradient greater than 15°; (v) Head depth; (w) Foot depth; (x) Depth range;
(y) Incision depth; (z) Incision area; (aa) Distance to shelf break; (ab) Distance to river mouth; (ac) Distance to nearest canyon; (ad) Focal variety index. The thick line in the middle
of each box is the median value for each parameter, with the 25th and 75th percentiles represented at the top and bottom of each box, respectively. The range of data is represented
by the whiskers (dotted lines) outside the boxes. Circles represent outliers that are more than 1.5 times the interquartile range.
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For the clusters defined by location metrics, all four variables were
significant (Table 6). Canyons in cluster 1 (n = 241) have the largest
depth range and exhibit the closest spacing (Fig. 11). Most of them are
located in the southwest, southeast, east and south regions (Fig. 5).
Canyons in cluster 2 (n = 184) that have the deepest canyon heads
are located mostly in the west region, which has the largest number of
these canyons (n = 81; Fig. 5). Canyons in cluster 3 (n = 110) have
the shallowest canyon head depths, the smallest depth range, are clos-
est to the shelf break and have the second closest spacing. Most of
them are located in the southeast and northeast regions (Fig. 5).
Canyons in cluster 4 (n = 83) are the farthest away from their neigh-
bours and from the shelf break. Most of these canyons are located in
the northeast region (n = 35; Fig. 5).

7. Discussion
7.1. Controls on the distribution and form of submarine canyons

The distribution and morphology of submarine canyons on the
Australian margin reflect the plate tectonic history of the continent
since the break-up of Gondwana and long-term processes associated
with canyon development that vary at regional to local scales. This geo-
logical and process framework has been examined for some regions of
the margin, providing context for discussing the distribution of canyon
types documented in this study. These regions include the canyons in
the Albany Group on the southwest margin (Exon et al., 2005; Fig. 5f),
the Murray Canyons in the south (Fig. 5¢) and Gippsland Canyons (in-
cluding the Bass Canyon system) in the southeast (Fig. 5h) (Hill et al.,
1998, 2005; Gingele et al., 2004; Mitchell et al., 2007) and the canyons
that fringe the outer Great Barrier Reef (Puga-Bernabeu et al., 2011,
2013,2014; Webster et al., 2012; Fig. 5c). These studies present detailed
interpretations of seismic, bathymetric and sample (core) data that
present evidence that canyons on these margins are ancient structures
that were initiated as part of crustal subsidence associated with the
opening up of the Southern Ocean, Tasman Sea and Coral Sea since the
Late Cretaceous (Hill et al., 1998; Exon et al., 2005). Canyons on the
west and northwest margins (Fig. 5a, d) have not been studied as exten-
sively, but sampling of outcrop exposed in canyons on the west margin
(Daniell et al., 2010) indicates that those canyons have also incised into
Early Cretaceous sedimentary rocks that pre-date the break-up from the
sub-continent of Greater India (Ali and Aitchison, 2005).

In several regions there is clear evidence for structural control of
canyon form. For example, canyons in the Albany Group, the Murray
Group and the Bass Canyon system incise the slope at oblique angles,
display meandering form and/or have multiple tributaries that change
direction abruptly and have been shown to be controlled by faults in
basement rocks (Hill et al., 1998, 2005; Exon et al., 2005). For all these
cases, the canyon morphology is complex with a dendritic plan form,
large volume, steep gradient and often with deeply incised headwalls
cut into soft sedimentary rocks. In the data-driven EM classification,
eight complex shelf-incising canyons in the Albany Group are assigned
to cluster 2 using four morphometric variables that describe complex
topography (i.e. large head incision depth, steep head-to-foot gradient,
high rugosity and high percentage of gradient greater than 15°; Figs. 5f;
10e-h). A similar result is found for the Murray Canyons (Fig. 5g).

In contrast to topographically complex canyons, many of which are
shelf-incising, large numbers of closely spaced slope-confined canyons
are simple in form with single valleys that run straight down the conti-
nental slope. This is particularly the case for slope-confined canyons on
the western margin (Fig. 5d) and along the southern margin (western
Murray Canyons; Fig. 5g). This characteristic morphology is interpreted
to be a function of canyon incision into relatively uniform (soft) litholo-
gy of a thickly sedimented slope, with headward retreat the main mech-
anism of canyon evolution (Hill et al., 2005). For the western margin,
the data-driven EM classification has assigned 83 slope-confined
canyons to a cluster (C3) using morphometric metrics that describe

canyons with small head incision depths, gentle head to foot gradients,
low percentage of slope gradient greater than 15° and low rugosity
(Figs. 5d; 11e-h). Further, the location based metrics for the western
region assign 81 of the same canyons to a cluster (C2) that describes
closely spaced canyons with canyon heads in deep water (2000-
3000 m) located up to 100 km seaward of the shelf break (Fig. 11i, k,
1). Based on these examples, we conclude that the classification results
yield valuable insights into regional patterns in canyon form that can
be linked to fundamental geological controls and related processes.

7.2. Modes of canyon evolution

Following the general model of canyon evolution proposed by Farre
et al. (1983), submarine canyons on the Australian margin are consid-
ered to have evolved through a combination of mass wasting (gradual
slumping, landslide events) and incision by erosive turbidity flows
along pathways of least resistance, but with regional variability in the
relative importance of each. In particular, regional to local differences
in the supply of fluvial and shelf sediment to turbidity flows, and the
width and gradient of the margin appear to have strongly influenced
canyon development around Australia. These are discussed further
below and related to the classification results from this study.

The supply of fluvial sediment to the Australian margin is low, with
the continent yielding an estimated 46 t km? per year under the
present-day arid climate; an order of magnitude less than Asia (244
t km? yr— ') and only about four times greater than Antarctica (10
tkm? yr—!) (Ludwig and Probst, 1998). The Murray River is the primary
source, delivering approximately half of the continent's sediment yield
to the southern coast (25 t km? yr~!). However, at present sea level
very little (if any) of this sediment is transported across the shelf with
the only terrestrial Holocene sediment in cores taken by Gingele et al.
(2004) in the Murray Canyons limited to aeolian dust. In contrast,
those same cores record high rates (up to 60 cm ka~') of fluvial
sediment input into the Murray Canyons during sea-level lowstands of
the Late Pleistocene. This sediment would have contributed to canyon
incision directly by augmenting turbidity flows and indirectly by
prograding the upper slope to shelf edge to the point of failure by
slumping (Hill et al., 2005). Similar evidence for direct connections
between rivers and canyons during Quaternary sea level lowstands is
documented for the southeast (Gippsland canyons; Mitchell et al.,
2007) and northeast regions (Webster et al., 2012). Overall, however,
these are localised cases that contribute to the development of only a
few shelf-incising canyons and are here represented in the data-
driven EM scheme by canyons with high headwalls, steep gradients
and high rugosity (e.g. Sprigg Canyon and Du Couedic Canyon in the
Murray group that define morphometric cluster 2; Figs. 5g, 10e-h).

The great majority of submarine canyons on the Australian margin
(including shelf-incising canyons) are disconnected from Quaternary
river systems and have evolved by up-slope headwall retreat and inci-
sion by turbidity flows. Thus, canyons occur in greater density where
the continental slope is steepest notably along the southeast, southern
and southwest margins (Heap and Harris, 2008). In contrast, fewer can-
yons have formed in those areas of the Australian margin with a lower
gradient slope, such as along the prograded carbonate platform in the
Great Australian Bight where slope failure appears less well developed
(Feary and James, 1998; Hill et al., 2005). While many canyons on
the Australian margin have formed by a common process and are
ancient features, they will have formed at varying rates depending on
underlying geological controls. This variability is reflected in the
wide range in size and complexity of slope-confined canyons in
particular, a pattern represented in the classification results from
this study. In particular, the classes of the data-driven EM classifica-
tion derived from shape and location metrics (Fig. 11) together
describe canyons that range from small, narrow and shallow can-
yons at the early stage of evolution to large, complex and deep can-
yons with multiple tributaries that are clearly more advanced in
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Fig. 5 Spatial distribution of shelf-incising and blind canyons within the eight geographic regions; (a) northwest; (b) north; (c) northeast; (d) west; (e) east; (f) southwest; (g) south;
(h) southeast. The vertical-bar diagrams in each panel show the canyon numbers of different classes for the geographic region; The bar diagram titled “L2 Canyons” compares the
shelf-incising canyons and the blind canyons based on the L, classification results (knowledge-driven) (C1—"steep wall, steep gradient”, C2—“steep wall, gentle gradient”, C3—"gentle wall,
steep gradient”, C4—“gentle wall, gentle gradient”); The bar diagram titled “EM Shelf-incising Canyons” displays the EM clustering results of the shelf-incising canyons based on the Shape,
Morphometric and Location metrics (C1—cluster 1, C2—cluster 2, C3—cluster 3); The bar diagram titled “EM Blind Canyons” displays the EM clustering results of the blind canyons based on
the Shape, Morphometric and Location metrics (C1—cluster 1, C2—cluster 2, C3—cluster 3, C4—cluster 4, C5—cluster 5). Named shelf-incising canyons are numbered as follows: 1—the
Bass Canyon system, 2—Ling Hole Canyon, 3—Pieman Canyon, 4—Southwest Canyon, 5—Riedle Canyon, 6—King Island Canyon, 7—Long Nose Canyon, 8—Perth Canyon, 9—Pallinup Canyon,
10—Mermaid Canyon, 11—Kalgan Canyon, 12—Denmark Canyon, 13—Wilson Canyon, 14—Bremer Canyon, 15—Sprigg Canyon and 16—Du Couedic Canyon.
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Fig. 8. The locations and images of the representative shelf-incising canyons in different knowledge-driven classes; (a) Southwest Cape Canyon (“gentle wall, gentle gradient” and “small
volume with small head incision”); (b) Bass Canyon (“gentle wall, gentle gradient” and “large volume with small head incision”); (c) an unnamed canyon (“gentle wall, gentle gradient”
and “large volume with large head incision”); (d) Coral Canyon (“gentle wall, steep gradient”); (e) Bremer Canyon (“steep wall, gentle gradient”); (f) an unnamed canyon (“steep wall,
steep gradient” and “small volume with large head incision”); (g) Sprigg Canyon (“steep wall, steep gradient” and “large volume with small head incision”); (h) Riedle Canyon (“steep wall,
steep gradient” and “small volume with small head incision”).
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Table 5

The statistics of canyon metrics for the five most complex shelf-incised canyons in the
class of “steep wall, steep gradient” and “large volume with large head incision”. The loca-
tions and images of these five canyons are shown in Fig. 9.

ID 1 2 3 4 5 Mean STD

Pm 145.1 143.0 145.7 119.6 135.9 137.9 10.9
PA 153.7 377.8 234.0 304.2 275.2 269.0 83.1
CL 79.3 120.6 85.8 95.1 116.8 99.5 185
MbrwW 14.2 23.5 18.7 21.8 229 20.2 3.8
MbrL 193 30.1 34.2 273 28.2 27.8 5.5
MbrO 81.6 99.2 128.9 13.9 6.9 66.1 53.6
LtWR 14 13 1.8 13 1.2 14 0.2
BI 2.2 13 14 1.2 13 1.5 0.4
Cp 1.8 1.9 2.7 2.0 2.3 2.1 0.4
NoB 9.0 9.0 8.0 10.0 9.0 9.0 0.7
HI 873.0 780.0 684.0 658.0 674.0 733.8 91.3
HD —440 —187.0 —1440 —4650 —288.0 —2256 1599
FD —2271.0 —3293.0 —4443.0 —4395.0 —4267.0 —3733.8 9432
DR 2227.0 31060 4299.0 39300 3979.0 35082 8409
AG 17.0 12.8 19.4 19.7 19.6 17.7 3.0
StdG 104 10.0 104 11.0 13.6 11.1 1.5
RG 68.9 67.0 83.8 81.4 79.7 76.2 7.7
SA 171.0 401.0 291.6 3711 356.3 3182 91.5
Rg 1.1 1.1 1.2 1.2 13 12 0.1
Vm 21.0 97.4 52.6 89.9 95.8 713 33.6
HtFD  19,507.9 30,053.0 31,4673 29,4894 21,858.8 26,4753 5400.5
HtFG 6.5 5.9 7.8 7.6 103 7.6 1.7
DtNC 03 0.8 42 0.2 0.4 1.2 1.7
FV 19.0 9.0 13.0 14.0 15.0 14.0 3.6
ID —5488 —597.5 —4879 —7674 —7504 —6304 1237
1A 20.1 34.2 34.2 24.0 49.9 325 115
pG15 58.4 35.2 64.5 61.8 53.7 54.7 11.6
Sn 41 4.0 2.7 3.2 53 39 1.0
DtRM 96.2 37.5 303 319 41.8 475 27.6

their development. As such, these classes provide an objective,
quantitative framework for future studies aimed at better un-
derstanding the geological controls on canyon evolution at local
to regional scales, including finer scale analysis of canyon geo-
morphology from multibeam bathymetry data as undertaken
by Brothers et al. (2013) for the US margin.

7.3. Canyons, currents and biodiversity

In the canyon classification procedure used here, shelf-incising
canyons were treated separately from blind canyons on the basis that
the former provide more diverse marine habitats and intersect major
ocean boundary currents on the Australian margin. The shelf-incising
canyons mapped here are generally larger in size and depth-range
than the blind canyons (Table 2), and are more likely to have mixed
hard and soft substrates. As a result, some shelf-incising canyons in
Australia have been shown to harbour high biodiversity (e.g., Schlacher
etal,, 2007; S. Rennie et al., 2009; Currie and Sorokin, 2014). For example,
Schlacher et al. (2007) found that King Island Canyon, Ling Hole Canyon,
Pieman Canyon and a branch of Bass Canyon on the south-eastern mar-
gin (Fig. 5h) support a rich sponge fauna. They attributed this high
sponge diversity to the heterogeneous habitats provided by these can-
yons. Another study showed that Du Couedic Canyon, which is a shelf-
incising canyon on the southern margin (Fig. 5g), has much higher mega-
faunal diversity than the slope-confined Bonney Canyon in the same re-
gion (Currie and Sorokin, 2014). This is likely because Du Couedic
Canyon is much larger in size (planar area 1689 km?, depth range
4922 m), more complex in morphology (25 branches) and closer to ad-
jacent canyons (0.2 km) than Bonney Canyon (area 204 km?, single
branch, depth range 728 m and 10.6 km to nearest canyon).

Many of the shelf-incising canyons also intersect the Leeuwin Cur-
rent (and Leeuwin Undercurrent), Flinders Current and East
Australian Current. Associated hydrodynamics such as upwelling en-
hance the horizontal and vertical exchanges of water and materials be-
tween the slope and shelf (Allen et al., 2001; Jordi et al., 2005; Kampf,

2007). The proximity of some shelf-incising canyons to the coast could
also facilitate the transportation of nutrient-rich coastal sediment to
the deep sea through gravity flows and cascading events documented
in Australia and elsewhere (e.g., Canals et al., 2006; Zuniga et al.,
2009; Middleton and Bye, 2007; Pattiaratchi et al., 2011). We discuss
several examples below.

Perth Canyon on the south-western margin (Figs. 2; 5f) is the second
largest canyon on the Australian margin and one of the most studied. In
this study, it is one of a group of eight canyons in the southwest region
that are classified as topographically complex (i.e. EM cluster 2 — large
head incision, steep and rugose; Fig. 5f). Recent modelling and observa-
tion studies show that the Perth Canyon interacts strongly with the
Leeuwin Undercurrent which leads to eddy generation at 400-800 m
depth and upwelling (SJ. Rennie et al.,, 2009; S. Rennie et al.,, 2009). As
a result, a high productivity layer (at depth of ~200 m) is formed just
under the Leeuwin Current which is downwelling favourable. During
summer, the Leeuwin Current is typically weaker and strong northerly
winds act to promote vertical mixing that brings nutrients to the surface
layer (Feng et al., 2003). In addition, the circulation in the canyon is like-
ly to be responsible for the aggregations of krill near the canyon head,
providing a key food source for pygmy blue whales (S. Rennie et al.,
2009). The role of upwelling in other topographically complex canyons
that intersect the Leeuwin Undercurrent remains to be fully explored.

On the southern margin (Fig. 5g), the Flinders Current flows west-
ward along the upper continental slope and promotes upwelling, partic-
ularly within the topographically complex canyons in the Murray group
such as Du Couedic Canyon described above (Middleton and Cirano,
2002; Kampf, 2006; Middleton and Bye, 2007; Kampf, 2010; Currie
et al., 2012). This deep canyon upwelling from depths of ~250 m helps
to form a large sub-surface nutrient pool known as the Kangaroo
Island pool (Middleton and Bye, 2007; Kampf, 2010). During summer,
coastal wind-forced upwelling brings this nutrient-rich water closer to
the coast to form the Bonney Coast upwelling and Eyre Peninsula up-
welling regions which are recognised as Key Ecological Features
(Commonwealth of Australia, 2013b). Again, the extent to which this
process is active in other canyons with similar morphometric character-
istics in this region requires further investigation.

The East Australian Current flows southward along the shelf break
with significant hydrological and biological effects (Brassington et al.,
2011; Suthers et al., 2011). It intensifies between 22°S and the se-
paration zone (31°S-32°S) then declines to about 45°S (Ridgway and
Dunn, 2003). Although the influence of regional topography on the
East Australian Current has been demonstrated in Ridgway and Dunn
(2003), the interaction between the East Australian Current and indi-
vidual canyons has yet to be studied. It is likely though, that the canyons
on the eastern and south-eastern margins (Fig. 5e, h) would also gener-
ate canyon upwelling with the similar mechanisms of the southern
margin (Condie, 1995; Roughan and Middleton, 2004; Baird et al.,
2006; Kampf, 2010). In particular, the East Australian Current experi-
ences significant variability with eddy activities around the separation
zone (Bowen et al., 2005; O'Kane et al., 2011) where several shelf-
incising canyons (including 3 of the 5 most complex canyons) are locat-
ed (Figs. 5e; 9). This variability of the East Australian Current through
eddy activity likely promotes vertical mixing and enhances nutrient
flux to this area which is known to have significant coastal upwelling
(Oke and Middleton, 2001).

The new submarine canyon dataset also provides for an assessment
of the extent to which these seabed features are represented in the na-
tional network of marine protected areas, established by Australia in
2012. Designed to protect marine biodiversity within the Australian ma-
rine jurisdiction, the network of Commonwealth Marine Reserves
(CMR) covers 3.1 million km? with reserves on all sides of the continent
(Fig. 3). We calculate that 36% (n = 254) of the canyons in the new can-
yon dataset intersects a CMR. For the shelf-incising canyons, which are
typically more biologically productive, a similar proportion (34%) inter-
sects a CMR. In terms of the spatial distribution of CMR-canyons, the
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Table 6
Significance tests of the selected canyon metrics for the separation of EM clusters.

Shelf-incised canyons Blind canyons

Fvalue  Significance' Fvalue  Significance
Shape metrics LtWR 42.7 Yes 62.2 Yes
Bl 66.5 Yes 103.9 Yes
Cp 0.66 No 47.7 Yes
Vm 17 Yes 116 Yes
Morphometrics HI 45.8 Yes 256.2 Yes
pG15 205.4 Yes 361.7 Yes
HtFG 40.7 Yes 299.4 Yes
Rg 102.3 Yes 2359 Yes
Location metrics HD 46.3 Yes 157.7 Yes
DR 82.8 Yes 95.4 Yes
DtNC 423 Yes 46.2 Yes
DtRM 1.6 No
DtSB 181.9 Yes

1 At 99% significant level.

continent-wide pattern is reflected in relative terms, with CMRs in the
southeast and southwest marine regions each covering 8% (n = 54
and 60, respectively) of the mapped canyon population, whereas
CMRs in the north marine region include 1% (n = 5). This information
has potential application in supporting the setting of priorities for
management and monitoring of the CMR network, such as the analysis
of the relative importance of a canyon, or group of canyons, in providing
conditions that promote primary productivity and in turn biodiversity.

7.4. Increasing the inventory and reducing uncertainty in canyon mapping

This study has increased the number of recognised submarine can-
yons on the Australian margin by approximately 75%, to 713 from the
405 mapped by Heap and Harris (2008). The majority of these additions
to the dataset were either not identifiable in the previous 250 m ba-
thymetry grid (Heap and Harris, 2008), or have now been mapped as in-
dividual canyons, as they were not resolvable as such previously. We are
confident that the criteria used in this study have not introduced fea-
tures that were mapped as valleys by Heap and Harris (2008) because
all the valleys in that dataset fall outside the canyon criteria. The in-
creased canyon count is therefore attributed here to better resolution
bathymetry data. Importantly, the pattern in the spatial distribution of
submarine canyons on the Australian margin, as described by Heap
and Harris (2008), is maintained by this new canyon dataset.

The quality of the bathymetry datasets used here for canyon map-
ping clearly determines the uncertainty of the results presented. The na-
tional bathymetry grid (Whiteway, 2009) and the bathymetry grid of
the Great Barrier Reef and Coral Sea regions (Beaman, 2010) used vari-
able data sources. Among these data sources, the modelled data and sat-
ellite derived data are less reliable in depth estimation. In the present
study, multibeam surveys cover large sections of the outer continental
shelf to upper continental slope, where most submarine canyons are lo-
cated (Figs. 1 and 3). This resulted in 78% of mapped submarine canyons
with low and acceptable uncertainty levels (scores 1, 2 and 3; Table 4).
More importantly, 94% of the shelf-incising canyons has been mapped
with low and acceptable uncertainty. With this information it is possible
to establish priorities for future multibeam surveys of submarine can-
yons. For example, priority could be given to mapping the 10 shelf-
incising canyons with an uncertainty score of 3 and to the large number
of blind canyons that have uncertainty scores of 3 or 4 (248 and 106, re-
spectively). This would lift the mapping quality of an additional 50% of
Australia's submarine canyons to a satisfactory level. It would also pro-
vide the basis for more comprehensive interpretations of the fine-scale
geomorphology within canyons that is necessary to better understand
canyon evolution.

8. Conclusions and future work

The results of this study confirm the physical diversity of Australian
submarine canyons, with the major findings as follows:

New and updated bathymetric data allowed mapping of 713 canyons
on the Australian margin, with 95 of these identified as shelf-incising
and the remainder confined to the continental slope;

The spatial distribution of submarine canyons is irregular, with more
canyons located on the steeper and narrow shelf and slope of the east-
ern, western and southern margins of Australia;

Shelf-incising canyons have different geometric (shape), morphomet-
ric and location characteristics from blind canyons beyond their posi-
tioning on the continental margin;

Canyon metrics describe a wide variety of canyon form and complex-
ity that is consistent with a population of canyons that has evolved at
different rates around the Australian margin since the break-up of
Gondwana.

The large number of slope-confined canyons is interpreted to reflect
dominance of slope mass-wasting processes over erosive turbidity
flows from fluvial and shelf sources on an arid continent.

Submarine canyons are well represented in the Commonwealth of
Australia's national network of marine protected areas, with 36% of
the mapped canyons intersecting a Commonwealth Marine Reserve;

These results underpin future investigations of ecological processes
and functions of Australian submarine canyons. In particular, the estab-
lishment of a hierarchy of canyon types provides an objective frame-
work for observation and hypothesis-testing, and for placing local case
studies into a broader context.
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Fig. 11. Boxplots of metrics for EM-derived classes of blind canyons: (a) LtWR; (b) BI; (c) Cp; (d) Vm; (e) HI; (f) pG15; (g) HtFG; (h) Rg; (i) HD; (i) DR; (k) DENC; (1) DtSB. The thick line in
the middle of each box is the median value for each parameter, with the 25th and 75th percentiles represented at the top and bottom of each box, respectively. The range of data is rep-
resented by the whiskers (dotted lines) outside the boxes. Circles represent outliers that are more than 1.5 times the interquartile range.
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