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Chapter 7J: Continental slopes and submarine canyons

Keynote points
 x Continental slopes represent 5.2 per cent 

of the ocean, with over one fifth of the 
slope comprised of submarine canyons; 
they are critical transition areas between 
the continental shelf and the deep sea 
and are important for carbon burial and 
as habitats for species of ecological and 
economic importance.

 x Strong vertical hydrographic gradients, 
complex geomorphic features and fluid 
fluxes from the sea floor make canyon and 
slope faunal communities highly heteroge-
neous.

 x Hundreds of newly discovered methane 
seep, coral and sponge habitats enhance 
biodiversity and host novel interactions 
with surrounding sediments. 

 x Canyons can be hotspots of biological 
activity but their communities do not al-
ways differ from those on adjacent slopes, 
which are also highly productive; slope and 
basin sediments can be an archive of his-
torical information about climate effects 
on biodiversity.

 x Naturally occurring oxygen minimum zones 
reveal that biodiversity is highly sensitive 
to oxygenation; expansion of low oxygen 
zones will reduce biodiversity; projected 
declines in pH and food supply are likely to 
affect cold water coral ecosystems.

 x Owing to their proximity to shore, slopes 
and canyons are subject to expansion of 
deepwater oil and gas activities, offshore 
energy installations, bottom fisheries and, 
potentially, mineral mining activities, as 
well as to increasing contamination, in-
cluding litter and mine tailings from land. 

 x Exploration has accelerated the discovery 
of new ecosystem functions and services, 
including novel productivity and carbon 
transfer mechanisms, nursery grounds, 
and contaminant and waste transfer. How-
ever, most canyons and slope areas remain 
largely unexplored, with major questions 
about species ranges, ecological connec-
tivity, benthopelagic linkages, sensitivity to 
climate and direct disturbance remaining 
unanswered, in particular in the southern 
hemisphere and along African and South 
American margins.  

 x Better integration of climate science, con-
nectivity research, conservation biology 
and resource management, combined 
with increased taxonomic and geographic 
expertise, will improve the distribution of 
knowledge, technology, analytical tools 
and methodologies required to advance 
global understanding and promote sustain-
ability of slope and canyon ecosystems.

1. Introduction
The continental slope represents a deepening 
of the sea floor out from the shelf edge (about 
200 m depth) to the upper limit of the conti-
nental rise, where steepness decreases. It 
covers a total of 19.6 million km2, representing 
5.2 per cent of the ocean (table 1; Harris and 
others, 2014). That environment was discussed 
briefly in chapter 36F (United Nations, 2017a) 
of the first World Ocean Assessment (United 

Nations, 2017c), as a component of deep-sea 
margins. The continental slope is typically cut 
by steep-walled canyons (see United Nations, 
2017b), with as many as 9,477 known canyons 
covering nearly 4.4 million km2 (table 1) and 
many more that are undiscovered. The slope 
also encompasses other geomorphic and 
geochemical features, such as basins, banks, 
scarps, seamounts and methane seeps (see 
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figure below). Slopes and canyons are major 
transition areas between shallow and deep 
waters, transporting (and transforming) sedi-
ments, organic matter, water, organisms, con-
taminants and debris (Puig and others, 2014; 

Leduc and others, 2018). Continental slopes 
can be highly productive, accounting for exten-
sive carbon burial and nutrient recycling, and 
are therefore important in societal well-being 
(Levin and Sibuet, 2012). 

Table 1  
Cover and number of slopes and canyons in the world ocean

Feature
Total 

ocean 
Arctic 
Ocean 

Indian 
Ocean

Mediter-
ranean 

Sea
North 

Atlantic
North 

Pacific
South 

Atlantic
South 
Pacific

Southern 
Ocean

Area of slope 
(km2) 19 606 260 913 590 4 189 700 906 590 3 436 150 4 752 240 1 591 830 3 201 000 615 170

Percentage of 
total slope area 100.00 7.03 5.88 30.00 7.68 5.80 3.94 3.67 3.03

Total area of 
canyons (km2) 4 393 650 359 650 760 420 163 040 738 430 816 580 291 290 694 790 569 440

Number of 
canyons 9 477 404 1 590 817 1 548 2 085 453 2 009 571

Percentage of 
slope that is 
canyon

22.4 16.1 11.2 13.8 10.4 10.2 8.9 10.2 15.1

Source: Harris and others, 2014.

The strong (usually vertical) gradients in tem-
perature, oxygenation, CO2, hydrodynamics, 
particulate fluxes and sediment transport that 
characterize slopes and canyons shape their 
biological communities (see figure below). 
Fluxes of particulate organic carbon and large 
organic falls (dead marine mammal and fish 
carcasses, wood and algae) from surface and 
shelf waters, and geochemical fluxes (meth-
ane, sulphide and hydrogen) from within the 
seabed create significant heterogeneity of 
energy sources for slope and canyon ecosys-
tems. Additional environmental heterogeneity 
on slopes at scales from 10 m to hundreds 
of km derives from variation in sedimentary 
sources, oceanographic conditions, dynamic 
geologic processes and frameworks created 
by habitat-forming species (Kelly and others, 
2010). 

Slopes and canyons are strongly influenced 
by climate change and, because they are the 
closest deep-sea environments to human 
populations, they experience greater pres-
sures from human activity than other deep-
sea systems. Major anthropogenic influences 
include physical and biological disturbance 
from fishing, shipping, intentional and uninten-
tional disposal of waste from land (e.g., mine 
tailings disposal, litter and contaminants), 
organic matter loading (e.g., sewage, nutrients 
and industrial inputs), oil and gas activities 
and potential mineral mining. Climate-related 
changes leading to warming, oxygen loss and 
changes in storm intensity and frequency su-
perimpose their effects on those other human 
disturbances. 
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Habitat features on continental slopes and canyons, with effects of changing conditions
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Source: Modified from Levin and Sibuet, 2012, available at https://doi.org/10.1146/annurev-marine-120709-142714, 
with assistance from Andres Algeria.
Abbreviations: CMZ, carbon minimum zone ; OMZ, oxygen minimum zone.

2. Developments in understanding of slopes and canyons 
2.1. Slope biodiversity
Continental margin fauna exhibits strong 
depth zonation, with major changes in compo-
sition at the shelf-slope transition (300–500 m 
depths), along the upper slope (1,000 m depth) 
and between 2,000 and 3,000 m (Carney, 
2005). Water mass layering across continen-
tal slopes contributes to depth zonation and 
to high beta diversity in macrobenthos (e.g., 
Narayanaswamy and others, 2010), meioben-
thos (Danovaro and others, 2009; Bianchelli 
and others, 2010), fishes (e.g., Priede and 

others, 2010) and megafauna (e.g., Hunter and 
others, 2011), and to depressed alpha diversity 
within low-oxygen water masses (Sellanes and 
others, 2010; Gooday and others, 2010). Fau-
nal diversity is generally highest at mid-slope 
depths (1,500–2,500 m) (Rex and Rowe, 1983; 
Rex and Etter, 2010; Menot and others, 2010), 
linked to heterogeneity of sediments, produc-
tivity and water flow (Levin and others, 2001). 
Faunal density maximums on slopes (e.g., 
crustaceans, brittle stars, sponges) routinely 
occur at the edges of low-oxygen water mass-
es beneath upwelling areas, on topographic 

https://doi.org/10.1146/annurev-marine-120709-142714
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highs and in canyons (Levin, 2003; De Leo and 
others, 2010; Domke and others, 2017), where 
increased particle fluxes enhance food supply.

2.2. Changing environmental 
conditions on slopes and canyons

2.2.1. Oxygen minimum zones and ocean 
deoxygenation

Continental slopes and canyons beneath the 
highly productive waters in upwelling areas are 
exposed to naturally occurring hypoxic waters 
called oxygen minimum zones at depths of 
100–1,200 m throughout much of the eastern 
Pacific Ocean, the northern Indian Ocean and 
off the coast of West Africa (Helly and Levin, 
2004). Oxygen availability on slopes is highly 
dynamic on seasonal, inter-annual and gla-
cial-interglacial timescales (Levin and others, 
2015a; Huang and others, 2018, 2019). The 
low-oxygen waters shape the composition, 
diversity and functional attributes of the water 
column and benthos (Levin, 2003), as well 
as individual body size, growth, calcification 
and reproduction (Sato and others, 2018), 
and cause strong zonation of megafauna and 
macrofauna across oxygen gradients of oxy-
gen minimum zones on slopes (Wishner and 
others, 1995; Levin, 2003; Gooday and others, 
2009, 2010; Hunter and others, 2011; Levin and 
Gallo, 2019) and canyons (De Leo and others, 
2012; Domke and others, 2017). Macrofaunal 
invertebrate diversity (Levin and Gage, 1998; 
Sperling and others, 2016) and fish diversity 
(Gallo and others, 2020) drop dramatically at 
oxygen concentrations below 7 μMol O2, and 
patterns of fish abundance, catch and effort 
can vary with oxygen availability (Bertrand and 
others, 2011; Keller and others, 2015; Salvatte-
ci and others, 2019; De Leo and others, 2017).

Planktonic communities within oxygen mini-
mum zones also respond strongly to oxygena-
tion in space and time (Ekau and others, 2010; 
Gilly and others, 2013; Seibel and others, 2016; 
Tutasi and Escribano, 2020), exhibiting distinct 

zonation, edge effects, density maximums and 
sharp diversity thresholds (Wishner and oth-
ers, 2008, 2013). Very small oxygen gradients 
can induce large changes in community com-
position over relatively small spatial scales 
(Wishner and others, 2008, 2018). However, 
some crustacean plankters exhibit surprising 
hypoxia tolerance (Seibel and others, 2016, 
2018). Some copepods exhibit ontogenetic 
zonation, with different life stages thriving at 
different oxygen levels (Wishner and others, 
2000; Hidalgo and others, 2005). 

Many oxygen minimum zones are expanding 
as a result of climate change (Stramma and 
others, 2008, 2010; Levin, 2018). The expansion 
will cause anticipated loss of diversity (Sper-
ling and others, 2016) that will coincide with 
reduced resilience (Levin and others, 2013), 
reduced bioturbation (Smith and others, 2000; 
Levin and others, 2009; Schimmelmann and 
others, 2016), shifts from macrofaunal to pro-
tozoan carbon processing (Woulds and others, 
2007, 2009) and altered food webs (Sperling 
and others, 2013; Gallo, 2018). Long-term mon-
itoring in the Southern California Bight reveals 
declines in abundances of mesopelagic fish 
larvae (Koslow and others, 2011) and shoaling 
of the daytime upper and lower boundaries of 
the deep scattering layer (fish and large inver-
tebrates) (Netburn and Koslow, 2015) in con-
junction with shoaling hypoxia over the past 25 
years. The vision of squid, octopus and crab 
larvae in southern California can be impaired 
by reduced oxygen availability (McCormick 
and others, 2019). In the south-eastern Pacific, 
the oxygen minimum zone is highly sensitive 
to climate variability, with high seasonal to 
inter-annual oxygen variability generated by 
the El Niño Southern Oscillation, fluctuations 
in the Peru-Chile Undercurrent, the Equato-
rial Undercurrent and eddies (Czeschel and 
others, 2015; Pizarro-Koch and others, 2018; 
Espinoza-Morriberón and others, 2019). Mul-
tiple proxies suggest that recent oxygenation 
(recorded since 1999) has occurred, associat-
ed with the deepening of the oxygen minimum 
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zone (Graco and others, 2017; Cardich and 
others, 2019). 

2.2.2. Ocean acidification
Slopes and canyons are increasingly vulner-
able to ocean acidification. Under Repre-
sentative Concentration Pathway (RCP) 8.5 
(a business-as-usual climate scenario), the 
average pH is expected to decline by 0.14 units 
on slopes and 0.11 units in canyons by 2100 
(table 2; Food and Agriculture Organization of 
the United Nations (FAO), 2019; Bindoff and 
others, 2019). The North Atlantic Ocean is 
particularly vulnerable because deepwater for-
mation propagates surface-derived changes 
in carbonate chemistry to the ocean interior, 
and the western boundary current advects 

them further away; RCP 8.5 projects pH de-
clines of 0.3 units for 14 per cent of the slope 
below 500  m and 15  per  cent of canyons by 
2100 (Gehlen and others, 2014). Taxa living 
where low oxygen and high CO2 occur natu-
rally may be less vulnerable to the impacts of 
ocean acidification, but ocean basins differ. 
In the Indian Ocean, macrofaunal biodiversity 
is more influenced by elevated CO2 than low-
ered oxygen, whereas the reverse is true in the 
East Pacific Ocean, where low oxygen better 
explains biodiversity trends (Taylor and oth-
ers, 2014; Sperling and others, 2016; Sato and 
others, 2018). It is necessary to strengthen 
monitoring systems, such as the Global Ocean 
Acidification Observing Network, to evaluate 
changes in the seawater carbonate system on 
slopes and canyons.

Table 2  
Projected climate changes given as mean (minimum, maximum) at the deep sea floor 
for continental slopes, canyons and cold water corals mapped from 200 m to 2,500 m 
under RCP 8.5 and 2.6 from the present to the period 2081–2100 using three  
Earth-system models 

  Temperature (°C) pH
Dissolved oxygen 

(μMol/kg) POC flux 

  RCP 2.6 RCP 2.6 RCP 2.6 RCP 2.6 

Continental slopes 0.30  
(-0.44, 2.30)

-0.06  
(-0.19, -0.02) 

-3.1 
(-49.3, 61.7)

-0.39  
(-16.0, 3.9)

Canyons 0.31  
(-0.27, +1.76)

-0.05  
(-0.13, 0.01)

-3.54  
(-44.66, 29.30)

-0.33  
(-10.53, 3.53)

Cold water corals 4.3  
(-0.29, +1.85)

-0.07  
(-0.13, 0.0)

-3.5  
(-25.6, +24.7)

-0.7  
(-10.5, 3.4)

RCP 8.5 RCP 8.5 RCP 8.5 RCP 8.5

Continental slopes +0.75  
(-8.4, +4.4)

-0.14  
(-0.02, -0.44)

-10.2  
(-67.8, 53.82)

 -0.66  
(-33.33, 10.3)

Canyons +0.19  
(-0.03, 1.14)

-0.11  
(-0.35, 0.02)

-0.80  
(-28.76, +10.07)

-0.80  
(-28.76, +10.07)

Cold water corals +0.96  
(-0.42, 3.84)

-0.15  
(-0.39, 0.001)

-10.6  
(-59.2, +11.1)

-1.69  
(-20.1, +4.6)

Source: Adapted from Table 5.5 from Bindoff, N.L., and others, 2019.

Abbreviations: POC, particulate organic carbon; RCP, Representative Concentration Pathway.
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2.2.3. Food supply
Food supply to slope and canyon ecosystems 
derives largely from the flux of organic matter 
from ocean surface waters. Slopes and can-
yons are projected to experience reductions in 
particulate organic carbon flux by the period 
2081–2100 under a range of emissions sce-
narios (except in the Southern Ocean and the 
Arctic Ocean) with concomitant reductions in 
benthic biomass (Jones and others, 2014; Yool 
and others, 2017; Intergovernmental Panel on 
Climate Change (IPCC), 2019); however, the 
declines in particulate organic carbon flux are 
projected to be 30–50 per cent less under RCP 
2.6 than under RCP 8.5 (IPCC, 2019; table 2). 
The overall contributions of chemosynthetic 
production to slope and canyon food webs 
has yet to be quantified, but future warming-in-
duced dissociation of methane from buried 
gas hydrates (Biastoch and others, 2011) could 
increase the contributions. 

2.3. Continental slopes as a unique 
palaeoecology archive

The continental slope serves as a unique 
setting, critical to understanding historical 
deep-sea biodiversity dynamics. Areas expe-
riencing very high sedimentation rates allow 
for the reconstruction of past oceanographic 
conditions and biodiversity response at dec-
adal-centennial timescales for the past tens 
of thousands of years based on ostracods 
(Yasuhara and Cronin, 2008; Yasuhara and 
others, 2017; Yasuhara, 2018). For example, 
in the North Atlantic Ocean, abrupt tempera-
ture change has affected deep-sea benthic 
abundance and biodiversity based on pala-
eoecological records from the past 20,000 
years (Yasuhara and others, 2008, 2014, 2016; 
Yasuhara and Danovaro, 2016). 

2.4. Habitat heterogeneity
2.4.1. Slope-canyon comparisons
Canyons are considered to be a key source of 
heterogeneity and biodiversity. The prokaryotic 
and eukaryotic microbial plankton communi-
ties appear similar in Mediterranean canyon 
and slope settings (Celussi and others, 2018; 
Diociaiuti and others, 2019), although more 
viruses and viral infections were documented 
within the Bisagno Canyon than on the ad-
jacent slope (Corinaldesi and others, 2019a, 
2019b). A strong link between mesoscale pro-
cesses, and the cascading of dense water, in 
particular, can influence the biogeochemistry 
(Chiggiato and others, 2016), microbes (Luna 
and others, 2016), organic matter deposition, 
microbial production and viral activity (Ras-
telli and others, 2018) of canyons, and may be 
particularly critical for supporting deepwater 
coral habitat (Taviani and others, 2019). Recent 
comparisons suggest no significant differ-
ences in biomass, density or composition in 
foraminifera (Di Bella and others, 2019), meta-
zoan meiofauna (Bianchelli and others, 2010; 
Bianchelli and Danovaro, 2019; Carugati and 
others, 2019) and macrofauna (Harriague and 
others, 2019) between slopes and canyons of 
the Mediterranean. In contrast, higher densities 
of deposit feeders (sipunculids and holothurian 
species) and meiofauna occur within New Zea-
land canyons (700–1,500 m depth) rather than 
on the adjacent slope (Rowden and others, 
2016; Rosli and others, 2016), possibly owing 
to differences in topographic complexity and 
higher organic matter availability (Leduc and 
others, 2014, 2016; Rowden and others, 2016). 
High heterogeneity also promotes enhanced 
diversity locally and regionally within the Med-
iterranean canyons (Gambi and others, 2019; 
Bianchelli and Danovaro, 2019; Carugati and 
others, 2019) and the Northeast Atlantic (Ingels 
and Vanreusel, 2013; Ingels and others, 2011), 
with high species turnover between canyons 
(Harriague and others, 2019). The presence of 
deepwater ahermatypic corals (scleractinian 
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and octocorals) at bathyal depths enhances 
the density and influences the composition and 
diversity of adjacent sediment communities in 
the Gulf of Mexico (Demopoulos and others, 
2014, 2016; Bourque and Demopoulos, 2018), 
with different corals associated with different 
infaunal communities, possibly mediated by 
habitat differences. The presence of deepwa-
ter corals decouples normal depth-density and 
diversity patterns in the region (Wei and others, 
2010). Disruption of coral habitats will therefore 
likely affect nearby slope infauna (Bourque and 
Demopoulos, 2018). Overall, variability between 
habitats in benthic species composition and 
abundance by region (Bowden and others, 2016; 
Leduc and others, 2016) can limit the ability to 
draw general conclusions on the differences 
between canyons and slopes. Zooplankton 
and, in particular, krill are often observed in 
higher abundances over the shelf break and 
slope (Lu and others, 2003; Lowe and others, 
2018). A variety of processes can lead to such 
aggregations of zooplankton and fish (Genin, 
2004), and it appears that canyons may also 
contribute greatly to krill hotspots (Santora and 
others, 2018), although their impact on smaller 
zooplankton is poorly documented.

2.4.2. Geomorphic heterogeneity
Finer-scale geomorphological aspects of 
slopes and canyons, including water depth, 
sediment type, acoustic backscatter, wave 
exposure and seabed rugosity, can be used to 
identify slopes and canyons as habitats and 
predict benthic communities in the absence of 
sampling (Harris and Baker, 2020; Kenchington 
and others, 2014; Pierdomenico and others, 
2015, 2019; Fanelli and others, 2018; Huang, 
Zhi, and others, 2018). Geomorphic features, 
shaped by erosion, sediment transport, deposi-
tion and tectonic instability (Lastras and others, 
2008), as well as by biology (Marsh and others, 
2018; Lo Iacono and others, 2019), can now be 
mapped effectively using remotely operated 
vehicles and autonomous underwater vehi-
cles (Huvenne and others, 2018). Geomorphic 

landscape features may underpin spatial plan-
ning, marine protected area design, research 
planning and economic resource assessment 
(Harris and Baker, 2020; Ismail and others, 
2015; Hogg and others, 2016), emphasizing the 
relevance of ongoing efforts to map the entire 
deep-sea floor (Mayer and others, 2018). The 
interaction of large bathymetric or tectonic fea-
tures with bottom currents can lead to the ex-
posure or deposition of mineral hard grounds, 
crusts and nodules, including those formed of 
ferromanganese and phosphorites (Muiños 
and others, 2013), and can cause slope insta-
bility (Teixeira and others, 2019).

2.4.3. Geochemical heterogeneity
The biodiversity of slope and canyon ecosys-
tems is influenced by sea floor seepage of 
methane and other hydrocarbon-rich fluids 
(Levin, 2005; Egger and others, 2018). Methane 
seeps host distinct megafaunal communities 
and are dominated by chemoautotrophic fauna 
(see chap. 7P). The recent advent of acoustic 
bubble plume detection methods has revealed 
the ubiquitous nature and high abundance of 
seeps (Riedel and others, 2018; Skarke and 
others, 2014). Ocean warming and altered cir-
culation, which may promote degassing, may 
already be increasing the number of slope 
seepage sites (Phrampus and Hornbach, 2012; 
Johnson and others, 2015). New explorations 
reveal seep influence on the background slope 
and canyon communities (Levin and others, 
2016a) through the provision of chemosyn-
thetic food sources (Seabrook and others, 
2019; Rathburn and others 2009; Goffredi and 
others, 2020), nursery habitat (Treude and 
others, 2011; Sen and others, 2019) and hard-
ground (carbonate) as substrate (Levin and 
others, 2015b, 2017), and by stimulating water 
column production (D’souza and others, 2016). 

2.5. Connectivity of populations 
Fragmented populations, communities and 
ecosystems can remain viable or recover from 
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disturbance through ecological connectivity, 
defined as the exchange of individuals, species 
or resources. On continental slopes and can-
yons, heterogeneously distributed hard sub-
strate supports deepwater corals and sponges 
that are vulnerable to disturbance from fishing 
and exhibit life-history characteristics that 
are not conducive to population resilience or 
recovery, such as longevity, slow growth and 
recruitment (Reed and others, 2007; Huvenne 
and others, 2016; Bennecke and Metaxas, 
2017). Understanding spatial variation in repro-
ductive potential (Fountain and others, 2019) 
and the use of hydrodynamic models to assess 

1 Available at www.pcouncil.org/groundfish/fishery-management-plan.

patterns of connectivity can assist in devel-
oping effective conservation strategies (Kool 
and others, 2013, 2015; Metaxas and others, 
2019). Recent genetic studies have advanced 
the understanding of dispersal distances and 
source-sink dynamics, which vary among cold 
water coral and sponge species in slope envi-
ronments at the regional to geomorphic feature 
level (Zeng and others, 2017, 2019; Holland and 
others, 2019), and regional and local currents 
can act as routes or barriers for larval dispersal 
(Dueñas and others, 2016; Holland and others, 
2019; Zeng and others, 2019).

3. Ecosystem services and benefits on slopes and in canyons 
Ecosystem services provided by slopes and 
canyons include carbon sequestration and nu-
trient recycling, fisheries, biodiversity support 
and waste disposal, with emerging interest in 
mining of non-renewable resources (Fernan-
dez-Arcaya and others, 2017).

3.1. Fisheries 
Numerous deepwater fisheries rely on outer 
shelves and bathyal slopes, even within some 
oxygen minimum zones (Keller and others, 
2015). Canyons serve as key feeding, spawn-
ing and recruitment grounds for economically 
valuable fishes (D’Onghia and others, 2015) 
and shellfish (Sard  and others, 2009). Fishes 
often, although not always (Ross and others, 
2015), occur in greater abundance, are larger 
and have faster rates of maturity in canyons, 
as has been shown for sharks, conger, hake 
and common pandora (Sion and others, 2019). 
The discovery of close associations of some 
commercial fish and shellfish species with 
canyon and slope methane seeps (Sellanes 
and others, 2008; Bowden and others, 2013; 
Grupe and others, 2015; Seabrook and others, 

2019) suggests the possible contribution of 
chemosynthetic ecosystems to continental 
margin fisheries (Levin and others, 2016a), and 
it led the United States Pacific Fishery Man-
agement Council to designate methane seeps 
as an essential fish habitat for Pacific coast 
groundfish (Pacific Coast Groundfish Fishery 
Management Plan, amendment 28).1

3.2. Supporting and regulating 
services

The exploration of slopes and canyons accel-
erates the ongoing discovery of new functions 
and services, such as the emerging role of dem-
ersal and deepwater fish on continental slopes 
in transferring carbon from the deep scattering 
layer to greater depths in the ocean (Trueman 
and others, 2014; Gallo, 2018; Vieira and others, 
2019). Nursery support functions have been 
found on slopes off the coast of Costa Rica 
for octopus at 3,000 m and fish eggs attached 
within xenophyophores (giant protozoans) 
(Levin and Rouse, 2019), for elasmobranch 
egg cases associated with methane seeps on 
slopes off Chile and the Mediterranean (Treude 

http://www.pcouncil.org/groundfish/fishery-management-plan
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and others, 2011) and in gorgonian coral fields 
(Etnoyer and Warrenchuk, 2007). Physical 
processes within canyons contribute to the 
upwelling of nutrients to the shelf and the off-
shore transport of shelf productivity to deeper 
waters (Fernandez-Arcaya and others, 2017). 
Other canyon processes remove and bury con-
taminants and wastes and support biodiversity 
by providing refugia from fishing pressure. 

3.3. Energy
Oil and gas exploitation has expanded to water 
depths of more than 3,000 m on continental 
slopes in the Gulf of Mexico, off the coasts of 
Angola and Brazil, and elsewhere (Merrie and 
others, 2014). Canyons accumulate organic 
matter and are increasingly targeted for hydro-
carbon extraction. For example, 24 per cent of 
Australian canyons occur within oil and gas 
leases (Fernandez-Arcaya and others, 2017). 
For some countries, oil and gas represent an 
important source of income. However, envi-
ronmental impacts result from exploration, 
routine operations and hydrocarbon spills 
(Cordes and others, 2016).

Although still in the early stages of develop-
ment, offshore renewable energy in the form 
of wind infrastructure may eventually use 
floating structures over waters up to 1,000 m 
deep (Bosch and others, 2018). 

3.4. Natural products

There is growing interest in prospecting for bi-
oactive compounds the deep sea, although as 
of 2016, less than 3 per cent of known marine 
metabolites were derived from organisms in 
cold water (Soldatou and Baker, 2017). Bac-
teria and fungi from deep-sea sediments on 
continental slopes have been revealed to be a 
rich source of compounds with antibacterial, 
antifungal, anticancer and cytotoxicity proper-
ties (Skropeta and Wei, 2014). Invertebrates, 
in particular octocorals and demosponges, 
which are common in canyons, are also tar-
gets for biodiscovery (Winder and others, 
2011; Leal and others, 2012; Blunt and others, 
2013; Fernandez-Arcaya and others, 2017), as 
deep-sea sponge metabolites have antitumour 
properties (Wright and others, 2017).

4. Human impacts
A recent review identified four major catego-
ries of human impacts on canyons: bottom 
contact fisheries; oil and gas exploration and 
exploitation; contaminants, litter and mine 
tailings from land; and climate stressors (Fer-
nandez-Arcaya and others, 2017). Those same 
activities affect continental slopes, as does 
the potential mining of minerals (e.g., sand, 
phosphorites) and gas hydrates. 

Commercial fisheries on continental slopes 
and in canyons, as covered in the first As-
sessment, remain a major source of direct 
disturbance to deep-sea benthic communities 
(Pusceddu and others, 2014; Clark and others, 
2016). Bottom trawling causes considerable 

modification of the sea floor, increasing sus-
pended sediment concentration (Daly and 
others, 2018; Paradis and others, 2018a), 
changing sediment distribution and properties 
(Martín and others, 2014a, 2014b; Paradis and 
others, 2018b) and acting as a cumulative 
stressor in ecosystems under oxygen stress 
(De Leo and others, 2017; Levin and Gallo, 
2019). Fishing activities produce litter and 
debris through lost lines, nets and pots (e.g., 
Pham and others, 2014; Maldonado and oth-
ers, 2015; Quattrini and others, 2015; Vieira and 
others, 2015; Tubau and others, 2015; Woodall 
and others, 2015; Lastras and others, 2016; 
Cau and others, 2017; Giusti and others, 2019), 
which entangle or physically damage a variety 
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of marine species, including cold water coral 
(Aym  and others, 2019). Invasive species can 
spread through attachment or associations 
with such debris and litter, which is a further 
concern. 

Contaminants, sediments, detrital organic 
matter, plastics and other marine debris 
readily move from shelf waters into canyons 
(Salvadó and others, 2017, 2019; Tamburrino 
and others, 2019) and the deep sea (Puig and 
others, 2014; Leduc and others, 2018). Toxic 
metal (e.g., cadmium) accumulation in sed-
iments promotes microbial metal tolerance 
(Papale and others, 2018). Plastic litter (e.g., 
wrappers, bags, bottles) is ubiquitous on the 
sea floor on the continental slope throughout 
the world, in particular under well-travelled 
ship routes (Gerigny and others, 2019; Mecho 
and others, 2020). Microplastics, which trans-
port adsorbed persistent organic pollutants, 
have been found in animals sampled from 
deep slopes and canyons (Woodall and others, 
2014; Taylor and others, 2016; Courtene-Jones 
and others, 2017, 2019). Disposal of mine 
tailings produced as fine particle waste after 
extracting metals from ore on land can intro-
duce such metals as arsenic, cobalt, nickel, 
mercury, lead and zinc and processing wastes 

(sodium cyanide, lime) to slopes and canyons 
(Reichelt-Brushett, 2012; Ramirez-Llodra and 
others, 2015). In 2015 alone, seven countries 
piped tailings from 16 mines into the ocean 
(Vare and others, 2018). Tailings may cause 
faunal mortality through direct smothering or 
poisoning or through altered species interac-
tions, as well as bioaccumulation. 

The emergence of the potential mining of 
slope areas to exploit phosphate resources 
(off the coasts of Mexico, Namibia, New Zea-
land and South Africa) and sea floor massive 
sulphides in seamount/pinnacle or back-arc 
settings represent additional threats to slope 
environments (Levin and others, 2016b). Gas 
hydrates (frozen methane) buried on conti-
nental margins attract significant exploitation 
interest (Chong and others, 2016). Gas hydrate 
exploitation and release may generate envi-
ronmental impacts on continental slopes and 
in canyons that resemble or exceed those doc-
umented for traditional oil and gas exploitation 
in deep water (Cordes and others, 2016; Olsen 
and others, 2016). The physical instability of 
slopes and canyons is an important issue to 
consider in the management of human activi-
ties in such habitats. 

5. Key remaining knowledge gaps
Most canyons and slopes remain uninvestigat-
ed, in particular in the southern hemisphere 
and on the margins of developing countries. 
Half of all relevant publications focus on only 
11 canyons globally (Matos and others, 2018). 
Several knowledge gaps were identified in 
the first Assessment, but they still exist, for 
the most part. They include the character-
ization of small-taxon biodiversity on hard 
substrates (such as in canyons) that are diffi-
cult to sample. Furthermore, species ranges, 
connectivity patterns and long-term trends in 
resilience and sensitivity to natural, climate 

and other anthropogenic disturbances remain 
poorly known for many slope environments 
around the world. The greatest climate-in-
duced changes in the deep-sea environment 
are expected at bathyal depths coinciding with 
extensive areas that support productive fisher-
ies or high biodiversity (Sweetman and others, 
2017; see table 2). 

Current conservation of canyon and slope 
ecosystems generally depends on the use of 
physiographic, geomorphological and ocean-
ographic proxies and species-community 
inventories to locate vulnerable resources for 
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planning and management (e.g., Van den Beld 
and others, 2017; Auster and others, 2020). 
Such knowledge allows the use of species dis-
tribution models (e.g., for deep-sea corals and 
sponges, as in Ross and others, 2019; Kinlan 
and others, 2020; Pearman and others, 2020; 
Morato and others, 2020) to inform policy 
about the geospatial extent of conservation 
targets and could guide such programmes as 
Natura 2000, which provides a mechanism to 
include deep-sea areas of canyons and slopes 
under protective management (Serrano and 
others, 2017; Van den Beld and others, 2017).

For the sustainable management of slope and 
canyon ecosystems and resource use, key sci-
entific questions need to be addressed, includ-
ing the major influences on the connectivity of 
populations and their ability to recover from 
disturbance; the roles of source-sink dynam-
ics, niche specialization and species interac-
tions in structuring diversity; whether extreme 
conditions (low oxygen and pH, high hydrogen 
sulphide, low carbonate saturation states) and 
highly developed mutualistic or facilitative re-
lationships (e.g., symbioses, commensalism) 
change species assembly rules, adaptability or 
diversity-function relationships; and whether 
there are suitable indicator taxa or assemblag-
es for ecosystem health that can be used as 
proxies (see Levin and Sibuet, 2012, supple-
mental appendix). Such information will inform 
the designation of ecologically important or 
vulnerable habitats, such as ecologically or bi-
ologically significant areas (Secretariat of the 
Convention on Biological Diversity, 2009) and 
vulnerable marine ecosystems (FAO, 2009). 
Other key management questions include: 

(a)  the sustainability of deep-sea tailings dis-
posal and its environmental impacts relative to 
those on land; (b) how to incorporate hundreds 
of newly discovered locations of seeps into the 
management of human activities; and (c) how 
benthopelagic coupling and carbon transfer 
carried out by demersal fishes (that feed on 
migrating plankton) will be affected by fishing 
and by climate-induced changes in surface 
production and phytoplankton composition, 
oxygenation and acidification. 

Challenges in addressing those knowledge 
gaps result from undersampling associated 
with the remoteness, vastness and heteroge-
neity of the environments. Some 66 per cent of 
the continental slope seabed bathymetry from 
200 to 1,000 m and 72 per cent from 1,000 to 
3,000 m remain unmapped (Mayer and others, 
2018). An even larger area of the sea floor has 
never been surveyed for biology, including 
significant portions of the African and South 
American margins. Often, pre-exploration as-
sessments for the oil and gas industry provide 
the first characterizations of deep margins 
(Pabis and others, 2019). Time series (or con-
tinuous) observations are needed on slopes 
and canyons to characterize natural variability 
and response to climate change and to evalu-
ate sensitivity to the impacts of human activ-
ities, which will require collaborations across 
sectors and jurisdictions (Evans and others, 
2019; Gar on and others 2019; Levin and 
others, 2019; Vieira and others, 2019). Accel-
erated transfer of knowledge and technology 
as well as science infrastructure in developing 
countries can go a long way towards filling the 
gaps, as outlined in section 6 below.

6. Key remaining capacity-building gaps
For most of the deep ocean, a lack of taxo-
nomic expertise is a major roadblock in ad-
vancing studies on biodiversity (Fontaine and 
others, 2012; Horton and others, 2017). Some 
researchers increasingly favour using DNA as 

an alternative tool to morphology-based taxon-
omy (Sinniger and others, 2016), while others 
argue that there is a need for naming species in 
order to support marine conservation and the 
development of ocean-based industry (Horton 



408   

World Ocean Assessment II: Volume I

and others, 2017; Glover and others, 2018). 
Geographic bias in slope and canyon research, 
towards the exclusive economic zones of de-
veloped States bordering the North Atlantic 
Ocean and the North Pacific Ocean, and around 
Oceania, reflects the reality of access, financial 
resources and the interests of the industries 
involved in resource extraction. That leads to 
limited global understanding of biodiversity 
patterns and drivers and has consequences for 
the distribution of expertise, which, for slopes 
and canyons, is based in developed regions, as 
well as in China, India and, to a lesser extent, 
Brazil and Chile. It has also resulted in the un-
even distribution of the technology, analytical 
tools and methodologies required to advance 
a global understanding of slope and canyon 
ecosystems. 

Some solutions may be sought through the 
expanded engagement of developing country 
scientists in offshore observing programmes 
(e.g., the Array for Real-time Geostrophic 
Oceanography (Argo), the Global Ocean Ship-
based Hydrographic Investigations Program 
(GO-SHIP), the International Ocean Sustained 
Interdisciplinary Timeseries Environment Ob-
servation System programme (OceanSITES)), 

observing networks (e.g., Global Ocean Acid-
ification Observing Network, Global Ocean 
Oxygen Network) and scientific networks 
(Deep Ocean Observing Strategy, Deep Ocean 
Stewardship Initiative, International Network 
for Submarine Canyon Investigation and Sci-
entific Exchange). That goal can be achieved, 
in part, through training courses, cruise oppor-
tunities, synthesis workshops or steering com-
mittee membership, but personal mentoring 
that provides scientific support and financial 
resources are critical elements. The United 
Nations Decade of Ocean Science for Sustain-
able Development (2021–2030) could provide 
the catalyst for bridging such capacity gaps.

Slopes and canyons represent a large source 
of deep-sea biodiversity in part owing to high 
geomorphic, geochemical and environmental 
heterogeneity. That biodiversity is still in a 
discovery phase and largely unprotected, but it 
is increasingly vulnerable to the confluence of 
changing climate and growing human extractive 
activity, contamination and waste disposal on 
continental margins. Improved ocean observa-
tion, biodiversity characterizations, taxonomic 
knowledge and technology transfer are needed, 
in particular in the southern hemi sphere.
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