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INTRODUCTION
Society’s interest in exploiting deep-sea resources is growing rap-
idly, but the same cannot be said for our ability to effectively con-
serve and manage the deep ocean (>500 m depth) and high seas 
(i.e., international waters beyond national jurisdiction). The recent 
ratification of the United Nations (UN) High Seas Treaty (formally 
the Agreement on Marine Biological Diversity of Areas Beyond 
National Jurisdiction or BBNJ Agreement; High Seas Alliance, 
2025) indicates that there is a growing need to conserve the ocean’s 
resources and protect the biodiversity that it contains. There have 
been discussions of what aspects should be considered when plan-
ning conservation strategies for the deep ocean realms (Ceccarelli 
et al., 2021), but there remains a lack of sufficient tools and data 
to guide decision-making processes (McQuaid et al., 2023; Misiuk 
and Brown, 2024).

Marine spatial planning in the ocean, including the high seas 
areas, involves making decisions about managing human activities 
in the ocean. For example: 
1.	 Sustainable harvesting of living marine resources and conser-

vation of biodiversity: There is growing interest in harvesting 
deep-sea biological resources for food and the genetic materials 
used in the development of pharmaceuticals (Bisson et al., 2023). 

2.	 Understanding impacts of pollution: For example, deep-sea 
sediments are the final resting place for plastic pollution lost in 
the ocean. However, our understanding of pathways and what 

environments are most impacted is very poor (Harris et  al., 
2023). This includes creating more accurate environmental 
impact assessments for potential deep-sea resource extraction.

3.	 Establishment and monitoring of high seas marine protected 
areas: To create an ecologically representative global network of 
marine protected areas (MPAs) as per the new UN Highs Seas 
Treaty, we first need to understand the spatial distribution of 
different seabed environments and the biodiversity they con-
tain. Our understanding of deep-sea habitats is still extremely 
limited, illustrated by the recent extraordinary discovery of the 
electrochemical production of “dark oxygen” on the abyssal sea-
floor by polymetallic nodules (Sweetman et al., 2024). 

4.	 Understanding impacts of climate change: Research shows 
that global climate change is driving changes in deep ocean pH 
(Sulpis et al., 2018), bottom currents, and patterns of sedimen-
tation. Further, the shape of the seafloor combines with these 
factors to influence the amount of heat flowing underneath ice 
shelves and contributing to melting (Richter et al., 2025). Deep-
sea biota will respond to these ecosystem changes by moving 
and/or recolonizing different locations that suit their needs 
(Ramirez-Llodra et al., 2011).

In this paper, we present a new benthic classification that we 
call “ecological benthic units” (EBUs) for the world ocean. Our 
aim is to provide a new tool to improve global understanding and 
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decision-making capability for a range of global issues, as listed 
above. EBUs build upon an earlier map of ecological marine units 
(EMUs) that characterizes the ocean water column as a proxy 
for pelagic ecosystems (Sayre et  al., 2017). As abiotic surrogates 
for benthic biodiversity (McArthur et  al., 2010; Astudillo-Scalia 
et  al., 2021), the EBUs are environmentally distinct areas occur-
ring within physiographically stratified geomorphic types, and 
they represent the ecological settings that control the distribution 
of benthic biota.

APPROACH TAKEN
The global map of seafloor geomorphic features (Harris et  al., 
2014) provides the basis for the present study. It contains 29 sea-
floor feature categories, such as submarine canyons, seamounts, 
mid-ocean ridges, troughs, rift valleys, escarpments, and basins. 
The map divides the global ocean floor into more than 120,000 
separate polygons and provides the basis for quantitative classifica-
tion of seafloor areas. Seafloor geomorphology, mapped and mea-
sured by marine scientists, has proven to be a very useful physical 
attribute for ocean management. This is because different geo-
morphic features (e.g.,  submarine canyons, seamounts, spread-
ing ridges, escarpments, plateaus, trenches) are commonly associ-
ated with particular suites of habitats and biological communities 
(Harris and Baker, 2020). The features themselves, be they can-
yons, sea valleys, rocky reefs, or sand banks, become the short-
hand descriptor (if not the direct focus) of conservation efforts and 
marine management processes because they are easily understood 
by the broader community and are commonly associated with a 
particular kind of benthic community. 

To advance the science underpinning ocean conservation, 
better classification resolution and spatial resolution are needed to 
sub-classify geomorphic features into more meaningful EBUs. We 
used existing spatial datasets for environmental parameters rele-
vant to the deep-sea ecosystem. For example, six ecologically rel-
evant biophysical variables (depth, seabed slope, sediment thick-
ness, primary production, bottom water dissolved oxygen, and 
bottom temperature) were used by Harris and Whiteway (2009) to 
classify the ocean into 53,713 separate polygons comprising 11 dif-
ferent categories called ‘‘seascapes.’’ A similar approach was used 
by Sayre et al. (2017) to create the EMU ocean water column clas-
sification. In this paper, we subclassify the existing map of seafloor 
geomorphic features into different sub-units with existing spatial 
data using multivariate statistics.

ECOLOGICAL SIGNIFICANCE OF VARIABLES 
USED AND DERIVED
Reviews of the ecological significance of biophysical variables 
used for global seascape type analyses such as those conducted 
for the present study have been published previously (e.g., Harris 
and Whiteway, 2009). The input variables used may be grouped 
into four broad categories: (1) physical/structural (depth​, sea-
floor gradient​ [slope)], feature height​ above seafloor, crustal age, 

spreading rate​, sediment thickness); (2) chemical (water tempera-
ture, pH, dissolved oxygen, salinity); (3) biological (primary pro-
ductivity, seafloor downward organic carbon flux); and (4) hydro-
dynamic (sea ice cover, significant wave height, tidal range, 
benthic current velocity).

The use of static variables (e.g.,  annual mean value when sea-
sonal variations are present) to characterize the ocean has clear 
limitations. The occurrence of biota at any given location on the 
seafloor will not necessarily be in response to the mean value of 
any variable. Dynamic aspects of the benthic environment include 
natural changes in variables like current speed, temperature, dis-
solved oxygen, and food supply. It is now an established fact that 
there are “benthic storms” (e.g.,  Woodgate and Fahrbach, 1999) 
and seasons in the deep sea. Detrital-feeding fauna and suspension-​
feeding organisms have evolved to exploit the seasonal, vertical flux 
of surface matter sinking to the seabed. Seasons are recorded by 
moored sediment traps (e.g., Juniper et al., 2013) and in thick ver-
sus thin growth rings in the shells of small abyssal molluscs (Gage 
and Tyler, 1991). A key driver for longer-frequency (>1 year) vari-
ations is change in deep ocean (near bottom) current speed and/or 
direction. Because water properties are essentially carried passively 
over benthic habitats in the moving water column, changes in bot-
tom currents can trigger changes in (for example) the quantity and 
quality of particulate organic carbon (POC) flux (food) to the abys-
sal seafloor (Smith et al., 2008). For this reason, we include modeled 
bottom water current speed and direction in our analysis.

Examples of derived variables include local benthic habitat het-
erogeneity (e.g., number of unique EBU types per neighborhood) 
and orientation of seafloor features to the prevailing current. 
Several authors have reported evidence that seafloor heterogene-
ity is an indicator of areas with high species richness (e.g., Harris, 
2012; Zeppilli et  al., 2016; Riehl et  al., 2020; Zhao et  al., 2020; 
Romoth et  al., 2023). In this study, we quantify the number of 
polygons per unit area to compare the heterogeneity of seascapes 
and their associated geomorphic features. 

Some seafloor features rise up prominently, providing a hard, 
rocky substrate that is habitat for sessile benthic animals that rely 
upon filter-feeding plankton and organic detritus from the water 
column for their food supply. The optimum orientation of such a 
substrate is one that faces into the prevailing current, thus bring-
ing the most amount of suspended detritus (food) to the wait-
ing tentacles (Baynes and Szmant, 1989). In this study we include 
an analysis of seafloor feature orientation relative to the mod-
eled bottom current. 

METHODS
CREATING SEAFLOOR GEOMORPHOLOGY 
AS A SINGLE MAP LAYER
The project builds upon the foundation of an existing 1 km global 
grid of seafloor geomorphic features (Harris et al., 2014) that was 
based on bathymetric data available at the time, in particular, 
the SRTM 30_PLUS model of Becker et al. (2009). Although the 
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global bathymetry database is improving every year, it is beyond 
the scope of this project to produce a revised/updated version of 
the 2014 global seafloor geomorphic features map.

The geomorphic features were first “flattened” in ArcGIS Pro 3.6 
to remove all areas of spatial overlap. This flattening was performed 
through a hierarchical overlay process in which the 28 geomorphic 
feature types were prioritized based on their logical order of super-
position. Superimposed features were sequentially “burned into” 
those below them in the hierarchy. For example, a canyon cutting 
across a slope that ends on an abyssal plain would overwrite the 
slope and abyssal plain where it intersects them, while the slope 
and abyssal plain would remain elsewhere. This resulted in a single 
map layer where every grid point was allocated into a single geo-
morphic feature type. Table 1 lists the 28 feature categories used 
in this study. We did not include escarpments mapped by Harris 
et al. (2014) because these were measured from bathymetry (gradi-
ent exceeding 20°) and draped over other features (e.g., ridges with 
escarpment, canyons with escarpment). Hence “escarpment” is a 
secondary attribute of other features.

ESTABLISHING GEOMORPHIC GROUPS
The next step was to allocate relevant biophysical variables to 
each of the geomorphic features. Geomorphic feature types were 
grouped into six broad geomorphic groups—continental shelf, 
continental slope, seamounts and guyots, crust-forming, complex/
deep seafloor, and plateaus—to reflect fundamental differences 
in ecological drivers and physical processes across the seafloor. 
This grouping allowed for a more targeted selection of environ-
mental variables within each geomorphic group. Although a num-
ber of data layers covering the global ocean (or specific areas of 
the global ocean) are available, not every data layer is necessarily 

relevant to sub-classifying a given geomorphic feature. For exam-
ple, ocean surface waves may impact the shallow continental shelf 
but have no impact on mid-ocean spreading ridges. Conversely, 
seafloor spreading rate is an important characteristic of mid-ocean 
rift valleys but is not relevant to shallow coral reefs. Therefore, rel-
evant biophysical variables were allocated differently for each geo-
morphic group (Table 1). In short, we clipped the biophysical data 
to geomorphic group geographies, performed a cluster analysis 
within each geomorphic group, subdivided the geomorphic group 
into seascapes using the clustered biophysical data, and then sum-
marized distribution of those seascapes among geomorphic fea-
ture types, as follows.

SEASCAPES
Within each of the six geomorphic groups (Groups A–F), a sep-
arate K-means clustering analysis was carried out based on the 
biophysical variables as they are aligned in Table 1. The main 
data source was Bio-Oracle (Assis et  al., 2024), a gridded prod-
uct at a pixel spacing of 0.05° (~6 km); all data sources are listed 
in Table 2. To prevent variables with a higher variance from hav-
ing more influence in the clustering, we standardized each vari-
able to a mean of zero and a standard deviation of one before clus-
tering. We then created a regular global grid of points covering the 
seafloor at 0.05° resolution (approximately 5.5 km at the equator), 
yielding 17,034,951 points. This resolution was chosen to match 
the Bio-ORACLE v3.0 dataset, which provided most of the phys-
iochemical variables used in the analysis. Each point of the global 
mesh was assigned to one of the six geomorphic groups based on 
its location within the flattened geomorphic layer. Environmental 
variables were extracted from a series of raster datasets (Table 2), 
some with differing cell sizes and spatial alignments.

TABLE 1. List of the geomorphic feature groups (A–F) and their associated biophysical variables used for sub-classification in this study. Seascapes were 
derived separately to match six different groups of seabed geomorphic features: (A) shelf, (B) slope, (C) seamounts and guyots, (D) spreading ridges and rift 
valleys, (E) other abyssal and hadal areas, and (F) plateaus. Variables common to all groups are shown in orange text. 
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To ensure consistent attribution, values in Table 2 were assigned 
to points using nearest neighbor resampling, which assigns the 
value of the raster cell containing the point without interpola-
tion. Importantly, the specific geomorphic feature type (e.g., “sill 
on shelf ” or “guyot”) was not included as an input variable, allow-
ing the clustering to remain blind to the geomorphic feature type. 
For pixels with slope >3°, current direction was assessed relative to 
pixel aspect. Currents flowing from 90° to 270° relative to aspect 
were classified as high relief exposed, whereas currents flowing 
from 270° through 0° to 90° were classified as high relief sheltered.

For each geomorphic group, we constructed a cross-correlation 
matrix to assess redundancy among variables. Variables with cor-
relations greater than 0.7 were removed to reduce redundancy 
and ensure that no single type of environmental condition was 

overrepresented in the analysis. This helped ensure that each vari-
able contributed more equally to the clustering process. 

Clustering was conducted separately for each geomorphic 
group using K-means clustering in SAS. The number of clus-
ters tested ranged from 3 to 25. The optimal number of clusters 
for each group was selected using the “gap statistic” (Tibshirani 
et al., 2001), which compares the within-cluster dispersion to that 
expected under a null reference distribution. The optimal num-
ber corresponds to the highest significant peak in the gap statistic. 
Each point was labeled with its final cluster assignment, and these 
clusters—interpreted as distinct seascape types—were merged 
across all groups to produce the final global seafloor classification. 
All variables listed in Table 1 were used in the clustering; no vari-
ables were removed post hoc due to cross correlation.

TABLE 2. List of variables used in this study, with units, data source, and resolution. The variables “Escarpments” and “Orientation towards current” were 
not used as inputs to the K‑means clustering. They are derived attributes added after clustering to provide additional environmental context for the resulting 
EBUs and to support future analyses by other researchers. They do not influence cluster assignments or polygon boundaries in this study.

NAME UNITS RESOLUTION SOURCE COMMENTS

Depth (mean) m 0.05 degrees Bio-ORACLE v3.0
Bio-Oracle data are documented by Assis et al. (2024); 
data are averaged over 2000–2018

Tidal range m 0.05
FES (2022) 

(AVISO)

Model is a finite elements solution that has been 
interpolated to 0.05 degrees. https://www.aviso.altimetry.
fr/en/data/products/auxiliary-products/global-tide-fes/
release-fes22.html

Significant wave height m 0.2
Copernicus 

Marine Service
Data averaged from 1980–2024 based on the Météo-
France WAve Model (MFWAM)

pH (mean) n/a 0.05 Bio-ORACLE v3.0
CCD at pH of 7.79 ± 0.014 was determined using data from 
Sulpis et al. (2018)

Slope degrees 0.05 Bio-ORACLE v3.0

Global sediment thickness km 0.083 GlobSed v3.0 After Straume et al. (2019)

Primary production mmol m–3 0.05 Bio-ORACLE v3.0

Current velocity (long-term mean) m s–1 0.05 Bio-ORACLE v3.0

Sea ice cover % per year 0.25 NOAA

NOAA High-resolution Blended Analysis of Daily SST and 
Ice (Huang et al., 2021). NOAA OI SST V2 high resolution 
dataset provided by the NOAA Physical Sciences 
Laboratory, Boulder, CO, USA, from their website at 
https://psl.noaa.gov

Bottom dissolved oxygen  
(long-term min)

 mmol m–3 0.05 Bio-ORACLE v3.0

Bottom primary productivity  
(long-term mean)

 mmol m–3 0.05 Bio-ORACLE v3.0

Bottom temperature  
(long-term max)

°C 0.05 Bio-ORACLE v3.0

Seafloor downward organic 
carbon flux (2006-2015 average)

mmol/m2/d 0.2
Brodeau et al. 

(2010)
Data averaged over 2006–2015

Salinity
Parts per 

thousand (ppt) 
long-term mean

Bio-ORACLE v3.0

Crustal age Ma Muller et al. (2008)

Seafloor spreading rate cm yr–1 Muller et al. (2008)

Seamount height m Calculated in this study using the latest GEBCO

Escarpments Present/absent
30 arc seconds 

(~1 km)
Harris et al. (2014)

Seafloor gradient exceeding 20 degrees; Added last as a 
qualifying attribute

Orientation towards current
Dimensionless 
Exposure index

This study Added last as a qualifying attribute

https://www.sas.com/en_us/home.html
https://url.au.m.mimecastprotect.com/s/KXr5C2xZ6AHkgoGw0Infnc5hHvl?domain=aviso.altimetry.fr
https://url.au.m.mimecastprotect.com/s/KXr5C2xZ6AHkgoGw0Infnc5hHvl?domain=aviso.altimetry.fr
https://url.au.m.mimecastprotect.com/s/KXr5C2xZ6AHkgoGw0Infnc5hHvl?domain=aviso.altimetry.fr
https://psl.noaa.gov
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NAMING OF SEASCAPES AND EBUs
Terminology and thresholds describing the environmental vari-
ables that establish the class names and value ranges for each class are 
based on the National Oceanic and Atmospheric Administration 
(NOAA) Coastal and Marine Ecological Classification Standard 
(CMECS) scheme, where relevant terms are available (US FGDC, 
2012; see online supplementary Table S1). For each of the 57 sea-
scape types identified, the mean value of each environmental vari-
able used in the clustering (Table 1) was calculated, except in the 
case for temperature and dissolved oxygen, where long-term max-
imum and minimum values were used to better reflect biologically 
limiting values (e.g.,  Baker et  al., 2024; Capotondi et  al., 2024). 
Throughout this paper, the term “mean” is used for temperature 
calculated as the average temperature of the warmest month in the 
period 2000–2010 and for dissolved oxygen as the average level 
occurring in the month having the lowest average dissolved oxy-
gen in the period 2000–2010; they are thus mean maximum and 
minimum values, respectively. All mean values were then assigned 
descriptive labels using existing thresholds (shown in Table S1), 
concatenated to form a short descriptive seascape name that sum-
marizes the dominant environmental conditions represented by 
the cluster. For example, a high‑latitude continental shelf sea-
scape might be labeled as Minimally Tidal, Moderately High Wave 
Energy, Mesobenthic to Shallow Infralittoral Depth, pH Above 
CCD, Euhaline, Highly Oxic, Very Low Productivity, Very Cold 
Temperature, with Moderate Ice. 

EBUs inherit the seascape name and append the corresponding 
geomorphic feature name. As a result, every location on the ocean 
floor represented in the EBU map is associated with an explicit 
descriptive label that captures both its environmental setting and 
its geomorphic context. These labels are provided with the publicly 
available EBU dataset.

EBU HETEROGENEITY
To identify areas where the greatest EBU heterogeneity occurs, a 
focal variety analysis of the data was undertaken in ArcGIS Pro 3.6. 
The focal variety tool determines the number of unique values (or 
the variety) for each cell location on an input raster within a spec-
ified neighborhood and sends it to the corresponding cell location 
on the output raster. In this study, we used a 100 km search radius 
(i.e., an area of 31,400 km2) to define the neighborhood, reported 
here as polygons per 1,000 km2. EBU heterogeneity used normal-
ized numbers of EBUs in the neighborhood analysis window, thus 
taking into account any potential variation in the density of EBU 
types across the geomorphic groups that may have been caused 
by differing clustering approaches within the geomorphic groups.

RESULTS: SEASCAPES AND GEOMORPHIC 
FEATURE SUB-CLASSES
The global map of seascapes (Figure 1) produced in this study 
divides the ocean floor into 162,687 separate polygons. The fol-
lowing sections describe the 57 seascape types by geomorphic 
group and assess the intersection of seascapes with the previously 
mapped geomorphic features. 

FIGURE 1. Map in Equal Earth projection 
of the global distribution of 57 seascapes 
derived for the present project. 

https://ecological-benthic-units-esrioceans.hub.arcgis.com/
https://ecological-benthic-units-esrioceans.hub.arcgis.com/
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SHELF SEASCAPES (GROUP A) AND 
GEOMORPHIC FEATURES
The 12 shelf seascapes fall into three broad categories based on sea 
ice cover and water temperature: polar, tropical, or temperate. The 
“polar” category (A1, A3, A6, A7, A8) is characterized by signifi-
cant sea ice cover (grid cells are ice-covered >70% of the year), cold 
water (<2.8°C), generally very low to low primary productivity, and 
the occurrence of geomorphic glacial troughs (Figures 2 and 3). 
Seascape A1 contains only 0.46 polygons per 1,000 km2, making it 
the least heterogeneous (greater number of large, continuous poly-
gons) of all shelf seascapes.

Polar seascape A7 has the deepest mean water depth of all shelf 
seascapes (602 ± 186 m; 186 m is the standard deviation conven-
tion used throughout this paper). This great depth is associated 
with the greatest occurrence of shelf-perched basins, abundant 
glacial troughs, and the smallest area of low-relief shelf. A7 also 
has a low mean temperature (0.24°C), which explains the occur-
rence of this seascape at some higher latitudes (Figure 2) where 
the shelf extends deeper and intersects cold water masses. 

Seascape A3 stands out with its very shallow mean water depth 
(15.6 ± 12.5 m), relatively low mean salinity (22 ppt), and very 
high dissolved oxygen 360 ± 33 mmol m–³. This seascape is found 
close to the Arctic coastline and in the Black Sea (Figure 2), and 
it is the warmest and has the highest primary productivity of 
the polar seascapes.

There are two “tropical” shelf seascapes (A4 and A10) where 
mean temperature is over 20°C—this is where 85% of coral reefs 
occur (Figures 3 and 4). Seascapes A4 and A10 are the larg-
est shelf seascapes by surface area, covering 5,615,274  km2 and 
6,073,758  km2, respectively (Figure 3), totaling 36.7% of the 

FIGURE 2. Polar shelf seascapes (A1, A3, A6, A7, and A8), mapped in 
the Equal Earth projection (as per all maps in this paper), derived in the 
present study. See Table 1 for the list of variables used in the cluster 
analysis. These seascapes have mean sea ice cover per day of greater 
than 70% and mean water temperature below 2.8°C. The geomorphic 
features associated with each seascape are illustrated in Figure 3. 

FIGURE 3. Intersection of different shelf geomorphic features with the sea-
scapes, shown as a percent area. The graph shows that each seascape 
is dominated mainly by different percent areas of low (<10 m), medium 
(10–50 m), and high (>50 m) vertical relief shelf areas.
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total shelf area (31,894,360 km2). Seascape A10 has greatest area 
of all shelf seascapes and includes the largest area of coral reefs 
(57,543  km2), largest area of low-relief shelf (2.8 million  km2), 
46% of sills, and the second-highest mean tidal range of 2.37 m. 

Seascape A4 is noteworthy for having the highest mean salin-
ity (34.98 ppt) of all shelf seascapes. It also has the second great-
est area of all shelf seascapes and includes the second-largest area 
of coral reefs (45,081 km2) and the largest area of medium-relief 
shelf (2.6 million km2), capturing some temperate regions as well 
(e.g., Stuart-Smith et al., 2017).

The five “temperate” seascapes (A2, A5, A9, A11, and A12) 
are broadly distributed geographically but have a generally mod-
erate mean temperature range between 3.11°C and 17.97°C. In 
other respects, these seascapes each exhibit a unique, character-
istic attribute. Seascape A2 is the only macrotidal seascape, hav-
ing a mean, macrotidal range of 5.09 ± 2.06 m, the largest range 
of all shelf seascapes. This seascape is found on the west European 
shelf; in the Gulf of Alaska, eastern Canada, and the Sea of 
Okhotsk; and on the southern Argentine shelf and the Australian 
northwest shelf. 

Seascape A5 exhibits the most energetic wave climate, with a 
mean significant wave height of 2.94 ± 0.75 m, found around the 
North Atlantic, Aleutian Islands, southern part of South America, 
New Zealand, and southern Australia (Figure 5). A5 is also char-
acterized by a significant area of glacial trough.

FIGURE 4. “Tropical” shelf seascapes (A4 and A10) derived in the present 
study are generally located near the equator but do extend to higher lati-
tudes in some places. Seascapes A4 and A10 have mean water tempera-
tures of 20.09o ± 5.75 o C and 29.05° ± 4.71°C, respectively. The geomor-
phic features associated with each seascape are illustrated in Figure 5.

FIGURE 5. “Temperate” shelf seascapes (A2, A5, A9, A11, and A12) derived 
in the present study generally have mean water temperatures between 
3.11°C and 17.97°C. The geomorphic features associated with each sea-
scape are illustrated in Figure 3. 
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Seascape A9 is the only hypoxic shelf area with (long-term min-
imum) dissolved oxygen levels of 94.55 mmol m–³. It is also char-
acterized by relatively low pH (mean value of 7.7), compared to 
other shelf waters. This seascape is spatially very strongly associ-
ated with western continental margins (Figure 5), which are com-
monly known as upwelling zones. The upwelled water masses are 

commonly depleted of oxygen and have a lower pH. Upwelling of 
deep water depleted in oxygen has been documented in a number 
of locations associated with boundary currents, including off the 
coasts of Peru, California (USA), Chile, and West Africa (Chavez 
and Messié, 2009). The source of the deep water is not necessar-
ily from abyssal depths, but rather mid-depth, oxygen minimum 
zones. However, there is also evidence that oxygen levels in the 
global ocean are decreasing in association with anthropogenic 
climate change and that mid-depth oxygen minimum zones are 
expanding (Grégoire al., 2021).

Seascape A11 is characterized by a very shallow mean depth 
of 15.86 m, the highest mean pH of 8.07 (most alkaline), and the 
highest primary productivity, 5.78 mmol m–³, of all shelf seascapes. 
A11 is the most heterogeneous of all shelf seascapes, containing 
2.57 polygons per 1,000 km2. This seascape is broadly dispersed, 
occurring on the margins of most continents with the exceptions 
of Australia and the eastern shelf of Africa.

Finally, seascape A12 is classed as “Atidal,” having a mean tidal 
range of only 0.0693 m; it also has low wave energy with mean sig-
nificant wave height of 0.91 m, and it has the lowest salinity of all 
shelf seascapes, only 7.14 ppt. This seascape is geographically con-
strained to the Baltic Sea, the mouth of the Amazon River, and 
also adjacent to major Russian and Canadian river mouths that 
discharge into the Arctic Ocean.

SLOPE SEASCAPES (GROUP B) AND 
GEOMORPHIC FEATURES
Slope seascapes are mostly isobath parallel zones of continen-
tal margins. Among the most important variables for benthos 
is the dissolved oxygen regime of the water mass (e.g., Diaz and 
Rosenberg, 2008; Brietburg et al., 2009; Levin, 2018) impinging on 
the slope and geomorphic features found along it. Slope seascapes 
B1 and B5 are characterized by water containing (long-term min-
ima) 72.2 and 52.5 mmol m–³ dissolved oxygen, making these sea-
scapes hypoxic and severely hypoxic, respectively. Seascape B1 is 
located at the shallowest mean water depth (285 m) of all slope sea-
scapes, and seascape B5 is the third most shallow seascape (895 m). 
The pH of bottom water in these two seascapes is also the lowest 
(most acidic) of all slope seascapes (mean pH of 7.67 and 7.64 for 
B1 and B5, respectively). Seascape B1 has the highest rate of par-
ticulate organic carbon flux (7.12 mmol/m2/d), which is consistent 
with these areas’ association with ocean upwelling and enhanced 
primary productivity. Hypoxic seascape geographic distribution is 
concentrated around the Pacific rim, along the eastern margin of 
North and South America, in the western Pacific along the coast 
of Asia, and around Africa, India, New Zealand, and Tasmania 
(Figure 6). Finally, seascape B1 has the greatest heterogeneity of 
slope seascapes, 6.7 polygons per 1,000 km2, while B5 has the low-
est heterogeneity, 0.80 polygons per 1,000 km2.

In contrast, seascapes B3 and B7 are characterized by the most 
oxygen-rich waters, containing mean dissolved oxygen levels 
of 270 and 297 mmol m–³, respectively. Seascapes B3 and B7 are 

FIGURE 6. Hypoxic slope seascapes B1 and B5 versus highly oxic sea-
scapes B3 and B7. In terms of the depth differences, the mean water depth 
is 285 m for B1, 895 m for B5, 2,752 m for B3, and 1,112 m for B7. 



 June 2026 | Oceanography 25

also characterized by cold bottom water (mean temperatures of 
–0.07°C and 0.11°C, respectively) and high pH (mean pH values 
of 7.94 and 8.02, respectively). These well oxygenated seascapes 
occur at intermediate water depths (2,752 m and 1,112 m, respec-
tively) and are located in both polar seas and along the margins of 
the Atlantic (Figure 2).

With regard to slope geomorphic features (Figure 7), one obvi-
ous association is that about 53.7% of slope-perched basins occur 
in seascape B9. The depth range of this seascape is 1,581 ± 576 m, 
and the gradient mean is 1.66°, which characterizes the common 
locations of slope basins. Submarine canyons occur in all nine sea-
scapes but are most common in polar regions of seascape B3, which 
contains 32.1% of blind canyons and 22.3% of shelf incising can-
yons. This is consistent with the observation of Harris et al. (2014) 
that canyons in polar regions are the largest in the world ocean. 

SEAMOUNTS AND GUYOTS (GROUP C)
The five seascapes created for seamounts and guyots suggest two 
main categories: Seascapes C1 and C3 (Figure 8) are character-
ized by warm waters (mean bottom water temperatures of 2.86°C 
and 8.31°C, respectively) and low to high organic matter flux 
(mean POC flux of 0.24 and 1.46 mmol/m2/d, respectively). The 
other three seascapes (C2, C4, and C5) are colder (mean tem-
perature <1.45°C) and exhibit very low POC flux (mean POC flux 
<0.08 mmol/m2/d). 

Seascape C3 has the greatest heterogeneity of seamount and 
guyot seascapes with 6.95 polygons per 1,000 km2. Compared to 
deep, cold, low oxygen seascapes (Costello et al., 2023), this sea-
scape appears to provide relatively more favorable conditions for 
species among seamounts and guyots with warm, oxygenated 
waters (mean dissolved oxygen is 185 mmol m–³), good food sup-
ply (high POC flux), relatively strong bottom currents (maximum 
current speed of 0.58  m  s–1), and locations above the carbonate 
compensation depth (CCD; mean pH is 7.91). However, C3 is also 

the smallest seamount and guyot seascape at only 81,855 km2, rep-
resenting only 0.94% of the total area of 8,715,301  km2 for sea-
mounts and guyots. 

Seascape C1 covers more area (1,260,146 km2) but has colder 
water and low POC flux. Nevertheless, C1 still has oxygenated 
waters (mean dissolved oxygen is 243 mmol m–³), relatively strong 
bottom currents (maximum current speed of 0.4  m  s–1), and is 
mainly located above the CCD (mean pH is 7.90).

The three cold/low POC flux seascapes (C2, C4, and C5) are gen-
erally much larger in area, overall comprising 72.1% of seamount 
and guyot seascapes. Seascape C4 is the largest among seamount 
and guyot seascapes at 2.95 million km2, and it also has the lowest 
heterogeneity of 0.72 polygons per 1,000 km2.

SPREADING RIDGES AND RIFT VALLEYS (GROUP D)
Multivariate analysis of spreading ridges and rift valleys within 
slower-spreading ridges identified 15 separate seascapes 
(Figure 9). Based on mean seafloor spreading rate, the group can 
be divided into three main categories: slow (<50 mm yr–1), medium 
(55–100 mm yr–1), and fast (>100 mm yr–1). The “fast” cate-
gory has only two members, seascapes D2 and D9, which are 
characterized by having the gentlest mean seafloor gradients 
(1.13° and 1.23°, respectively) and the lowest mean dissolved oxy-
gen levels (136 mmol m–³ and 159 mmol m–³, respectively) of all 
spreading ridge and rift valley seascapes. Seascape D2 has the low-
est heterogeneity among spreading ridge and rift valley seascapes 
of 0.21 polygons per 1,000 km2.

FIGURE 7. Intersection of different slope geomorphic features with the sea-
scapes, shown as a percent area. The graph shows that featureless slope 
comprises the majority of slope area. 
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The “medium” category includes four seascapes, D4, D5, D13, 
and D15, and all nine of the other seascapes are in the “slow” cate-
gory. The “fast” and “medium” categories are located almost exclu-
sively in the Pacific and Indian Oceans (Figure 9). The seascapes 
range in size from 20,572 km2 (D14) to 1.023 million km2 (D15) 
and have a total area of 6.166 million  km2. Seascape D3 in the 
“slow” category has the greatest heterogeneity among spreading 
ridge and rift valley seascapes of 8.53 polygons per 1,000 km2.

ABYSSAL SEASCAPES (GROUP E) AND 
GEOMORPHIC FEATURES
Multivariate analysis of the abyssal to hadal ocean floor identi-
fied seven separate seascapes (Figures 10 and 11). Abyssal sea-
scapes are generally characterized by their very large area (average 
size of 39.9 million km2) and very low heterogeneity (average of 
0.29 polygons per 1,000 km2). Distinguishing and unique aspects 
that characterize each of the abyssal seascape are as follows:

E1 	4.6% of abyssal seascapes by area, has the greatest mean bottom 
current speed of 0.77 m s–1.

E2 	10.9% of abyssal seascapes by area, has the greatest POC flux of 
0.53 mmol/m2/d. 

E3 	31.9% of abyssal seascapes by area, has the youngest mean age 
of ocean crust (22.4 million years), the thinnest cover of sed-
iment (mean thickness of 101 m), and the lowest mean dis-
solved oxygen (176 mmol m–³). E3 has the largest areas of abys-
sal mountains, fans, ridges, and troughs (Figure 10). The age of 
ocean crust is inversely proportional to sediment cover (young 
crust has had less time for sediment to accumulate; Olson et al., 
2016) and hence we expect a relationship between crustal age 
and the occurrence of rocky substrate versus thick sediment 
cover habitats.

E4 	13.4% of abyssal seascapes by area, has the highest dissolved 
oxygen of 250 mmol m–³. E4 has the largest area of continental 
rise (Figure 10).

E5 	3.4% of abyssal seascapes by area, has the coldest mean 
water temperature of –0.55°C, the lowest mean POC flux of 
0.01 mmol/m2/d, and most alkaline waters with a mean pH of 
7.93 (equal with E6). 

E6 	1.5% of abyssal seascapes by area, has the oldest mean ocean 
crust age at 136.7 Ma, the thickest sediments (mean thickness 
6,986 m), most shallow mean depth of 2,679 m, warmest mean 
water temperature of 3.95°C, and most alkaline waters with a 
mean pH of 7.93 (equal with E5).

E7 	34.3% of abyssal seascapes by area, has the greatest mean depth 
of 5,096 m, weakest mean bottom current speed of 0.08 m s–1, 
and most acidic pH of 7.75, which is below the CCD. E7 has 
the largest areas of abyssal hills, abyssal plains, bridges, hadal 
zones, and trenches (Figure 10).

FIGURE 10. The distribution of geomorphic features by seascape as a per-
cent of area is plotted in this bar graph. 
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FIGURE 9. Map provides the locations of seascapes D1 to D15, which char-
acterize the mid-ocean spreading ridges and rift valleys. Darker colors indi-
cate faster spreading sub-classes. 
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PLATEAUS (GROUP F)
Multivariate analysis of the ocean floor having plateaus identified 
seven separate seascapes (Figure 12). Distinguishing and unique 
aspects that characterize plateau seascapes are as follows:
F1 	6.4% of plateau seascapes by area, has the greatest mean sedi-

ment thickness of 4,168 m, located mainly in the Atlantic Ocean.
F2	 1.6% of plateau seascapes by area, has very strong maximum 

bottom current speed of 0.44 m s–1 (nearly equal to F9), com-
prised of two plateaus located in the western Atlantic and one 
plateau off Norway. F2 has the lowest heterogeneity among pla-
teau seascapes of 0.12 polygons per 1,000 km2.

F3	 8.0% of plateau seascapes by area, has the most alkaline mean 
bottom water pH of 8.02, located mainly in the Arctic Ocean 
and the North Atlantic.

F4	 6.9% of plateau seascapes by area, deepest plateaus at mean 
depth of 3,074 m, lowest (most acidic) pH of 7.81, thinnest 
mean sediment cover of 518 m, broadly distributed but mainly 
located in the Pacific and Indian Oceans.

F5	 34.9% of plateau seascapes by area, the largest seascape by area, 
similar to F4 as it is broadly distributed but mainly located in 
the Pacific and Indian Oceans.

F6	 33.0% of plateau seascapes by area, has the lowest mean dis-
solved oxygen level of 156 mmol m–³, broadly distributed.

F7	 1.1% of plateau seascapes, the smallest plateau seascape by 
area, steepest seafloor gradient of 5.08°, coldest mean bottom 
water temperature of –0.5°C, and lowest mean POC flux of 
0.01 mmol/m2/d, located mainly in the Arctic and Southern 
Oceans. F7 has the greatest heterogeneity of 8.85 polygons per 
1,000 km2 (highest of all seascapes, globally).

F8	 3.4% of plateau seascapes by area, most gentle seafloor slope of 
0.39°, most shallow mean depth of 530 m, warmest mean bot-
tom water temperature of 7.34°C, greatest mean POC flux of 
1.87 mmol/m2/d, located mainly adjacent to New Zealand.

F9	 4.8% of plateau seascapes by area, has very strong maximum 
bottom current speed of 0.46 m s–1 (compare to F2), broadly 
distributed.

RESULTS: ECOLOGICAL BENTHIC UNITS
The individual polygons located within specific geomorphic fea-
ture polygons are termed ecological benthic units (EBUs). Each 
EBU is a unique combination of a biophysical (bottom water) 
seascape located within a particular geomorphic unit. A total of 
697,235 EBUs have been identified in this study.

The characteristics of EBUs provide specific environmental con-
text for the geomorphic feature in which they occur and provide a 
basis for distinguishing between features of the same type (i.e., dif-
ferences among seamounts, submarine canyons, and deep ocean 
trenches). The information can be accessed through the online 
EBU Explorer created as an output of this project. The following 
section provides examples of specific geomorphic features and the 
EBUs they contain.

“THE GULLY” SUBMARINE CANYON
“The Gully” submarine canyon, located about 200  km off the 
coast of Nova Scotia, Canada, is 15–16  km wide and extends 
approximately 65 km downslope to a depth of over 3,000 m. It is 
a shelf-​incising canyon carved into Tertiary bedrock draped by 
Quaternary glaciomarine sediments. The canyon was formed by 
combined mass wasting of the slope and turbidity currents during 
the Pleistocene. The Gully links the shallow banks of the continen-
tal shelf with deeper, steep canyon walls that support cold-water 

FIGURE 12. Seascapes F1 to F9 that characterize plateaus are plotted here. 

By combining geomorphic structure with key biophysical 
drivers—including temperature, oxygen, pH, carbon flux, 

bottom currents, and sediment thickness—the EBU framework 
reveals previously unrecognized environmental gradients and 

boundaries across the global ocean floor.

https://livingatlas.arcgis.com/ebu
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corals and other benthic fauna, while the canyon floor supports 
deep-water fish, invertebrates, and deep-diving cetaceans, linking 
surface, pelagic, and benthic ecosystems (Harrison and Fenton, 
1998; Fisheries and Oceans Canada, 2025).

Figure 13 shows screenshots of information provided by the 
EBU Explorer tool for The Gully canyon. The dialogue box indi-
cates that the highlighted feature is a shelf-incising submarine 
canyon and that there are 20 EBUs within the canyon polygon. 
The bar graph illustrates how The Gully compares globally with 

shelf-incising submarine canyons, indicating that The Gully has a 
relatively high proportion of seascape B3, with oxygen-rich waters. 
In contrast, there is an absence of seascapes B4, B5, and B9.

The panels below the bar graph contain information on the 
20 EBUs, listed in order of decreasing percent area. The top EBU 
number, 157859 (seascape B3), covers 75.2% of The Gully, and it 
is located mainly on the lower continental slope. The second EBU 
number, 161480 (seascape B7), covers 10.2% of The Gully and is 
located mainly on the upper continental slope and across the shelf 

FIGURE 13. Screenshots taken 
from the EBU Explorer show the 
The Gully submarine canyon off 
Newfoundland, Canada. (a) Location 
of The Gully with bar graph show-
ing the relative proportion of EBUs 
characterizing all shelf-​incising can-
yons (in blue) versus the EBUs that 
characterize The Gully canyon (in 
orange). (b) Zoom-in view of EBU B3 
with respective information panel. 
(c) Zoom-in view of EBU B7. 

https://livingatlas.arcgis.com/ebu
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break. EBU B7 is 1°C warmer in mean temperature than B3 (4.4°C 
versus 3.4°C), illustrating the most significant difference in physi-
cal properties between the two (Figure 13). 

MARIANA TRENCH
The Mariana Trench, the deepest part of the ocean, is located in 
the western Pacific Ocean, east of the Mariana Islands. It forms a 
long, narrow, crescent-shaped depression created where the Pacific 
Plate subducts beneath the smaller Philippine Sea Plate and the 
small, crescent-shaped Mariana microplate that broke off from 
it (van Rijsingen, 2019). It is ~2,500 km in length, 70–100 km in 
width, and reaches its deepest point at 10,935 m in the Challenger 
Deep (Greenaway et  al., 2021). The Trench has steep, asymmet-
ric sides, and the western wall is typically steeper due to tectonic 
forces that include the large age differential between the down
going and overriding plates.

Figure 14 shows a segment of the Mariana Trench illustrating its 
composition relative to trenches globally. Seascape E7 is dominant 
in most trenches, as it is with the Mariana Trench, characterized by 

cold temperatures and acidic bottom waters (see also Figure 10). 
But in contrast to other trenches, the Mariana Trench does not 
contain any area of seascapes E2, E3, E4, or E6 (Figure 14).

GIFFORD GUYOT
Gifford Guyot is a flat-topped seamount located on the Lord Howe 
Rise plateau in the Coral Sea. The Gifford Marine Park is included 
within the Australian Government’s national marine protected 
area network (Nanson et al., 2018). The Guyot formed as the Indo-
Australian plate migrated north across a stationary magma source 
(“hotspot”) during the Middle Miocene (about 15 million years 
ago) and has a depth range of approximately 3  km, rising from 
3,400 m on the abyssal plain to as shallow as 250 at its summit 
(Nanson et al., 2018).

Figure 15 illustrates the dominance of seascape C5, charac-
terized by warm water temperatures around the Gifford Guyot. 
In contrast, most guyots globally are dominated by seascape C4 
with its colder water temperatures. Of particular significance is 
the above-average occurrence of seascape C3 on the Gifford since 

FIGURE 14. Screenshot taken from 
the EBU Explorer showing a section 
of the Mariana Trench in the Pacific 
Ocean. The bar graph plots the rel-
ative proportion of EBUs compris-
ing the trench, which is dominated 
by seascape E7; seascape E1 cov-
ers less than 2%. The largest EBU, 
which covers 60.3% of the trench, 
is shown here. 

FIGURE 15. Screenshot taken from 
the EBU Explorer describes Gifford 
Guyot in the Coral Sea. The bar 
graph shows the relative proportion 
of EBUs comprising Gifford Guyot, 
which is dominated by seascape C5. 

https://livingatlas.arcgis.com/ebu
https://livingatlas.arcgis.com/ebu
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this seascape was noted above for its high heterogeneity and high 
potential for benthic productivity and biomass. Limited sampling 
of the Gifford suggests the presence of a relatively diverse, albeit 
sparse, epibenthic assemblage, including mixed cold-water coral 
and sponge assemblages (Nanson et al., 2018).

DISCUSSION 
INSIGHTS INTO GLOBAL BENTHIC 
BIODIVERSITY FROM EBUs
The diversity of EBUs is an indicator of the diversity found in ben-
thic ecosystems, and as such, it can also be considered to represent 
benthic biodiversity in terms of likely species richness for a given 
area (e.g., Harris and Baker, 2020; Almond et al., 2021; Girard et al., 
2025). Our map of EBU heterogeneity (Figure 16) has direct appli-
cations in designing and cross-validating spatial conservation zones 
(i.e.,  marine protected areas, MPAs; Howell, 2010; Fischer et  al., 
2019); we note, for example, the close correspondence between 
our map of EBU diversity (Figure 16) and the map of MPA pri-
oritized areas by Zhao et al. (2020, their Figure 4). The hotspots of 
heterogeneity (Figure 16) immediately suggest themselves within 
bioregions as candidates for MPAs, where the maximum biodiver-
sity can be conserved in the smallest possible area (Roff and Taylor, 
2000). They are also areas where targeted marine surveys could be 
optimized to investigate the regional diversity of environments.

CCD AND ACIDIFICATION
EBUs provide the first global, spatially explicit view of how sea-
floor habitats are distributed relative to the CCD and therefore 
quantify which benthic systems are already exposed—or will soon 

be exposed—to corrosive, low-pH bottom waters. Seascape E7, 
the most abundant seascape globally (95.6 million km²), is char-
acterized by a mean pH of 7.75, already below the modern CCD 
threshold used in this study. The extent of E7 highlights that a sub-
stantial fraction of the global abyss is currently bathed in waters 
corrosive to calcium carbonate (CaCO₃). This has direct ecolog-
ical implications: the CCD has recently been demonstrated to 
act as a biological boundary that structures abyssal biogeography 
(Simon-Lledó et al., 2023), and experimental studies confirm that 
decreasing pH reduces fitness and survival in several abyssal taxa 
(Barry et al., 2013).

As the ocean continues to absorb anthropogenic CO₂, deep-​
water masses entering the global conveyor belt (thermohaline cir-
culation system) will carry progressively lower pH and oxygen 
concentrations. Model and observational evidence indicate that 
the CCD is rising (Sulpis et al., 2018; Harris et al., 2023), resulting 
in increasing areas of the seafloor—particularly in older, sediment-​
starved basins—crossing into undersaturated conditions. EBUs 
therefore allow us to identify which geomorphic systems lie near-
est to this chemical boundary and where upward shoaling of the 
CCD will most rapidly expose carbonate-dependent habitats and 
fauna to corrosive conditions.

EBUs offer a novel geospatial tool for quantifying ecosystem 
vulnerability to ocean acidification by mapping the intersection 
of benthic environments, geomorphic features, and evolving car-
bonate saturation horizons. This capability is directly relevant to 
global MPA planning, environmental impact assessment for deep-
sea industries, and future biodiversity monitoring frameworks.

FIGURE 16. Map showing the heterogeneity of the global ocean based on focal variety analysis of EBU polygons within a 100 km 
search radius. Blue colors indicate heterogeneities as low as 1 and red colors heterogeneities as high as 50. Higher heterogeneity 
values identify broad transition zones where multiple EBU types occur together within a regional neighborhood.
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OXYGEN DEAD ZONES
Oxygen minimum zones (OMZs) are expanding globally due to 
warming-driven stratification and reduced ventilation, and EBUs 
provide a new way to map where low-oxygen waters intersect spe-
cific geomorphic settings. Slope seascapes B1 and B5 represent 
the clearest expression of this phenomenon: they contain hypoxic 
(72.2 mmol m–³) and severely hypoxic (52.5 mmol m–³) bottom 
waters, respectively, and together cover 4.16 million  km². Their 
distribution—along the continental margins of the Pacific Rim, 
western South America, North America, and parts of Asia, Africa, 
India, New Zealand, and Tasmania—closely matches known global 
OMZ cores (Paulmier and Ruiz-Pino, 2009).

These oxygen-depleted environments (oxygen dead zones) have 
well-documented ecological consequences, including reduced hab-
itat suitability for metabolically sensitive taxa, compression of spe-
cies’ depth ranges, altered trophic structure, and enhanced vul-
nerability of demersal fisheries (Diaz and Rosenberg, 2008; Levin, 
2018). Our results show that the most oxygen-stressed systems (and 
EBUs) occur on economically important slopes near productive 
shelf ecosystems, where many nations rely on fisheries resources.

The ability to quantify the areal extent and geomorphic con-
text of hypoxic EBUs provides a practical tool for evaluating where 
deepening OMZs will next make contact with slope habitats, and 
which regions are most at risk of biodiversity loss or fisheries dis-
placement. As oxygen minimum zones continue to intensify under 
climate change (Grégoire et al., 2021), EBUs offer a globally consis-
tent spatial framework for monitoring, forecasting, and prioritiz-
ing management responses.

SEAMOUNT HABITAT AND 
CONSERVATION PRIORITIES
Seamounts and guyots host some of the most ecologically dis-
tinctive habitats in the deep ocean, yet they vary enormously in 
their environmental conditions and biodiversity potential (Rogers, 
2000; Clark et al., 2011). EBUs allow these differences to be quan-
tified globally for the first time. Among the five seamount and 
guyot seascapes, C3 stands out as a rare and highly favorable hab-
itat type, combining warm, oxygenated bottom waters (mean 
185 mmol m–³ dissolved oxygen), relatively strong currents, ele-
vated POC flux, and pH values above the CCD. Together, these 
conditions promote enhanced suspension-feeding communities, 
greater metabolic scope for fauna, and increased ecological con-
nectivity. Despite its favorable characteristics, C3 is extremely lim-
ited in extent, representing <1% of global seamount and guyot 
area. We note also that favorable environmental conditions may 
not always equate with higher biodiversity. While we can define 
relatively rare habitats, we cannot be certain that they are host to 
an especially unique community.

By contrast, the majority of seamounts occur within C2, C4, and 
C5, which are characterized by cold, low-productivity, low-POC-
flux waters—conditions associated with sparse benthic assemblages 
and reduced potential for habitat-forming taxa such as corals and 

sponges. This global environmental pattern suggests that the vast 
majority of seamounts reside in ecological “cold spots,” while a very 
small minority form important biodiversity reservoirs. The EBU 
framework therefore highlights two conservation priorities: (1) rec-
ognition of naturally rare, highly productive seamount habitats 
(e.g., C3 units) as critical areas for biodiversity protection, ecologi-
cal monitoring, and potential MPA designation within a network of 
ecologically representative areas (Zhao et al. 2020); and (2) differ-
entiation among superficially similar seamounts—​allowing manag-
ers to move beyond treating all seamounts as equivalent, which has 
historically hindered ecologically representative and coherent con-
servation planning.

These insights align with previous biogeographic analyses 
demonstrating that seamounts cannot be managed as a single class 
of features. Clark et al. (2011), for example, identified 194 distinct 
seamount classes based on oxygen, depth, production regimes, 
and geographic context, and demonstrated their ecological rele-
vance by comparing classes with distributions of octocoral assem-
blages. EBUs extend this approach globally and at higher spatial 
resolution, enabling direct integration of geomorphology, envi-
ronmental regimes, and carbonate chemistry into conservation 
decision-making.

For high-seas MPA planning, fisheries management, and gen-
eral ocean human-use and infrastructure management, EBUs 
therefore provide a transformative tool: they identify which sea-
mounts host rare ecological configurations, which are exposed to 
hypoxia or acidification, and which exist within areas less suitable 
for benthic life. This differentiation is essential for prioritizing sur-
veys, assigning conservation value, and evaluating the vulnerabil-
ity of seamount systems in a rapidly changing ocean.

CONCLUSION
This study presents the first global benthic classification system 
that explicitly integrates seafloor geomorphology with environ-
mental regimes to generate 250 unique EBUs distributed on the 
seafloor as nearly 700,000 EBU polygon occurrences. By combin-
ing geomorphic structure with key biophysical drivers—includ-
ing temperature, oxygen, pH, carbon flux, bottom currents, and 
sediment thickness—the EBU framework reveals previously 
unrecognized environmental gradients and boundaries across 
the global ocean floor.

EBUs demonstrate that benthic habitats are far more heteroge-
neous than suggested by geomorphology or environmental vari-
ables alone. The resulting classification highlights important envi-
ronmental patterns: the dominance of CCD-exposed abyssal 
plains (E7), the concentration of hypoxic environments along pro-
ductive continental margins (B1, B5), and the extreme rarity of 
seamounts with high biodiversity potential (C3). These patterns 
underscore the uneven distribution of environmental vulnerabil-
ity across the seafloor and show how different geomorphic settings 
mediate exposure to climate stressors such as acidification, deoxy-
genation, and shifting food supply.



Oceanography | Vol. 39, No. 232

As a global characterization of the seafloor for decision support, 
EBUs have direct application to high-seas MPA design, national 
assessments of the representativeness of MPA networks, envi-
ronmental impact assessments, and biodiversity baseline proxies 
for emerging conservation frameworks under the UN High Seas 
Treaty, and more. Because EBUs operate at the scale of geomor-
phic features that are widely used in marine policy, they provide 
an intuitive and spatially resolved way to compare habitats within 
and among ocean basins, identify rare or vulnerable systems, and 
guide prioritization for exploration and protection. The ocean is 
vast, and grossly under-sampled. EBUs can help target exploration 
and sampling efforts by providing a framework for the design of a 
global sampling strategy.

While the present analysis offers the most comprehensive global 
benthic classification to date, further refinements will benefit from 
time-varying environmental datasets, higher-resolution bathym-
etry, and expanded biological observations to strengthen ecolog-
ical validation. In this study we have delineated what we believe 
to be ecologically meaningful areas, but further study is needed 
to more fully understand the relationship between our complexes 
of unique physical environments and actual species distributions. 
As new global datasets emerge, EBUs can be dynamically updated, 
providing a living framework for monitoring environmental 
change in the deep sea. They may also provide a useful extension to 
the General Bathymetric Chart of the Oceans (GEBCO) grid of the 
UN Nippon Foundation–GEBCO Seabed 2030 program (Mayer 
et al., 2018), lending insight into the EBUs beyond just bathymetry.

In summary, EBUs offer a transformative step forward for 
global ocean management by linking where benthic habitats 
occur, what environmental regimes define them, and how vulner-
able they are to future change. This integrative approach delivers 
a foundation for more informed and proactive stewardship of the 
world’s largest, least understood biome. As a reproducible, data-
driven, and updatable global classification, EBUs deliver a new 
decision-support resource that helps to power area-based manage-
ment tools for understanding and managing the world’s largest and 
least explored biome.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online at https://doi.org/10.5670/
oceanog.2026.e211. 
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