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How little we've seen: A visual coverage estimate of the

deep seafloor

Katherine L. C. Bell'*, Kristen N. Johannes'?, Brian R. C. Kennedy'3, Susan E. Poulton’

Despite the importance of visual observation in the ocean, we have imaged a minuscule fraction of the deep sea-
floor. Sixty-six percent of the entire planet is deep ocean (>200 m), and our data show that we have visually ob-
served less than 0.001%, a total area approximately a tenth of the size of Belgium. Data gathered from
approximately 44,000 deep-sea dives indicate that we have also seen an incredibly biased sample. Sixty-five
percent of all in situ visual seafloor observations in our dataset were within 200 nm of only three countries: the
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United States, Japan, and New Zealand. Ninety-seven percent of all dives we compiled have been conducted by
just five countries: the United States, Japan, New Zealand, France, and Germany. This small and biased sample is
problematic when at-tempting to characterize, understand, and manage a global ocean.

INTRODUCTION

Importance of the deep ocean

The deep ocean (200 m or deeper) covers 66% of Earth (1), encom-
passes the largest ecosystem on our planet, provides critical services
and resources to humankind, and is the least explored and under-
stood biome on Earth (2). The deep ocean is a haven for diverse
ecosystems and processes that provide critical benefits to the planet
and humans, ranging from oxygen generation and climate regula-
tion to food and pharmaceuticals. The deep ocean and the deep sea-
bed are intrinsically linked, thus the benefits of the deep ocean and
the deep benthos are interconnected. Phytoplankton, fed by upwell-
ing of cold, nutrient-rich deep waters, produce an estimated 80% of
the world’s oxygen (3). From the sinking of marine snow to the great
whale conveyor belt (4), the deep ocean plays a key role in carbon
sequestration and climate regulation, and the value of carbon trans-
ported and stored in the deep sea is estimated to have a social im-
pact cost of USD 159B per year (5). The ocean supplies 200 million
tons of fish and seafood annually, feeding approximately 20% of the
world’s population and employing 60 million people worldwide (6).
Numerous pharmaceuticals, including treatments for HIV, breast
cancer, and COVID-19, are based on chemical compounds from
marine sponges (7-10); in the past 50 years, researchers have dis-
covered thousands of compounds in marine organisms such as
sponges, sea hares, sea squirts, and bacteria, with the potential
for medical use for their anticancer, antibacterial, antifungal, anti-
inflammatory, and antiviral properties (9-11). As exploration in-
creases in the deep ocean, so does the potential for discoveries that
will continue to benefit humanity.

Despite the many benefits it provides, humans have been affecting
the deep ocean for centuries. These impacts have been well docu-
mented and broadly grouped into three main categories: disposal of
litter and chemical pollution, exploitation of biological and geologi-
cal resources, and climate change and ocean acidification (2, 12). Re-
searchers predict that the negative impacts on deep-sea ecosystems
will nearly double as exploitation and climate change increase (12).
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For example, the ocean has absorbed 90% of the excess heat and
30% of the CO, released into the atmosphere by human activities
(13). These heat and CO, increases result in warming (14), deoxy-
genation (15, 16), and acidification (17), causing increased stratifi-
cation (18), changing circulation patterns (19), and inhospitable
environments for deep-sea life (17). These changing oceanograph-
ic patterns, in turn, affect biodiversity, habitability, and productiv-
ity globally across all ocean depths (17, 20). While climate change
is already affecting the deep ocean, deep-sea mining and marine
carbon dioxide removal (mCDR) also have the potential to cause
irreparable damage, as evidenced by numerous studies (20-22),
highlighting the need for precaution in the absence of adequate sci-
ence (23-25).

While human activity threatens the deep ocean, we have barely
scratched the surface when exploring and characterizing the deep
seabed (26). We are only beginning to understand the unique role
the deep benthos plays in this ecosystem. From the discovery of new
benthic fauna (27) to understanding how deep seafloor geology in-
teracts with its surroundings (28) and subsurface biology (29), ac-
celerating exploration and understanding of this vital ecosystem
are essential.

Visual observations are critical

Visual imaging is one of the most critical methods for studying the
deep seafloor, advancing all areas of oceanographic science (30-
33). It allows researchers to provide situational context to collected
samples (34), observe behaviors and interactions of marine life
(35), conduct more accurate biodiversity and abundance surveys
(36), simultaneously gather biological and geological data and as-
sessments (37, 38), and groundtruth acoustic and other remote
sensing data [e.g., (39)]. Visual observations are a critical compo-
nent of “seafloor exploration.” Here, we define “explored seafloor”
as those locations where visual observations, seabed mapping,
sampling, and environmental data collection exist (40, 41). Nota-
ble discoveries made using visual observations include the first hy-
drothermal vents found on the Galédpagos Rift in 1977 (42), the
alkaline Lost City hydrothermal vent field on the Mid-Atlantic
Ridge (43), the impact of the Deepwater Horizon oil spill on cor-
al regrowth in benthic communities in the Gulf of Mexico (44),
and the well-preserved shipwrecks in the anoxic waters of the
Black Sea (45).
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Today, there are numerous types of deep submergence vehicles
(DSVs) used for gathering visual observations from the deep sea-
floor, including human-occupied vehicles (HOVs), remotely oper-
ated vehicles (ROVs), autonomous underwater vehicles (AUVs),
tethered tow cameras, and benthic landers, each with its operational
benefits and challenges (46). After an expedition, researchers can
later use the imagery captured for many purposes that could not be
defined at the moment or within the scope of a single research hy-
pothesis or priority (47, 48). Visual imaging is also an effective
engagement tool to build connections and custodianship with com-
munities around issues facing the ocean (49, 50).

Researchers have previously attempted to estimate the percent-
age of individual deep-sea habitats visually observed in the past cen-
tury (2, 51). The distribution of and access to the records of this
work are spread across multiple institutions or individual principal
investigators, making it impractical to aggregate and analyze these
data quickly. This lack of global perspective creates challenges in un-
derstanding the deep ocean holistically, including the ability to
make informed, science-based management decisions. It inhibits
the deep-sea community from developing an integrated global ex-
ploration strategy beyond the research interests of individual scien-
tists or institutions.

Here, we present the most comprehensive global estimate of deep-
sea benthic observation coverage to date. Our goal is to provide all
stakeholders with baseline data they can use to strategically plan fu-
ture expeditions and dive locations.
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RESULTS

Estimates of global deep seafloor visual coverage

To quantify the visually explored deep seafloor, defined here as the
area of seafloor imaged by a vehicle with optical imaging capabili-
ties, we aggregated 43,681 records of deep submergence activities
(depth > 200 m) conducted in 120 Exclusive Economic Zones
(EEZs) and the high seas. Thirty-four institutions in 14 countries
and territories carried out these expeditions (Fig. 1). While this is
the largest deep submergence dataset yet compiled, we acknowledge
the limitations due to a lack of data availability (see Methods).

We then used two independent methods to estimate the amount
of deep seafloor observed globally over the past seven decades (see
Methods). Using the dive-based method, we estimate a maximum
visual seabed coverage of 2130 km®. Using the time-based method,
we estimate visual seabed coverage of 3823 km”.

Of Earth’s total surface area (510 million km?), the seafloor
makes up 360 million km? (approximately 71%). Of this ocean area,
approximately 93% is deep seafloor (>200 m), yielding 66% of the
Earth’s total surface area (~335.7 million km?) (I, 52, 53). In the
framework of this global context, our exploration coverage esti-
mates show that deep-sea visual tools have only observed 0.0006 to
0.001% of the deep seafloor since 1958.

A biased sample of the deep seafloor
There is also a growing disparity in dive activities between the high
seas and EEZs (Fig. 2A). In 67 years of deep sea dives, only 19.1% of
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Fig. 1. Deep-sea dive activity, 1958-2024. (A) Deep-sea dive activity has been concentrated in a small number of locations, particularly (B) Monterey Bay,
USA; (€) Hawai'i, USA; (D) Suruga and Sagami Bays, Japan; and (E) New Zealand. The heatmap represents the number of dive activities per 250 kmz, not the area observed.
The actual area observed on the seabed is too small to represent on a map at this scale. Map source data: GEBCO bathymetry (47) (https://creativecommons.org/licenses/

by/4.0/), rendered in ArcGIS software.
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Fig. 2. Geographic dive trends by decade, 1950s-2020s. (A) Since the 1980s, there has been a shift from global, exploratory deep submergence activity in the
1960s and 1970s to a focus on modern-day EEZs or areas that are now within national jurisdiction. (B) In the 1960s, 51.2% of all dive activities took place in what is
now the high seas; (C) in the 2010s, that fraction dropped to 14.9% of all dive activities, and dives were mostly concentrated within the EEZs of the United States,
Japan, and New Zealand.
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all dives occurred on the high seas, the area beyond national juris-
diction that encompasses 58% of the ocean (52, 54). In the 1960s
and 1970s, before the formation of EEZs through the adoption of
the 1982 United Nations Convention on the Law of the Sea (55),
46.0% of all dives were conducted on what is now the high seas.
Since the 1980s, there has been a global shift toward working within
EEZs, with only 14.7% of all dives from the 1980s to the present tak-
ing place on the high seas. Comparing the first complete decade
with dive records (the 1960s) and the last full decade (the 2010s), we
found that 51.2% of all dives conducted in the 1960s took place on
what is now the high seas (Fig. 2B); in the 2010s, only 14.9% of dives
took place in areas beyond national jurisdiction (Fig. 2C).

There is also a substantial and persistent gap in dive locations
conducted within the EEZs of different countries and territories.
Of the more than 35,000 dives conducted within 200 nm of coastal
states, 71.1% were within the waters of only three high-income
countries—the United States, Japan, and New Zealand; only 28.9%
were conducted within the EEZs of 120 countries and territories
(Fig. 2A). Comparing dive activities regionally, 42.0% were in
Northern America, 18.8% were in Oceania, 18.3% were in Asia,
10.2% were in Latin America and the Caribbean, 8.1% were in Europe,
1.6% were in Africa, and 1.0% were in other locations (Antarctica,
disputed EEZs, or joint EEZ regimes) (56). Ninety-five percent of all
dives within coastal waters were within 200 nm of high-income or
upper-middle-income countries and territories (57).

Operator bias in conducting deep sea dives

In addition to biased dive locations, there is also operator bias.
Operators are defined as organizations and institutions that have the
financial and physical means to conduct deep ocean seafloor obser-
vations. Of the global organizations and institutions conducting deep
submergence dives, only five countries—the United States, Japan, New

Zealand, France, and Germany—Iled 97.2% percent of all dives
(Fig. 3). All but one dive was conducted by operators in Asia, Europe,
Northern America, or Oceania; one was conducted by an operator in
Latin America and the Caribbean, and none were led by an operator
from Africa. In addition, 99.7% of all dives were conducted by opera-
tors from high-income countries (57).

A biased view of depth zones and geomorphology

The number of dives increased approximately fourfold from the
1960s to the 2010s, while the proportion of depths reached skewed
shallower over time (Fig. 4A). In the 1960s, 58.4% of all dives were
deeper than 2000 m, while only 25.9% were deeper than 2000 m
in the 2010s. This shift is notable because the majority of the
ocean—74.9%—Tlies between 2000 and 6000 m below sea level, yet
the majority of our observations are from depths shallower than
2000 m (Fig. 4B).

We have also observed a biased sample of geomorphological
features. Research efforts across geomorphological characteristics
of the seafloor have disproportionately focused on a select group
of seafloor features, including canyons, escarpments, and slopes
(Fig. 5A). These features are over-observed relative to the estimated
area of the seafloor they occupy globally, while features including
shelves, rises, and abyssal plains are undersampled in observation
efforts relative to their abundance. Furthermore, the distribution
of dives conducted on over-observed features such as canyons is
biased toward a few highly observed individual locations (Fig. 5B).
Harris et al. identified 9472 unique seafloor canyon features world-
wide, yet only 442 were visually observed at least once (58). The
most frequently observed canyon—Monterey Canyon on the Pacific
coast of the United States—has been the target of 3530 deep sub-
mergence activities, 48.2% of all activities within canyons on re-
cord worldwide.
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Fig. 3. Dive operator trends by decade, 1950s-2020s. While the number of dive activities increased fourfold from the 1960s to the 2010s, only five countries—the
United States, New Zealand, Japan, France, and Germany—conducted the vast majority. The decrease in dive operations in the 2020s is due to the disruption to marine
science operations caused by the COVID-19 pandemic (79, 80), data embargoes still in effect immediately following recent data collection, and an incomplete decade

(see Methods).
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Fig. 4. Maximum depths of deep-sea dives, 1958-2024. (A) Deep-sea dive activity has increased almost fourfold since the 1960s, but the fraction of dives occurring
deeper than 2000 m has decreased from 58.4 to 25.9%. (B) Depths shallower than 2000 m are disproportionately oversampled relative to the estimated area of the seafloor
they occupy globally.
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Fig. 5. Deep submergence activity compared to the area of geomorphological features, 1958-2024. (A) The distribution of deep submergence activities across
seafloor geomorphological features (dark bars) is not representative of the total seafloor area occupied by each feature (light bars). Abyssal features are undersampled,
while features such as canyons (orange bars) appear to be oversampled as a category relative to their seafloor area. (B) Individual boxes in the treemap reflect each of the
443 identified canyons that have been observed by deep submergence activities in our record; the area of each box reflects the relative frequency of activities devoted to
that canyon. Five individual canyon systems have been the focus of 75.1% of canyon activity, while 9029 of the identified canyons remain unexplored (58).

Toward a diversity of operators

While only five countries conducted 97.2% of all dives, there has
been a notable increase in the diversity of operators conducting deep-
sea dives in the last quarter century (Fig. 6). In the 1960s, four institu-
tions in two countries conducted 3136 deep submergence dives using
six unique platforms. In the 2010s, 27 institutions in 13 countries con-
ducted 12,348 deep submergence dives using 79 unique platforms.
From the 1960s to the 1980s, the number of countries and institu-
tions conducting deep-sea exploration and research approximately
doubled, and from the 1980s to the 2000s, they more than doubled
(2.5 times increase of countries, 2.7 times increase of institutions).

DISCUSSION

As the research presented here demonstrates, we have visual records
of a minuscule percentage of the deep seafloor, an ecosystem
encompassing 66% of the surface of planet Earth. Our maximum
estimate of 3823 km?, or 0.001% of the deep seafloor, geographically
compares to roughly the smallest US state, Rhode Island (2678 km?)
(59), or only a tenth of the size of Belgium (30,688 km?) (60).

The primary limitation of our data was access to classified, com-
mercial, and embargoed dive records (see Methods). It should also be
noted that these estimates may substantially underrepresent the ex-
plored seafloor, as oil and gas and telecommunication companies have

Bell etal., Sci. Adv. 11, eadp8602 (2025) 7 May 2025

records that are not public and there are scientific DSV deployment
records that are either incomplete or the authors were unable to locate.
Acknowledging the incompleteness of the records used in this study,
the estimate presented here, even if off by a full order of magnitude,
less than one-hundredth of 1% of the seafloor has any visual records.
Understanding the limitations of the dataset presented here, it is the
largest aggregation of these types of records ever collected and
provides valuable insights into the state of ocean exploration and the
trends of deep seafloor science across space and time.

Equally as concerning as the small sample size is the inequitable
nature of the observations collected. Over-observing of EEZs, hy-
perfocus on certain types of geomorphologies, and research and
seafloor dives conducted by only a few countries and operators re-
sult in limited observations that have influenced the general percep-
tion of the nature of the benthic environment (Fig. 6).

As a result, the oceanographic community has based much of
its characterization of the benthic ecosystem of the deep ocean
on this incredibly small and biased sample. To provide an example
for comparison, the entire land area of Earth is 148,940,000 km?
(61). If the scientific community were to make all assumptions
about terrestrial ecosystems from observations of 0.001% of that
total area, it would equate to an assessment area of 1489 km?
(575 mi?), smaller than the land area of Houston, Texas, at 1669 km?
(641 mi®) (62).
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Fig. 6. Number of operating countries, institutions, and platforms, 1958-2024. The number of deep submergence platforms and the diversity of institutions and
countries operating deep-sea submergence vehicles have increased from the 1960s to 2010s, the first and last decades with complete dive records. The drop in countries,
institutions, and platforms in the current decade is due to the decrease in available records since 2020 (see Methods).

Attempting to extrapolate global understanding from limited
and biased samples has proven problematic in many disciplines,
from health care (63) to sustainability and climate change research
(64, 65). For example, US clinical trials, whose results could have
global implications, markedly underrepresent racial and ethnic mi-
norities. Even with legal efforts put in place to require equity in
US clinical health research, minority groups account for less than
one-tenth of trial participants while composing more than one-
third of the American population (66). Similarly, as climate model
development increasingly uses artificial intelligence to process
large datasets, gaps in climate change data can produce biased and
potentially dangerous results for lower-income countries with less
access to climate and weather datasets (67). Small and incomplete
datasets are one of the three causes of bias in machine intelligence
systems and can have a large-scale impact on the reliability and ac-
curacy of these systems (68). Data equity in all fields is needed to
ensure we base global assumptions on representative samples.

The visual observations summarized in this research play a critical
role in characterizing this ecosystem and quantifying the biodiversity
found there (33). Before an increase in the ability to visually explore
the seafloor, the oceanographic community often extrapolated inac-
curate global assumptions from minimal data. In 1971, researchers
published the first compilation of the limited visual observations of
the deep ocean captured at that time, becoming a primary reference
source for the oceanographic community. While having the most
globally diverse observation set yet available, this source still charac-
terized the density of life in the deep ocean as “extremely low” (31).

We now know the ocean’s biomass is considerably more dense
and diverse (69). For example, in 1977, chemosynthesis moved
from a hypothesis to an entirely new field of science only 6 years
later when a deep ocean expedition documented the first hydrother-
mal vents (70). These vents host a variety of life that thrive without
access to sunlight and use symbiotic relationships (42). This discov-
ery is now a critical component of astrobiology research and the basis
for the origin of life on Earth and other planetary bodies (71, 72).
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Notably, since the discovery of abundant life on hydrothermal
vents, researchers have found chemosynthetic species on hydrocar-
bon seeps, or cold seeps, worldwide (73). Underwater geologic fea-
tures, including landslides and mudslides, also generate hydrocarbon
emissions that fuel benthic life. An expedition in Grenada on the
Kick ‘em Jenny seamount found that previously abyssal plains were
lush with bacterial mats that were the symbiotic hosts to some of the
largest mussels ever discovered (74).

All of these sites—from the mid-ocean ridge hydrothermal vent
systems to the hydrocarbon seeps—contain features now easily lo-
cated by sonar and chemical sensors and, therefore, heavily targeted by
expeditions. Hydrothermal vents only make up an estimated 50 km*
of seafloor area (75), but the oceanographic community has targeted
them for exploration heavily since their discovery. Encouraging
visual exploration of other kinds of geomorphologies would likely
lead to the discovery of numerous ecosystems and species.

For example, recent interest in deep sea mining has led to more
expeditions using DSVs to the Clarion-Clipperton Zone (CCZ), an
area in the Pacific Ocean of approximately 6 million km?, harboring
manganese modules and other mineral-rich resources. Recent expe-
ditions in the CCZ led to the discovery of hundreds of new species
and the prediction that thousands more are yet to be found in this
region (27). Most recently, the discovery of “dark” oxygen produc-
tion by electrochemical reactions between polymetallic nodules rath-
er than photosynthesis is challenging assumptions about how life may
have formed on Earth (28). If it had not been for mineral-rich re-
sources and the commercial interest in mineral extraction, the scien-
tific community may not have conducted this number of expeditions
in the CCZ, and neither of these discoveries might have been made.
With each subsequent dive and observation, the scale of biodiver-
sity and geology of the ocean floor are expanded and redefined.

With the continued anthropogenic pressures on this ecosystem
and the slow pace of deep ocean exploration and observations, we
do not have the thousands of years it would take to visually charac-
terize the entire deep seafloor once. If there were an increase in
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observing capacity to 1000 platforms operating worldwide, visually
covering the seafloor at the current rate of ~3 km? per year per sys-
tem, it would take more than 100,000 years to visualize the seafloor
once. These estimates illustrate that we need a fundamental change
in how we explore and study the global deep ocean.

Given the substantial expense of gathering these data, access to
the tools and resources for this work is globally limited (76, 77). As
a result, only a fraction of the countries with deep ocean in their
EEZ determine the research objectives for these dives. Recent trends
suggest that we are moving in the right direction. We have shown
that since the 2000s, there has been a notable increase in the number
of dives conducted worldwide and the number of countries and in-
stitutions carrying out deep-sea exploration and research.

As technology advances and deep-sea tools become smaller, more
affordable, easier to use, and more autonomous, we anticipate a pro-
liferation of technology worldwide and a broadening of the deep-sea
community, resulting in a more equitable collection of global deep-
sea data. In addition to accelerating visual data collection, the deep-
sea community needs to identify a targeted set of locations that,
when explored, will fill in the gaps and create the first unbiased and
statistically representative biogeographical characterization of the en-
tire deep seafloor.

METHODS

Data collection

Global dive dataset

We built on datasets published in 2023 to compile a record of his-
torical deep submergence observation activity, specifically activity
that supported visual observation of the seafloor via images or
video footage deeper than 200 m (53, 78). The dataset contains
43,681 records from 34 institutions in 14 countries, conducted in
120 EEZs and the high seas; each record includes point-based lo-
cations of DSVs and equipment, ROVs, AUVs, HOVs, camera
sled tows, and benthic landers. Key metadata variables include
point-based latitude-longitude coordinates, maximum depth, date
of observation, operating institution and country, platform name,
and type of equipment.

To include an individual dive record in the dataset, we minimally
required latitude and longitude coordinates of where the dive oc-
curred, the year the operator carried out the activity, the operator’s
institution, and the country where the operator was based. We in-
cluded activities conducted by operators only at depths equal to or

below 200 m. For 82% of the dive records, the organizing institution
provided the depth information in supplied cruise reports. Eighteen
percent of the dive records did not include depth information; in
these cases, we estimated maximum depth using General Bathymetric
Chart of the Oceans (GEBCO) values at the geographic location of
the activity (52).

Dive records date back as early as 1958, and we collected the data
using public and internal databases, data requests, and published re-
search findings. There are several potential sets of metadata that we
are confident exist but could not access due to the nature of the obser-
vation activities. These include, but are not limited to, classified dive
records from national naval and military institutions, environmental
assessment records from commercial mining, oil and gas exploration
activities, and archaeological sites. In addition, because of data em-
bargoes immediately following data collection and operational dis-
ruptions due to the COVID-19 pandemic (79, 80), we do not have
complete dive records for some of the more recent expeditions.
Bathymetry and geomorphology
We used gridded bathymetry data from GEBCO to generate depth
estimates across the entire global ocean (52). We analyzed bathym-
etry estimates as a raster layer with a 15-arc sec resolution.

We used a set of World Seafloor Geomorphology geographic in-
formation system layers developed with mapping data from GRID-
Arendal (81) and made accessible through the Esri Living Atlas
collection (82). These layers characterize physical features on the
seafloor and the global ocean zones in which they occur. The data-
set includes 25 geomorphic features (e.g., seamounts, ridges, guyots,
and rifts) and terrain types, and maps their spatial distribution
across the global seafloor. We simplified our descriptive analyses by
collapsing several related feature categories. For example, we com-
bined distinct “trough” and “glacial trough” features into the single
category of “trough” The dataset also includes an identification sys-
tem for 9472 spatially individual submarine canyons, which we used
in our analysis of dives conducted on geomorphological features.
Table S1 lists a complete list of original geomorphology categories
and our groupings.

Method 1: Dive-based visual seafloor coverage calculation
For method 1, we estimated total visual seafloor coverage by calcu-
lating an average minimum and maximum for each type of DSV
based on actual vehicle tracks over the seafloor. First, we estimated
the linear dive track coverage of each DSV type: HOV, ROV, camera
tow, and lander (Table 1):

Table 1. Reference vehicle systems used to calculate Method 1. We used one HOV, four ROVs, and one tow camera with dive track line records to calculate
the average length of track line per dive per vehicle type. DSV operators included NDSF/WHOI, NOAA/OE, OET, and Schmidt Ocean Institute (SOI), based in the
United States, and National Institute of Water and Atmospheric Research (NIWA), based in New Zealand.

Vehicle Type Number of dives with Min area per dive Max area per dive Operator
tracks (km?) (km?)
Alvin HOV 224 0.143 0.248 NDSF/WHOI
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1) For HOVs, we calculated a range of area imaged using 224 HOV
Alvin dive tracks, assuming a minimum field-of-view estimate of
10 m and a maximum estimate of 20 m.

2) For ROV, we averaged 1281 dive tracks from four ROV sys-
tems: Deep Discoverer (D2), Hercules, Jason 2, and SuBastian, as-
suming a minimum field-of-view estimate of 10 m and a maximum
estimate of 20 m.

3) For camera tows, we calculated the distance between the start
and end point of 1731 deployments of the Deep Towed Imaging
System (DTIS), resulting in an average of 1042 m per dive. We as-
sumed a minimum field-of-view estimate of 10 m and a maximum
estimate of 20 m.

4) For landers, we assumed a single point with a minimum esti-
mate of 15 m” and a maximum estimate of 30 m* visually observed
for each deployment.

5) AUV deployments were not considered in this calculation
because their deployment records did not consistently indicate
what type of data was collected (e.g., visual, sonar, CTD, etc.). In
the case of the records that clearly indicated visual data were
collected, many did not have adequate navigation data to esti-
mate the area covered. Given this uncertainty, we did not in-
clude AUV deployments in this calculation understanding
that this decision will likely lead to an underestimation of the
area covered.

Next, we used these dive averages to calculate the visual area
observed for all HOV, ROV, camera tow, and lander dives in the

database (Table 2). We then plotted the calculated area averages
using the buffer tool in QGIS (version 3.28). We dissolved any
overlapping buffer areas to account for areas of the seafloor
with duplicate observation activity (e.g., Monterey Canyon and
Axial Seamount). We also took into account overlapping cover-
age areas in track lines, and as a result, the maximum area per
dive is not necessarily double the minimum area per dive. We
calculated the resulting polygon area using WGS1984 Equal
Earth Projection (EPSG: 8851), resulting in the estimate of
global deep seafloor imaged. Using this method, we estimate
a minimum seafloor area of 1259 km” and a maximum of
2130 km®.

Method 2: Time-based visual seafloor coverage calculation
We used dive records from three organizations in the United States
that had operated DSV's for 10 years or more: National Deep Submer-
gence Facility (NDSF) at the Woods Hole Oceanographic Institution
(WHOI), Ocean Exploration Trust (OET), and National Oceanic and
Atmospheric Administration Office of Ocean Exploration (NOAA/
OE). Many dive records were inconsistent, incomplete, or nonexis-
tent; the calculations below only include the most complete dive data
we could compile for each DSV system and operator. For each vehicle
system and operator, we included the start and end year of operation,
with the end year being the most recent complete year of records, the
number of lowerings within that timeframe, total time in the water,
and total time on the seafloor (bottom time), if available.

Table 2. Total estimated visual seabed coverage by vehicle type using method 1. Using the average minimum and maximum area calculations per vehicle
type (Table 1), point estimates for landers (min 15 mz, max 30 mz), and the number of dives per vehicle type in our database, we estimated the minimum and

maximum visual area covered of the seabed per vehicle type.

DSV type Number of dives Estimated minimum area (kmz) Estimated maximum area (kmz)
HOV 15,502 1,072 1,806

ROV 14,465 181 311

Tow 4,468 18 35

Lander 11,209 0.15 0.30

Table 3. Reference vehicle systems and summary data used to calculate method 2. The dive records of one HOV, five ROVs, and three camera tows were
used for the method 2 time-based calculations. Additional information about dive data can be found in table S2. The assumed visual swath width for all vehicles
is 10 m. Assumed vehicle speeds are 0.75 knots for HOV Alvin, 0.25 knots for ROVs, and 0.5 knots for camera tows.

Vehicle Type Years Dives Bottom time Total area (km?) Average area Operator
(hours) per year (km?)

Alvin HOV 55 ,947.6 3326
_Iason2 ROV 21 1273 177260 FEO NDSF/WHOI
Hercules ROV 15 739 8,366.6 OET
Little Hercules ROV 3 66 NOAA/OE
D2 ROV 8 384 NOAA/OE
Argo Tow 4 64 NDSF/WHOI
Argo 2 Tow 6 47 NDSF/WHOI
Medea Tow 2 10 NDSF/WHOI
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NDSE/WHOI has operated DSVs since 1965, including HOVs,
ROVs, and camera tows (table S2). For this study, we used the re-
cords of NDSF/WHOT’s operation of HOV Alvin, ROVs Jason and
Jason 2, and tow cameras, Argo 1, Argo 2, and Medea (Table 3) (78).
Bottom time was unavailable for the 1965-1995 Alvin lowerings. To
estimate the bottom time of the Alvin dives for this period, we used the
average bottom time rate for Alvin from 1996 to 2023, which was 67.1%
of the total dive time. Using the dive data available from NDSF/
WHOYI, from 1965 to 2023, NDSF/WHOI conducted 4817 HOV
dives, totaling 23,947.6 hours on the seafloor; 1473 ROV dives,
totaling 21,301.5 hours on the seafloor; and 121 camera tows totaling
3581.7 hours on the seafloor.

NOAA/OE operated ROV’ Little Hercules from 2010 to 2012 and
Deep Discoverer (D2) from 2013 to the present from NOAA Ship
Okeanos Explorer. From 2010 to 2021, they conducted 450 ROV
dives, totaling 2448.3 hours on the seafloor.

OET has operated ROV Hercules from E/V Nautilus since 2009.
From 2009 to 2023, they conducted 739 ROV dives, 77 of which do
not have bottom time records. For these 77 dives, we estimated bot-
tom time using a rate of 83.9% of total time in the water, based on
the time on the seafloor for the same period of the complete dive
records. Using both recorded and estimated bottom time, we calcu-
lated a total of 8366.6 hours on the seafloor.

Using the estimated bottom time for each vehicle system, the
number of operating years, an assumed vehicle speed (0.25 to
0.75 knots, depending on DSV type), and an assumed visual
swath width (10 m), we estimated the average seafloor area visu-
ally covered per year per vehicle system (Table 3). We then calcu-
lated the average seafloor coverage per year for all vehicle systems
as 2.9 km?*/year.

Assuming that, on average, 20 DSV systems operated at this rate
from 1958 through 2023 (66 years), we estimated that the deep sub-
mergence community would have visually covered approximately
3823 km” of deep seafloor over that period. Our dive database in-
cludes an average of 14.7 active DSV systems per year; the overesti-
mate of 20 operating systems per year takes into account systems
that we do not have in our records.

Supplementary Materials
This PDF file includes:

Tables S1.and S2
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