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Marine biodiversity is a fundamental characteristic of our planet that depends on and influences climate, water
quality, and many ocean state variables. It is also at the core of ecosystem services that can make or break
economic development in any region. Our purpose is to highlight the need for marine biological observations to
inform science and conservation management and to support the blue economy. We provide ten recommenda
tions, applicable now, to measure and forecast biological Essential Ocean Variables (EOVs) as part of economic
monitoring efforts. The UN Decade of Ocean Science for Sustainable Development (2021–2030) provides a timely
opportunity to implement these recommendations to benefit humanity and enable the USD 3 trillion global ocean
economy expected by 2030.

1. The importance of life in the sea

industries lead in employment growth worldwide. Crucially, these in
dustries depend on particular balances between different populations of
organisms in ecological communities. Biological diversity is the foun
dation for the healthy production of food, novel energy resources, ma
terials, and pharmaceuticals, as well as for tourism and cultural
activities of many human societies around the world. It is in the best
interest of societies everywhere to forecast abrupt or gradual changes to
species and ecosystems we depend upon, and to detect and track or
ganisms that can negatively alter ecosystem services (e.g., pathogenic,
toxic, or invasive species), that pose a risk to food security or safety, and
that affect the resilience of coastal biological and human communities.
Monitoring changes in biodiversity is an important proxy for evaluating
changes in ecosystem services [4].
A growing human population will be even more dependent on ma
rine organisms by 2030 and beyond. Evaluating the proper uses of
biodiversity for ecosystem health, economic performance, business op
erations, and human wellbeing is critical to sustaining this development.
In recent decades, marked changes have occurred in the physical and
chemical structure of the ocean. There are clear trends in sea level,
temperature, surface winds, ocean circulation, oxygen concentrations,
and ocean pH [5–7]. Many of these changes have important conse
quences for marine life and related biogeochemical fluxes and cycles,
from the surface to the bottom of the ocean [8]. Yet, while our envi
ronmental monitoring systems have matured to help assess and forecast
weather and climate, they are not sufficient to observe life in the sea. An
important aspect of this challenge is to reduce gaps and enable local
groups in developing nations, small island nations, and indigenous
communities, promoting sustainable research and capacity development
that recognize and build on traditional and indigenous knowledge. The
larger challenge is to ensure that marine ecosystem services are sus
tained for all of society.
The UN Decade of Ocean Science for Sustainable Development
(2021–2030), the "Ocean Decade" [9], provides this opportunity. On
June 8, 2021, the Ocean Decade Coordination Unit of the UN endorsed
the first set of Actions (Ocean Decade Actions, 2021) to advance
knowledge for sustainable development and co-developing solutions
through innovative, transdisciplinary co-design. The process is formu
lated to respect inclusivity, empower women and other minorities,
including early-career professionals and indigenous knowledge holders,
and encourage partnerships between the natural and social sciences,
government, and all stakeholders from the public and private sector.
One of the Actions endorsed is ’Marine Life 2030’, a program designed
to establish the globally coordinated system to deliver actionable,
transdisciplinary knowledge of ocean life to promote human well-being,
sustainable development, and ocean conservation. Other relevant pro
grams are the Ocean Biomolecular Observing Network (OBON), which
seeks to better understand life in the sea by analyzing its biomolecules,
including DNA, and Challenger 150, which aims to advance long term
monitoring in the deep sea. Marine Life 2030, OBON, Challenger 150

Diversity of life is a fundamental characteristic of our planet, from its
genes, cells, and organs, to organisms, populations, and communities.
Feedback between life and the environment affects evolutionary and
adaptive processes as well as global climate. In the sea, which represents
about 95% of the biosphere, biodiversity depends on and influences
water quality, other ocean state variables (temperature and nutrient,
carbon, and oxygen concentration), and bottom structure (such as reefs).
Our economies and well-being are linked to the diversity of life in the sea
[1]. The Organisation for Economic Co-operation and Development
(OECD) conservatively valued the global ocean economy in 2010 at USD
1.5 trillion, and projects that this will double to over USD 3 trillion by
2030 [2]. Tourism, recreation, aquaculture, fisheries, renewable energy,
shipping, biotechnology, carbon capture and other industries depend on
goods and services derived from natural capital assets [3]. These
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and other Ocean Decade programs will unite partners into a global,
interoperable network and community of practice advancing observa
tion and forecasting of marine life. The network of networks will link
technical, management and policy stakeholders to build and exchange
capacity for advancing society’s grand challenges of managing activities
for a healthy and resilient ocean and the vibrant and healthy society that
depends on it. Marine Life 2030 and OBON are closely linked with other
Ocean Decade Actions, including those focused on better coordination of
a Global Ocean Observing System (GOOS), ocean acidification and
ocean oxygen monitoring, observing the deep ocean and air-sea in
teractions, and improved forecasting of ocean conditions, including
ecological forecasting.
Marine Life 2030 has roots in decadal global Ocean Observation
meetings [10,11]. During Ocean Obs’19 (September 2019, Hawaii), a
ten-year implementation plan was designed to integrate biodiversity and
marine life monitoring into the GOOS. These observations are the basis
for monitoring the many and diverse aspects of ocean health. The plan
serves the needs of society for information about the ocean within na
tional jurisdictions, in the high seas, in coastal or pelagic regions, and
from the surface to the deep ocean. Specifically, the plan proposes to:

2. Societal challenges addressed by ocean observations
Understanding the synergies and effects of changes that happen in
organisms, from cells to communities, is a daunting task for any path
towards sustainable development. In the same way that standardized
and openly shared weather observations around the world are used for
weather forecasts and monitoring climate change, we need interoper
able and timely data on marine biodiversity to better forecast ecosystem
functions and services [22,23]. The EOVs were designed for this pur
pose. This directly satisfies several United Nations (UN) Sustainable
Development Goals [9,10,12,23,24].
Marine Life 2030 seeks to advance the implementation of the GOOS
Framework for Ocean Observing, building on a collaboration between
programs of the Intergovernmental Oceanographic Commission (IOC;
including the GOOS Biology and Ecosystems Panel, the Ocean Biodi
versity Information System/OBIS, and the Ocean Best Practices System/
OBPS) and the Marine Biodiversity Observation Network (MBON), GEO
Blue Planet, the Deep-Ocean Stewardship Initiative (DOSI), the UN
Environment Programme World Conservation and Monitoring Centre
(UNEP-WCMC), and the Ocean Knowledge-Action Network (Ocean
KAN) of Future Earth. This broad-reaching collective effort aims to
improve and extend the measurement of biological EOVs globally and
for all depths, recognizing that this endeavor is fundamental to devel
oping the relevant MBON Essential Biodiversity Variables (EBVs) [24].
EOVs and EBVs synthesized through interoperable data will facilitate
national and global decision makers to monitor progress against their
goals and targets and enable scientists to accelerate understanding of the
ocean.
The multidisciplinary collective described above seeks to tackle four
societal challenges and realize sustained benefits for the Ocean Decade:

1. Enhance collaborations between marine physical, chemical, and biolog
ical observing groups. This includes the private, academic, and govern
ment and other public sectors.
2. Increase coordination to integrate multidisciplinary measurements from
physics, biogeochemistry, biology, and social sciences [12] using
Essential Ocean Variables (EOVs) [13] and relevant socio-economic
metrics.
3. Align the observing community to use common data and metadata stan
dards, strengthen interoperable data and knowledge management sys
tems, and operate within the Framework for Ocean Observing (FOO) [14,
15]. This includes following Best Practices for the collection,
archival, quality assurance/quality control, and distribution of ob
servations on EOVs [16,17] following Findability, Accessibility,
Interoperability, and Reuse (FAIR) guidelines [18].

• Strengthening global food security by tracking ocean ecosystem health.
• Enhancing socio-economic resilience of coastal communities to climate
change and anthropogenic stressors.
• Managing for growing exploration of the deep sea and open ocean toward
sustainable development.
• Supporting seascape-level planning for sustainable development in
Exclusive Economic Zones (EEZs) and Areas Beyond National Jurisdic
tion (ABNJ).

Well established technologies for biodiversity observing are avail
able today and should be used widely with improved coordination
[19–21]. Newer technologies such as remote sensing, in situ imaging,
and ’omics, leveraging autonomous platforms, innovative submergence
facilities and vehicles, artificial intelligence, and machine learning
provide exciting new opportunities to map and monitor marine life.
Building on traditional taxonomic and functional trait studies, these
complementary methods extend present capabilities and provide infor
mation about local variation in a context of changes occurring at
regional to global scales, and from short to longer time scales. This is
required to improve the uncertainty around trends detected in biological
and biogeochemical variables.
Effective, sustained ocean observing needs to address well-defined
user needs and produce information that has an impact (GOOS;
Fig. 1). Below, we provide key investment opportunities, driven by the
societal challenges identified for the Ocean Decade.

Below we list priorities for investment that are directly associated
with each societal challenge. These priorities are inherently crosscut
ting, and several will need to be considered together to support more
than one societal challenge. Together they provide a practical construct
for a comprehensive observing system for ocean biodiversity.
2.1. Societal Challenge: Strengthening global food security by monitoring
ocean ecosystem health
Fisheries and aquaculture provide a growing proportion of the
world’s food supply [6,25]. With a growing population, monitoring the
health of ocean ecosystems that underpin fish production is of critical

Fig. 1. The value chain of ocean observing. A feedback loop links each element of the value chain between user requirements and the delivery of information and
products to the users. Advancing observations and interoperability are continually reevaluated with updated user inputs. (From [14]).
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depend on fishing effort and strategy. Non-target species (and habitats)
that are caught alongside (even if rarely) the usually more productive
target species are less frequently monitored despite their being under
greater threat from fisheries that the associated target species due to
their comparatively low productivity.
Many nations conduct stock assessments for valuable species within
their EEZs while intergovernmental organizations conduction stock as
sessments for transboundary species. The Food and Agriculture Orga
nization (FAO) of the United Nations routinely receives national
fisheries data and statistics. A good example is pelagic sharks. Nongovernmental groups, such as The Sea Around Us Project [37,38],
compile data from a large variety of sources to estimate fishery statistics
for stocks and regions globally and attempts to correct it with bycatch
estimates and other data. Other sources include many national, multi
national, and regional fishery management organizations (RFMOs).
Small-scale, artisanal fisheries and recreational fisheries are much less
likely to be monitored and are less well documented. Because fish catch
is as an integral component of the fishing business and do not cover it
here.
Fish and invertebrate species that are not targeted by commercial
fisheries and species that are caught alongside commercially caught
species require improved monitoring. Most of these species and habitats
occur in coastal waters. Impact of fisheries and other activities on coastal
habitats will be improved through monitoring the ’Ocean Sound EOV’
and the ’Trends in coral reef habitat extent and condition EOV’ (Monitoring
Priorities #4 and #6 below). Impacts on mobile fish and invertebrates are
an important component of monitoring coastal habitats but monitoring
also needs to include additional areas including offshore mid-water
environments, and unconsolidated and shelf habitats.
Some information will be available from the rather restricted
coverage of fishery-independent surveys, but primarily in northern
temperate and polar latitudes. Underwater visual surveys, by divers in
safe shallow waters and by baited underwater remote video systems
(BRUVs) in other areas are proving to be useful methods for surveying
mobile fish and invertebrates in coastal waters that are readily available
to developing countries with only moderate resource outlays and
focused training [39,40]. Developing a global network of underwater
visual surveys for coral reefs, temperate reefs and other structured
coastal habitats and a global network of BRUVs for areas inaccessible to
direct observation is a priority for monitoring the impacts of fishing,
habitat loss, climate change, etc. on these often most vulnerable fish and
invertebrate species [41].
While fisheries independent data are costly to acquire, they are
essential to monitor and evaluate the status of fish species and marine
ecosystems more accurately than using only fisheries-dependent catch
estimates. The GOOS Bio-Eco description of the Fish Abundance and
Distribution EOV [42], provide additional guidelines on the information
that may be collected for this EOV. Schmidt et al. [25] provide case
studies and recommendations for the design and use of ocean and fish
eries observations in management and research applications.
Monitoring priority #3: Marine Megafauna: Tracking changes in ’marine
turtles, birds, and mammal abundance and distribution’ EOVs. Both within
and between national jurisdictions, marine megafauna are instrumental
in shaping the structure and function of marine ecosystems. The
migratory routes are part of muti-species networks that lead to biodi
versity hotspots in different places in the ocean at different times. They
exert top-down population density and trophic control, link ecosystems
over large scales through their migrations, and play important roles in
nutrient distribution through excretion and egestion away from feeding
grounds. Marine megafauna are also of high social, cultural, historic,
conservation, and economic value [43,44].
Animal tracking is a mature form of ocean observing that informs
conservation policy around the world [45,46]. Animals outfitted with
sensors play a major role in collecting data about the environment,
animal population location and range and essential habitat, animal
communication strategies, and the effects of sound exposure on animals

importance to global food security. This requires monitoring basic ele
ments of the food web, including plankton, and careful accounting of the
biodiversity, abundance, and distribution of organisms at higher trophic
levels. Plankton are responsible for at least half of the global primary
production [26]. They are susceptible to, and themselves even alter, the
dynamics of ocean acidification and oxygen content [27]. Top-down
trophic cascades are expected with the accelerated removal of preda
tors and the marked susceptibility of higher trophic levels to global
warming [28].
Monitoring priority #1: Plankton- Tracking changes in ’phytoplankton
and zooplankton biomass and diversity’ EOVs. Characterizing and moni
toring phytoplankton and zooplankton abundance and their status at
local to global scales is fundamental for several economic reasons.
Plankton, as the productive base of aquatic ecosystems, are a key indi
cator of ecosystem health. Nutrient loads in coastal areas contribute to
plankton blooms that are associated with growing hypoxia and anoxia
around the world [29]. This decrease in water quality leads to fish kills,
shellfish bed degradation, and overall loss of economic benefits [30].
There is also a link between the timing of phytoplankton and
zooplankton blooms and the abundance of fish and other commercially
important species [31,32]. These blooms also influence the location and
feeding success of migratory animals, including marine mammals and
seabirds, and these trophic linkages are important indicators of overall
ecosystem health [33,34]. About 25 species of zooplankton, i.e., co
pepods, mysids, and euphausiids are commercially harvested [6,35].
The ability to predict the presence and the timing of beneficial or
harmful algal blooms is critical for many commercial interests, from
local aquaculture and other aspects of the food industry, to tourism.
Co-locating and joint analysis of observations of harmful algae blooms
(HABs), toxins, and environmental covariates helps to improve our ca
pacity to forecast these events [36]. Phytoplankton and zooplankton
also play fundamental roles in the biogeochemical cycles of many ele
ments including carbon, nitrogen, and other nutrients. These biological
processes modulate climate, carbon storage and geological processes,
modulate ocean pH, and are an important indicator of water quality. In
turn, climate changes have important impacts on the plankton diversity.
Methods to measure the plankton EOVs are well established and
ready to be expanded beyond fluorometry. This includes genomic,
quantitative imaging, optical spectroscopy, and active acoustics
methods [10,11,19,21,24,25]. Best practices that converge on interop
erability are within reach given advances in ’big data’ science; imple
mentation depends on collaboration [16,17]. Increasing the number and
frequency of observations regionally and in the global ocean is an
already-underway investment opportunity, with a payoff in improving
our skills to forecast food production, water quality, and
biogeochemistry.
Monitoring priority #2: ’Fish abundance and distribution’ EOV. Fish and
fisheries are key parts of ecosystems. Fish consume lower trophic level
organisms, including plankton and other fish, and are consumed by
humans, marine mammals, seabirds, fish, invertebrates, and microor
ganisms. Fisheries are integral and often fundamental elements of
economies and societies around the world and occupy important roles in
traditional and modern cultures. For these and other reasons, the
abundance and spatial distribution of fish of different species need to be
measured routinely, widely and in a standardized manner. This helps to
increase accountability. Different ecosystem-based fisheries manage
ment approaches will require different observing and forecasting stra
tegies, and will vary in the implementation to collect information about
specific EOVs and in addressing specific capacity building needs [25].
There are two main sources of information on fish: fisheries data and
scientific monitoring (fisheries-independent) data. Commercial fisheries
stock status is monitored with an expanding array of methods ranging
from direct capture, mark and recapture and more recently genetic ap
proaches, supported by well-developed assessment models and fisheries
statistics. While there are commercially fished stocks that are yet to be
monitored adequately, fisheries data can be biased as they highly
4
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[46]. These efforts are often collectively called ’biologging’. Many of
these animals travel to difficult-to-reach areas (e.g., under ice sheets)
and increase spatial and temporal coverage of monitoring across bio
logical, physical and climatic EOVs [13,14]. Investments in animal
tracking technologies and coordinated efforts are required to advance
standardization, interoperability, and integration into assessments and
forecasts [47]. The expansion of national and regional animal telemetry
networks and improvements in biologging devices are promising de
velopments in this regard.
Monitoring priority #4: ’Ocean Sound’ EOV: Acoustic baselines, metrics
of biodiversity and ecosystem health. Sound measurements are used to
characterize biology, ecosystem interactions, and anthropogenic im
pacts across seascapes [48–51]. The significance of increasing anthro
pogenic sound on ocean biodiversity is well established [52]. Passive
acoustic monitoring (PAM) is used for non-invasive time series mea
surements of fish, marine mammals, invertebrates, and can be used to
characterize habitats and monitor life from local to basin-scales [49,53].
Active acoustics are used in fish stock assessment, for plankton and
ichthyoplankton mapping, and benthic habitat exploration, character
ization, and mapping at shallow to full-ocean depths [54]. Acoustics
provide a quantitative and often cost-effective way to measure noise and
assess biodiversity, compare soundscapes across habitats, and evaluate
management actions (e.g., in marine protected areas) [49,53,55–57].
When acoustic data is integrated with other information such as
increasing vessel traffic patterns, animal stress hormones, animal
physiology, and environmental variables, it is possible to estimate ef
fects of urbanization, human population growth, mining and defense
activities, an increase in maritime activity, associated economic
expansion [52], and climate variability [50]. Well-coordinated, long-
term ocean sound observation systems can produce multi-dimensional
time-series datasets with which to characterize soundscapes and the
interconnections of overlapping biological, physical, and manmade
sound sources [58]. Economic monitoring of the ocean requires a
baseline and subsequent acoustic surveys of water column biomass (fish,
plankton), benthic biota and habitats, and human-generated sounds at
the regional to global scales that complement the Seabed 2030 project,
an international initiative to map the bathymetry of the ocean by 2030
[59–61].

growing industry [6,66].
All macrophytes and their habitat are recognized for their carbon
storage, and they are now being taken into account in international
carbon credit markets [63,67]. They serve as buffers for pollution and
can mitigate ocean acidification. Conserving and restoring seagrass
meadows is a key action for countries to advance 26 targets and in
dicators associated with at least ten of the UN Sustainable Development
Goals [13]. However, some macroalgae cause havoc and can smother
other habitats, such as shallow tropical coral reefs. Some have caused
detrimental economic impacts when their growth and distribution pat
terns change, such as has occurred with Sargassum in the tropical
Atlantic [68,69].
Monitoring the diversity, geographic extent, and health of marine
macrophyte habitats is an enormous scientific and practical challenge. It
requires a coordinated community of practice and new approaches. In
vestments such as these encourage ecological monitoring in support of
economically resilient coastal communities and the global restoration
agenda including the UN Decade of Ecosystem Restoration [https://
www.decadeonrestoration.org/].
Monitoring priority #6: Coral Reef Habitats: Trends in ’coral reef habitat
extent and condition’ EOVs. Shallow-water tropical coral reef habitats are
an important element for economic monitoring. They provide food,
recreation, cultural values, and other direct benefits to over half a billion
people in over 100 countries, contributing on the order of a trillion USD
each year to the global economy [70]. Coral reefs are among the most
biologically diverse ecosystems. New imaging and remote sensing
technologies are now being used to complement historical survey
methods [71]. The threats that local and global stressors, including
climate change, acidification, pollution, overfishing, tourism, invasive
species, and disease pose to these delicate ecosystems means that in
vestments in aggregating observations of ecosystem biodiversity are
crucial, now. The Coral Reef Sentinels program endorsed by the Ocean
Decade, for example, is an important initiative to deploy autonomous,
low-cost robots to monitor the health of coral reefs around the world in
near real-time.

2.2. Societal challenge: enhancing socio-economic resilience of coastal
communities to climate change and anthropogenic stressors

Monitoring priority #7: Benthic and deep-ocean biodiversity. The deep
ocean represents 85% of the ocean. Marine sediments cover a very large
surface area of the Earth and represent an important habitat where
cycling and sequestration of organic carbon represents a very important
regulating service. Deep water and benthic organisms play important
roles in the marine ecosystem. Benthic biota disturb and rework sedi
ments, they are important sources of sink of carbon and nutrients, or as
food for others. Many have lives that span decades to hundreds of years.
Coastal benthic communities are frequently used as operational in
dicators of water quality. More broadly, the continental shelves of the
world support very large fisheries of benthic invertebrates and fish. Yet,
continental shelves and benthic marine regions below 200 m depth are
among the least observed regions of the planet [54]. They serve as
habitat for species we need to understand better, and almost certainly
other species not yet identified. Further study of the deep-sea environ
ment is especially important given the linkages between the marine
surface, the atmosphere, and water column across depths [54].
Deep-ocean biodiversity comprises important ecological and economic
resources, including microorganisms, corals, and sponges that are used
for pharmaceuticals and bio-materials [72,73]. Some organisms are
involved in the biogeochemical precipitation of vast amounts of
rare-earth elements targeted by active mining, conservation, and policy
interests [74,75].
There are questions about the sustainable exploitation of deep ocean
organisms and materials due to the combined stresses of climate change,
pollution, habitat disturbance, and extraction of slow-growing organ
isms. This drives the urgency to explore, characterize, and map the

2.3. Societal challenge: managing the growing exploration and use of deep
sea and open ocean toward sustainable development

Monitoring priority #5: Marine Macrophyte Habitats: Trends in ’mac
roalgal, seagrass, and mangrove cover, composition and condition’ EOVs.
Marine macrophytes (aquatic plants large enough to be seen with the
naked eye) include a wide variety of seagrasses, mangroves, and mac
roalgae (kelp, Sargassum, green, and red algae). They are the foundation
for many shallow ecosystems and form important floating habitats used
by many species of commercial, subsistence, and conservation interest
[62,63]. They provide critical habitats that support important fisheries
worldwide. Macrophytes are also essential for coastal stability and
protection from extreme weather events and sea level rise. In the USA
alone, storm protection from coastal wetlands has been valued at more
than USD 23 billion per year [64]. Mangroves protect coastal areas from
erosion and damage from storm surges, filter terrestrial run-off, supply
timber, provide critical nursery habitat for marine species around the
world, and generate significant revenue through ecotourism and biodi
versity conservation. Seagrasses are also often highly productive, and
also provide essential habitat and nursery areas for different commer
cially and ecologically important species of finfish, shellfish, and
megafauna including sea turtles, dugongs, and manatees. Macrophytes
help stabilize and protect coasts. They support high water quality by
trapping sediment and absorbing nutrient runoff. Kelp forests are esti
mated to contribute about USD 1 million per kilometer of coastline
without accounting for indirect and non-use values [65]. The harvest of
some macrophytes for human food, materials, and pharmaceuticals is a
5
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diversity of deep ocean life and habitats, and for adaptive management
and conservation strategies in areas of national jurisdiction and areas
beyond national jurisdictions. The Deep Ocean Observing System
(DOOS) has proposed interdisciplinary projects across potential region
specific sites to further sustainable deep ocean observing efforts [54,76].
In June 2021, the Ocean Decade endorsed several programs focused on
different aspects of deep ocean biodiversity observation (the Deep
Ocean Observing Strategy, Joint Exploration of the Twilight Zone Ocean
Network, One Ocean Network for Deep Observation, Challenger 150,
the International Ocean Discovery Program, and Marine Life 2030; see
[77]).

forecasts of biodiversity and seascapes. The Digital Twins of the Ocean
(DITTO), a recently endorsed UN Ocean Decade action proposal, will
play an important role in infrastructure development and other activities
both in the coastal and ocean scenarios.
Priority methods #2: ‘Omics - Realizing the enormous potential of bio
molecular ecology. Environmental DNA (eDNA) methods detect the
presence of individual species and are now used to survey which or
ganisms, from microbes to marine megafauna, may have been present in
an area over several days [86,87]. Harnessing molecular methods re
quires an open-access paradigm following Genomics Standards Con
sortium (GSC) standards [88]. For example, the Minimum Information
about any (X) Sequence (MIxS) and other schemas like Darwin Core for
taxonomy are now being linked for interoperability.
In addition to eDNA, genomics methods are now being used monitor
ecosystem function and to census high profile species [86,89]. Further
applications continue to develop. Omics approaches, including eDNA,
are important areas of investment, specifically to improve and to stan
dardize sample collection and processing methods, to expand genetic
libraries to identify taxonomies, to have ongoing accuracy assessments,
to standardize and broadly adopt data and metadata management
schema, and to incorporate these observations into the GOOS frame
work in order to advance ecological forecasting.
Priority methods #3: Applied Models. Advancing ecological fore
casting. Society benefits from a capacity to forecast variables that affect
the economy and its future well-being. Ecological forecasting of biodi
versity has significant potential to advance management and identify
trade-offs among human activities [90]. Skillful forecasts of weather and
physical ocean conditions today are possible for daily and longer time
scales. These models assimilate broad and near-real-time high-quality
observations of physical EOVs (temperature, salinity, sea level, and
meteorological observations) [91,92]. This operational capability has
lagged for biodiversity and biological observations generally [93–95].
Today, various statistical models are used to assess and predict
biodiversity patterns based on forecasts of habitat change [96]. Many
useful indicators are now derived as now-casts at high spatial and
temporal resolution (hours, kilometers) [97,98]. Investments in
ecological forecasting are needed to make models more mechanistic and
move models generally to operational applications to help make de
cisions, e.g., about the overlap between areas of ecological significance
and human activities [99]. Advances now allow forecasting the timing
and location of HABs, the occurrence of hypoxia, patterns of ocean
acidification, the timing of pathogens, and inform fisheries manage
ment, including efforts to decrease bycatch or interaction with mega
fauna by using species distribution models [100,101].
Priority methods #4: Data management. Cleaning up and organizing
our data inventories. An investment in knowledge management is
needed to organize information and data. Over the past decade, more
data have been collected each year from autonomous platforms about
the physical and chemical state of the ocean than in the entire century
before [90]. Oceanographic data streams are generally not interoper
able, are collected by different methods or devices, are stored in
different formats, and are often housed in disconnected databases or the
personal computers of individual observers. Many data centers restrict
access to information, yet at least 24 international treaties and con
ventions need information on the status of the marine environment,
anticipating an expansion of geographic ocean coverage [13]. An
important element is to bring historical measurements into this common
framework, to assess how biodiversity, including the abundance of or
ganisms and different habitats, has changed from previous states.
Among the greatest challenges we face is solving the puzzle of
identifying a minimum set of specific EOVs that globally distributed
research groups will adopt through sometimes tedious discussions, re
view, and coordination for wider use by humanity. An analogue are the
Essential Climate Variables (ECVs) identified by the Global Climate
Observing System (GCOS), which is, in turn, co-sponsored by the World
Meteorological Organization (WMO), the IOC, UNEP, and the

2.4. Societal challenge: supporting seascape-level planning for sustainable
development in EEZs and ABNJ
Priority methods #1: Seascapes. Capturing changes in regional
biogeography. Seascapes are dynamic, biogeographic maps derived
through a thematic classification of multiple observations of the ocean
[78]. They help to understand whether groups of organisms could be
present in an area given particular sets of environmental conditions
[79]. Surface ocean seascape maps are now available routinely (NOAA
CoastWatch). Such remote sensing products extend the inferences made
from localized field observations to larger regions and to the entire
global ocean.
An important additional need is to enable habitat characterization in
three and four dimensions to improve ecological forecasting and appli
cations [80]. This requires expanding ocean biological-ecological EOVs
(plankton abundance; marine megafauna distribution, seagrass,
mangrove, macroalgae, coral cover, and soundscapes) [81] in large,
standardized databases such as the World Ocean Atlas.
There are several important areas of investment to improve seascape
monitoring for societal benefit. New hyperspectral satellites promise
information on phytoplankton functional types, water quality, and
shallow benthic habitats. The Landsat 7 and 8, and Sentinel 2 sensors
have been used in many coastal studies, complementing the coarser
resolution global ocean observing satellites. An opportunity lies in
developing consistent global operational products to address coastal and
aquatic issues, including wetlands and shallow benthic habitat mapping.
The NASA Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) satellite,
the Geosynchronous Littoral Imaging and Monitoring Radiometer
(GLIMR) instrument, and the NASA Surface Biology and Geology (SBG)
mission will advance global and regional biodiversity and ocean health
measurements [82,83]. Routine coastal ocean products would revolu
tionize our ability to characterize potential aquaculture sites, monitor
pollution, and observe plankton distribution in estuaries and other
coastal areas. Satellite observations also are useful for evaluation of
shoreline disturbance from severe storms, oil spills and other stressors
over large areas. Space-based lidars have already shown exciting po
tential to detect plankton, including zooplankton, distribution and dy
namics [84]. Such information helps characterize the subsurface vertical
distribution of plankton and help map plankton during the night and in
high latitude areas where solar irradiance is low for part of the year. This
is a key to improving productivity models. Atmospheric polarimeters
improve remote sensing of the composition of ocean particles [85].
Suborbital observations, such as those from aircraft and drones, are
important for monitoring biological changes at the ocean surface, in
coastal zones, and in shallow optically-clear bottom habitats at what can
be very high spatial resolutions (e.g., 10 s of centimeters scale).
Validated seascape maps with associated accuracy assessments
should be integrated into economic monitoring efforts to advance
forecasting of ecosystem functions. They should be made available in a
format that helps to manage a growing number of sectors interested in
operating within national waters, informing renewable and nonrenewable energy strategies, coastal infrastructure development, and
other activities. Investments are required to support the development of
applications that integrate field and remote sensing data, and help
6
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International Council for Science (ICSU). While biodiversity arguably
has more dimensions of complexity than global climate, programs still
need to converge on a few common measurements conducted using
agreed-upon methods (best practices), while retaining the flexibility to
conduct a wider suite of physical, chemical, biological, and geological
observations. Following standard field and data management protocols
around the world will make it possible to test reproducibility, refine
uncertainty estimates, and compare observations over space and time so
that biological changes observed at a location can be explained in a
regional or global context.
Best practices are fundamental to consistent monitoring from place
to place, change detection over time, accurate interpretations of change,
improved ecological forecasting, and the documentation of data prov
enance while also recognizing data providers [16,17]. FAIR data stan
dards are a key for the success of this strategy [18,102]. Standardized
protocols ensure interoperability across sites and networks. Metadata
detailing specifics of samplers and how they were used help distinguish
sampling variability from trends. Where feasible, such as when a new
monitoring effort is established, MBON, OBIS, and GOOS BioEco
recommend the adoption and implementation of the data standards and
sharing data via the Environmental Research Division’s Data Access
Program (ERDDAP) [18,103,104]. While data standards for taxonomy
(Darwin Core) and ‘omics (MIxS) have evolved and are converging to
ward some integration, many other data types, including passive and
active acoustics, imaging, and animal tracking still require convergence
on standards or have just made first steps towards full data standardi
zation [47].

through research projects of limited duration. A successful approach
needs to recognize that biodiversity monitoring requires ongoing in
vestment to address societal priority areas in a sustained way. Obser
vations collected periodically, at the proper frequency over time. are
needed to understand uncertainty and variability, and to detect phe
nomena of interest. Time series are required to develop baselines and
climatologies against which to compute anomalies, to evaluate changes
in phenology and in age structure of populations, to assess the interde
pendence of organisms, and to quantify trends or detect abrupt or small
changes in populations or in geographic distribution that can lead to
significant ecological change over long periods. Time series provide the
information needed to characterize variability, reduce uncertainty, and
to increase the skill of forecasts. In addition to prioritizing the sustained
collection of data for biological EOVs and EBVs to address specific is
sues, maintaining existing historical time series data at International
Long Term Ecological Research Sites (ILTERS) and other established
sites helps to establish the historical data needed to determine global
trends and local pressures that can be evaluated against natural varia
tion for policy and decision-making [107].
Capacity sharing and development are crucial to establish and
maintain operational monitoring efforts and enhancing interoperability
around the world. There are many capacity development efforts already
underway in ocean science and applications [108]. These programs can
better document, share, and incorporate traditional and local knowledge
as a foundation for inclusion and representativeness in the definition of
policy options. Infrastructure and resources are not spread evenly across
the globe [109,110]. For example, 69% of students participating in in
ternational conferences held between 2011 and 2018 came from Europe
and Northern America. Nearly 70% of global marine science publica
tions between 2012 and 2017 came from the same regions. So, infra
structure is not evenly spread, not equally well supported throughout
the world, and not well connected to operational, commercial, or aca
demic stakeholders who need information about the ocean.
Coordinating this capacity will increase the chances of sustainable
use of natural resources and will also sustain resource monitoring and
management. Successful capacity development hinges on effective longterm engagement with local communities and key stakeholders from
local to international scales where societal and scientific requirements
determine the data that are collected and utilized by various end users
and sectors of society [111]. Effectively, capacity development needs to
be coupled with societal needs and the availability of employment for
those trained. Also, observation networks should strive to work within
the GOOS framework and communicate and integrate across all levels:
local, regional, national, and international, recognizing and valuing
local and traditional knowledge.
Any and all investment in existing or new monitoring efforts and
infrastructure supports a more comprehensive observing system. How
ever, additional investment in long term monitoring efforts is essential
in countries that lack resources or expertize, particularly in the southern
hemisphere, in coastal Africa, South America, Southeast Asia and Small
Island Developing States. Some of these regions have very high biodi
versity that should be a high monitoring priority because they are also
sites of high development pressure and high social vulnerability. The
dichotomy that developed during the COVID-19 pandemic in
2020–2021, in which many of these countries remain in economic
stagnation as a result of differing economic recovery programs and
imbalance in the access to vaccine, has further decimated basic and
applied science programs. The result is that traditionally disadvantaged
communities are at even higher risk of losing basic ecosystem services.
Opportunities exist to enhance capacity development by using data
portals and information/knowledge hubs combined with training, to
enable coastal states to utilize and provide data without needing their
own information technology infrastructure or data management capa
bility. Capital should be mobilized for technologies to benefit underserved markets, including innovative financial instruments with both
government and private industry participation, investment in low-

3. Next steps
Sustainable development requires timely and relevant information
about human activities that depend on and affect life in ocean and
coastal areas. Fig. 2 shows specific goals and milestones to enable the
collection and use of this information and its transformation into
actionable knowledge. Fundamental steps include strengthening part
nerships and adopting the concept, language, and framework of the
biological EOVs, beginning with the priorities listed above. Many of
these EOVs are already Essential Climate Variables (ECVs) [105],
highlighting their importance in understanding climate and climate
impacts on life. Failure to focus on these monitoring priorities will be far
more costly than the implementation of an integrated ocean observing
plan [106], with costs measured in resources and in human lives.
The Ocean Decade offers an opportunity to lower costs of access to
information, of sensor deployment and recovery, increasing reliability of
sensors, observing platforms, and forecasts, and to advance human ca
pacity. Scientific observations need to be collected based on needs
identified from socio-economic indicators. The NASA Socioeconomic
Data and Applications Center (SEDAC) and the International Renewable
Energy Agency (IRENA) procure societal information to help design and
evolve biodiversity indicator applications. Some sectoral data are not
openly available due to their sensitive commercial nature (e.g., fisheries,
petroleum and gas extraction, etc.). Collaborations based on respect and
trust may help produce useful indicators by aggregating these data and
hiding sensitive details. For example, the Food and Agriculture Orga
nization reports historical catch levels of fish and invertebrates for many
areas and can be supplemented with socio-economic data [6]. Targeting
specific applications requires partnerships between ocean observers and
local, regional, indigenous, and national governments in order to
strengthen inclusion of different knowledge systems, and to improve the
alignment of monitoring efforts with societal needs.
Information collected over time is essential to measuring and eval
uating the outcome of policies and human behavioral changes and
changes related to ecological and environmental conditions. Such out
comes and social changes in principle generates feedback that can
improve the entire ocean observing value chain (Fig. 1). However, most
marine biological and ecological observations are collected today
7
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Fig. 2. Proposed elements to implement a multidisciplinary ocean observing system that integrates biology and biodiversity over the span of the UN Decade of Ocean
Science for Sustainable Development (2021–2030; the “Ocean Decade”) (Graphic courtesy of Patricia Miloslavich).

capital technologies, and in training for developing coastal communities
to manage and sustainably use marine resources [90]. Capacity devel
opment may also be more successful if cultural heritage is integrated
into the process [112].
Finally, a large amount of marine biodiversity data exists solely in
publications or in individual databases. Many biological datasets have

not been made accessible to the public. Global data rescue and archae
ology initiatives, such as conducted by Syd Levitus [113], would revo
lutionize biological knowledge, like it did for physical and chemical data
in the 1990’s and the first decade of 2000. This is possible only through
partnerships, with the support of and coordination with national and
multinational organizations, and with funding and incentives for data
8
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rescue.

Table 1
Linking challenges with outcomes for the Ocean Decade.

4. Criteria for success: ocean monitoring in national accounting
If ocean observations are to be sustained, they must meet the societal
needs identified above and provide clear outcomes with associated
milestones that will deliver impact to identified users (including science
itself) (Fig. 2). In Table 1, we summarize how the identified monitoring
priorities link societal needs to impacts and outcomes. The Blue Paper on
National Accounting for the Ocean and Ocean Economy published by
the High Level Panel for a Sustainable Ocean Economy [114] recom
mends that national statistics offices work with ocean observing groups
to identify marine data that can be used in national accounts. This
process is already underway with substantial efforts to promote
convergence of ocean accounting initiatives. This is occurring in the
context of sustainable development (e.g., the Global Oceans Accounts
Partnership27) and with the UN Convention on Biological Diversity, as
the post-2020 Global Biodiversity Framework (GBF) is consistent with
UN System of Environmental-Economic Accounting (UN SEEA)
Ecosystem Accounts [115]. The monitoring priorities presented here are
well-suited for consideration in the UN SEEA.
The priorities listed here represent a package that is far more valu
able than its individual pieces. The synergy between components will
result in a comprehensive view of the state of ocean biology, its di
versity, and the role it plays for humanity. We are currently not fully
benefiting from information we are collecting with existing technolo
gies, and it is important that we improve this to provide a sound plat
form on which to add new and upcoming technologies. This information
will be useful for prediction and it will benefit humanity in the current
and future generations.

Monitoring priorities

Enabled outcomesa (not
exhaustive)

Strengthening global food
security by monitoring
ocean ecosystem health

Changes in plankton
biomass and diversity,
fish and invertebrate
abundance and
distribution,
Marine megafauna
abundance and
distribution, Optics
Imaging/microscopy
(taxonomy)
Active acoustics
Passive acoustics
‘Omics/eDNA

Improved management
of ecosystem services for:

Status and trends of
soundscapes and noise
pollution in the ocean
1. Passive acoustics

Enhancing socioeconomic resilience of
coastal communities to
climate change and
Seascape-level planning
to guide sustainable
development in
national waters and in
the high seas

5. Conclusions
We are at a critical juncture for observing and monitoring the status
of ocean biodiversity. While it is clear that many of our more vulnerable
and high-profile species are in decline (e.g., oceanic sharks [116]),
others are returning after the cessation of over-harvesting (e.g., hump
back whales, [117]) illustrating what policy makers and researchers can
achieve when we have the information and shared concern. To act,
decision-makers require clear, unambiguous information and a structure
in which to make decisions, but much of our existing ocean biodiversity
observing efforts have only recently started to organize and coordinate
globally [9]. This is at least partly because these observing efforts are
mostly funded through research funding, where innovation and new
ideas are important determinants of success and funding renewal. The
new and exciting technologies that are now becoming available come
with the risk that the ocean biodiversity observing community will once
again become more, rather than less, fractured.
Substantial progress has been made for researchers and decision
makers from around the world to convene and collectively highlight
areas of biodiversity observations ripe for innovation, advancement, and
cohesion. Here, we have outlined biodiversity monitoring priorities that
directly link to pressing societal challenges. It is critical that the global
observing community converge on these shared goals and deliverables
in a swift and coordinated fashion.
For example, there are currently more than 500 multilateral envi
ronmental agreements (MEAs) which address transboundary global
environmental issues including biodiversity loss, climate change, and
pollution [118]. MEAs raise awareness, gather information, and pro
mote coordinated action of signatories to the individual MEA, but are
not good at sharing goals and information among them. Similar to what
occurs in scientific domains, we expect that they need to highlight their
differences to justify continued investment. Assessing the needs of 23
27

Societal challenges

Trends in macroalgal
and seagrass cover,
composition and
condition;
Fish and invertebrate
abundance and
distribution
Marine megafauna
abundance and
distribution
Trends in coral reef
habitat extent and
condition
Soundscape monitoring
Capturing changes in
regional biogeography
through seascapes

Managing for exploration
and sustainable
development in the
deep sea and open
ocean

Advancing ecological
forecasting
Cleaning up and
organizing our data
inventories
Capacity development
and coordination
Trends in deep-ocean
biodiversity

1. A healthy and
resilient ocean
2. A productive ocean
3. A predicted ocean
Food web and ocean health
assessments
Food quality and quantity
Fisheries stock
assessments, projections
Habitat suitability and
water quality nowcasts and
forecasts
Biogeochemical cycle
assessments
Carbon and climate
predictions
Improved understanding of
biodiversity, biomass,
species occurrence,
distribution and behavior,
species interactions,
human uses, acoustic
stressors; advanced
ecosystem-based
management, impact and
climate vulnerability
assessments
Long-term benefits in
human well being:
1. A safe ocean
2. A predicted ocean
3. Sustainable fisheries
management
Ecosystem health, extent of
nurseries for organisms
Coastal protection
assessments
Improved management and
policy
Enhanced industries
(pharma, materials,
fisheries, tourism)
Education
An accessible ocean
Understanding ecosystem
extent for use and
conservation planning
A predicted ocean
A transparent Ocean
Transparency in
information origin, quality,
access, interoperability,
and application
Advances in innovation,
energy development, and
economic growth:
An inspiring and
engaging ocean
A predicted ocean
Management, sustainable
mining and fishing,
conservation
Understanding deep ocean
connectivity
An inspiring and
engaging ocean
(continued on next page)

https://www.oceanaccounts.org/ (accessed 27 September, 2020)
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Table 1 (continued )
Societal challenges

a

Monitoring priorities

Enabled outcomesa (not
exhaustive)

Marine megafauna
abundance and
distribution

A healthy and resilient
ocean
Managing food web
structure and interactions
Minimizing bycatch
Enhanced tourism

Bold text refers to Ocean Decade societal outcomes [8].

global MEAs that require information relevant to the EOVs [13], Rogers
et al. [119] found that 14 required information on species and habitats,
11 on the sustainable management of living resources, 10 on environ
mental pollution, etc. There is a redundancy in information re
quirements and a plethora of ways in which information is required,
providing scientists the opportunity to justify the continued variety and
development of research objectives and technologies on the basis that at
least one group of decision makers has stated that they need this infor
mation. Failing that, science itself thrives on new questions and
conjectures.
We need more communication among researchers, policy and deci
sion makers, and the industry sector. Policy makers often clearly identify
what information they need. Ocean scientists, technologists, and local,
traditional, indigenous groups all provide different pieces of useful in
formation. Increasingly, society and the public at large generates in
formation that is valuable and other information that in turn helps to
focus an observing system. Promoting inclusiveness of these groups and
perspectives is key for the sustainability of data gathering at the local
level, i.e., the concept of co-design and co-ownership. This means
working with groups other than those that the natural and social sci
entists, the public sector, and government have worked with. It also
means investing in and extending observing strategies to new geogra
phies, and directly engaging highly vulnerable communities every
where, including indigenous groups and tribal nations, Least Developed
Countries, and Small Island Developing States.
The Ocean Decade provides an ideal opportunity to promote this
engagement. The seven decadal outcomes have been designed with the
purpose of supporting sustainable development through the major
ocean-relevant policy documents [120]. In this paper, we have identi
fied some of the ocean biodiversity observation priorities that will be
needed to meet these outcomes and have highlighted the goals of the
recently endorsed UN Decade program, including Marine Life 2030, the
Ocean Biomolecular Observing Network (OBON), GOOS, and Ocean
Practices for the Decade. At the same time, MEAs are now converging on
goals and targets, with links to the SDGs, and addressing the priorities
that nations define through the CBD and FAO. The UN SEEA and MEAs
are vehicles to identify common biodiversity variables that National
Statistical Offices then collect for governments to report on ecosystem
status and trends.
The private sector is an important group that needs to be part of the
conversation and the implementation of these priorities. Activities and
actions will now be planned as part of the Ocean Decade programs.
These activities should include all stakeholders of ocean observing,
including the private sector and industry.
The policy, research, private, and applied operational communities
need to build on these trends, identify key information requirements,
and co-develop activities that lead to progress towards a sustainable
ocean for future generations. This approach will provide the purpose
and direction to galvanize the ocean observing community to build the
integrated system that is so critical for sustainable economic growth.
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B. Muegge, S. Nakielny, K.E. Nelson, D. Nemergut, J.D. Neufeld, L.K. Newbold, A.
E. Oliver, N.R. Pace, G. Palanisamy, J. Peplies, J. Petrosino, L. Proctor, E. Pruesse,
C. Quast, J. Raes, S. Ratnasingham, J. Ravel, D.A. Relman, S. Assunta-Sansone, P.
D. Schloss, L. Schriml, R. Sinha, M.I. Smith, E. Sodergren, A. Spo, J. Stombaugh, J.
M. Tiedje, D.V. Ward, G.M. Weinstock, D. Wendel, O. White, A. Whiteley,
A. Wilke, J.R. Wortman, T. Yatsunenko, F.O. Glöckner, Minimum information
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