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Concern over the deterioration of the oceans has generated a demand for a system
able to assess ocean health globally, and approaches to assess ocean health globally
and an observing system delivering the data to support this assessment are now being
developed. In parallel with public health systems, a system to assess ocean health
should evaluate the occurrence and severity of a set of syndromes of concern through
a series of indicators composed from a parsimonious set of ecosystem essential ocean
variables delivered by a coherent and robust observing system. The development of such
approach for the global assessment of ocean health will help inform policies acting upon
the drivers causing ocean syndromes and help ensure a healthy ocean for all.
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INTRODUCTION

In a much-quoted US Supreme Court opinion on pornography in the film industry, Justice Potter
Stewart stated “I shall not today attempt further to define the kinds of material I understand to be
embraced within that shorthand description (referring to pornography); and perhaps I could never
succeed in intelligibly doing so. But I know it when I see it.” Defining Ocean Health has proven
just as challenging for scientists (Tett et al., 2013), and yet most scientists, managers and citizens
would feel reasonably confident they can identify a healthy ocean ecosystem within the region they
operate or live when they see it. Difficulties in the capacity to define ocean health in an operational
way poses a major challenge to deliver on the assessments of the state of the ocean that society
increasingly demands.

There are growing concerns that accumulated pressures on the global oceans, from syndromes
such as overfishing, pollution, coastal development, climate change, and ocean acidification
(Table 1) are causing serious deterioration of the health of ocean ecosystems (Jackson et al., 2001;
Mooney et al., 2009; Duarte, 2014), and that left unabated there is risk of catastrophic loss of
biodiversity, habitats and productivity. This widely shared belief is epitomized in the statement
“Humans have put the oceans under risk of irreversible damage” accompanying the Oceans Compact
declaration by UN Secretary General Ban Ki Moon (United Nations, 2012). In responding to this
risk, the assessment of ocean health has reached the status of legal mandate in some nations, such as
the EU through the Marine Strategy Framework Directive (MSFD) (European Union, 2008) and the
US Executive Order 13547 on the Stewardship of the Ocean, Our Coasts, and the Great Lakes (US
Government, 2010). The concept of ecosystem health has taken a pivotal role in framing the goals
of environmental policy, as reflected in Principle Seven of the Rio Declaration on Environment and
Development, which reads “States shall cooperate in a spirit of global partnership to conserve, protect
and restore the health and integrity of the Earths ecosystems.”
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The assessment of ocean health has recently been added,
through the United Nations World Ocean Assessment (WOA)
(Regular Process for Global Reporting of the State of the
Marine Environment) to the regular global assessments the UN
conducts on the state of the planet, including the assessments
of the climate system conducted by the IPCC since 1990 and
biodiversity to be conducted by the International science-policy
Platform on Biodiversity and Ecosystem Services (IPBES). In
its first report, the WOA adopted the DPSIR (Driver-Pressure-
State-Impact-Response) approach to assess the status of the
ocean, and in doing so listed ecosystem health as a state
that changes in response to human pressures (Inniss et al.,
2016). However, the assessment was challenged by the lack of
an agreed framework to assess ocean health globally. In its
first assessment, the WOA explored a number of approaches,
such as the Ocean Health Index (OHI, Halpern et al., 2012),
the ecological quality objectives (EcoQOs) for an ocean area
(OSPAR, 2007), and the indicators adopted in 2017 under
the EU MSFD (cf. https://eur-lex.europa.eu/legal-content/EN/
TXT/2qid=1495097018132&uri=CELEX:32017D0848). Yet, the
delivery of a global assessment based, for instance, on the
OHI, was hampered by the paucity of the data required to
apply these approaches at the global scale, and thus required
a large degree of expert judgement to reach any conclusions
(Inniss et al, 2016). Specifically, the WOA concludes “The
OHI depends crucially on the availability of satisfactory data
across many fields, and on the expert judgements made about
the weighting to be given to the different fields covered. Much
of the necessary data is not available, and estimates of various
kinds have to be used instead. The scale of the expert judgements
needed means that there is a substantial subjective component
in any results” (Inniss et al, 2016). The outcome consisted,
therefore, of DPSIR narratives at the habitat level, a tabulated
list of pressures on the marine environment, along with the
corresponding impacts on the marine environment and socio-
economic aspects of the marine environment (Chapter 54 in
Inniss et al., 2016). While some comparable assessments, such as
the IPCC, also contain qualitative, narrative components (e.g.,
impacts sections), the WOA could not fully meet its mandate
to review the state of the marine environment because a system
delivering the required data was not in place (Inniss et al.,
2016). Indeed, assessing and attributing impacts on climate
change on ecosystems and biodiversity is challenging, and so
is the assessment of ocean health, where multiple candidate
variables, many of which are unavailable at the global scale,
maybe required.

Efforts to progress toward a global observing system to
assess ocean health should meet two major requirements: (1)
identify the components and processes required to operationalize
the assessment, and (2) articulate an effective observational
basis to deliver the data underpinning a robust assessment,
and make these data openly available. Our goal here is to
examine the maintenance of ocean health as an aspirational
goal, and to offer an overarching conceptual basis, based
on a parallel with the evaluation of human health, to
develop a robust global observation system to assess ocean
health.

TABLE 1 | Comparison between drivers, syndromes, and indicators of human
and ocean health.

Ocean health

Drivers:
Nutrient, persistent organic pollutant and
organic inputs
Increased atmospheric COo
Climate change
Overfishing
Coastal spraw!

Human health

Drivers:
Unhealthy life-styles (smoking,
drinking, sedentary, unhealthy
food, stress)

Pollution

Shortage of food or waters

Syndromes: Syndromes:

Coronary diseases Hypoxia

Allergies Eutrophication

Diarrhea Ocean acidification

Malnourishment Warming

Cancer Habitat loss

Biodiversity decline and loss

Indicators: Indicators:

Cholesterol levels
Body mass index
Blood nutrient levels
Excess blood pressure
Excess sugar levels

Increased harmful algal blooms

Increased invasive species

Decline in megafauna and fish stocks

Decline in habitat-forming species

Jellyfish blooms

Mass mortality of marine organisms

Decline of calcifiers

Coral bleaching

Status of key ecosystem components (e.g.,
coral reefs, seagrass, mangroves,
fish—abundance, size, etc.)

Variables: Variables:
Height Nutrient concentrations
Age Fish biomass
Gender Habitat extent
Weight Water transparency
Iron, lodine and Cholesterol Chlorophyll concentration
levels in blood pH

Blood pressure Oxygen concentration

The drivers, syndromes, indicators, and variables listed are just indicative, not intended to
be exhaustive.

IMPLEMENTATION OF THE ASSESSMENT
OF OCEAN HEALTH

The concept of ecosystem health applies public understanding of
the notion of human health to ecosystems, which is intuitively
grasped by the general public and policy makers (Costanza,
1992). Statutory mandates to assess ocean health require a
definition of ocean health but fail to recognize that it is in reality a
metaphor (e.g., Fock and Kraus, 2016) referring to the perceived
integrity of the structure and functioning of ocean ecosystems.
As a metaphor it is not directly amenable to simple definition or
quantification (Tett et al., 2013). Efforts to define ocean health
typically yield subsidiary metaphors such as “the condition of
a system that is self-maintaining, vigorous, resilient to externally
imposed pressures, and able to sustain services to humans” (Tett
etal., 2013). The broader concept of ecosystem health has similar
problems, as a healthy ecosystem is defined as being “stable and
sustainable”; “maintaining its organization and autonomy over
time and its resilience to stress” (Costanza, 1992), each of those
being qualities that are no closer to being operational than that
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of “healthy.” Some frameworks emphasize the examination of
trajectories of ecosystems under pressure, which are complex
and often non-linear, to diagnose their health, which is then
embedded in the DPSIR paradigm (Tett et al., 2013).

Directives to assess ocean health against properties that
are qualitative and non-operational risk being ineffective as
the robustness of the outcomes cannot be audited. The EU
Marine Strategy aims at maintaining “oceans and seas which
are clean, healthy and productive” (European Union, 2008).
While a definition of ocean health in is lacking in the EU
MESD, the assessments are guided by a definition of Good
Environmental Status, and multiple metrics of status and
pressures are aggregated into indices to provide diagnostics on
environmental status (Borja et al., 2016; Heiskanen et al., 2016).
However, this framework is resource-demanding and, therefore,
very difficult to automatize or implement at the global scale.
The OHI was proposed to provide a quantitative, reproducible
metric of ocean health, where a healthy ocean was defined as
“one that sustainably delivers a range of benefits to people now
and in the future” (Halpern et al.,, 2012, 2015, 2017). The OHI
provides “a framework to evaluate sustainable delivery of benefits
people want from healthy oceans by measuring progress toward 10
widely-held societal goals” (Longo et al., 2017). The OHI scores
ocean health on the basis of societal goals related to human use
(e.g., food provision from fisheries, natural products extraction,
and tourism and recreation) as well as conservation objectives
(e.g., clean waters and biodiversity) of the marine ecosystems
evaluated, and is argued to be particularly suited as a basis for
ecosystem-based management of these ecosystems (Longo et al.,
2017). As most of the components of the OHI relate to human
use of marine ecosystems, this index quantifies benefits humans
derived from a healthy ocean and is, therefore, best suited for
ocean areas under intense human use. Indeed, although the OHI
can be applied anywhere, application of the OHI focusses on
economic exclusive zones (Halpern et al., 2012), which have been
the focus of global OHI assessments (Halpern et al., 2012, 2015,
2017). Thus far international waters (i.e., International Waters
and Areas Beyond National Jurisdiction), which comprise 64
percent of the ocean surface, have not yet been addressed in
OHI assessments, although the OHI has been recently applied
to areas with less intense human use, such as the Southern
Ocean (Longo et al., 2017). The calculation of the OHI is also
demanding on data, because as 10 traits are evaluated (Halpern
et al,, 2012), many, such as “biodiversity” and “clean water,
are aggregated traits that require multiple data streams, which
can be an impediment for its broad application (Inniss et al.,
2016). Yet, this is not exclusive of the OHI as any rigorous
assessment of ocean health will likely be data demanding. The
OHI has proven particularly useful as an assessment of human
stressors and as a lagging indicator of ocean health. However,
where health assessments point at departures from healthy states,
remedial action will benefit from the support provided by an
observation system reporting on the status or trends in key
marine ecosystem traits on which management actions can be
targeted and assessed. Ideally, the ocean observation system
identifying departures from healthy state will also allow to
objectively measure effectiveness of management actions. For

instance, fisheries management provides an example where such
objective measures of stock status allow to adaptively manage
the human impact on stocks and associated ecosystems. Indeed,
Samhouri et al. (2012) provide an example of how to set targets
for sustainable fisheries under the framework of the application
of the OHI. We need a similarly robust approach to measuring
other actionable components of marine ecosystems.

The central role of ecosystems services in the assessment of
the OHI, has thus far proven somewhat problematic, as it is
unclear how the choice of ecosystem services included affect the
assessment of ecosystem health (Jacobsen and Hanley, 2009; Fock
and Kraus, 2016). In addition, assessments based on the OHI
are sensitive to the weights given to these services, which affect
how changes in specific ecosystem services, which may not result
from human pressures alone but also from natural fluctuations,
translate into changes in ecosystem health. Most importantly,
prescriptive approaches based on expected outcomes for society
are necessarily arbitrary and difficult to transpose across regions,
cultures and societal values, and, therefore, cannot be shared
universally, because expected outcomes and aspirations from
ocean conservation measures depend, among many other factors,
on wealth, culture, and background (Jacobsen and Hanley, 2009).
Indeed, assessments based on indices driven by interpretations of
the “ocean health” metaphor jeopardize scientific specificity and
rigor, because these are not entirely based on data but values,
which also render them vulnerable to political disagreements
based on different interpretations (Fock and Kraus, 2016).

An effort to “ground” the metaphor of ecosystem health
concluded that this concept is better operationalized and
communicated when defined by the absence of disease and
distress (Rapport et al., 1998; Fock and Kraus, 2016), as a healthy
ecosystem is also defined as one free of signs of ecosystem distress
(Costanza, 1992). Similarly, whereas World Health Organization
defines human health as “a state of complete physical, mental
and social well-being and not merely the absence of disease or
infirmity” (www.who.int/about/mission/en/) it is the absence
of disease or infirmity, rather than the many dimensions of
well-behind, that are targeted in routine assessment systems.
Hence, operationally, systematic assessments of individual health
in public health systems focus on detecting the presence of
syndromes conducive to unhealthy states. Likewise, whereas the
concept of ocean health maybe more encompassing than just the
absence of syndromes, observing systems to assess ocean health
are more easily operationalized when guided to the detection of
syndromes. Drawing a parallel with the assessment of human
health in public health systems, the assessment of syndromes
affecting ocean health must involve three key components
(Table 1): (1) a limited set of syndromes, defined as a group
of signs and symptoms that occur together and characterize a
particular abnormality in ocean ecosystem state, or maladies
of concern (e.g., increase in coronary diseases, morbid obesity,
malnutrition, diarrheic diseases, or cancer, in public health), such
as overfishing, ocean acidification, pollution or hypoxia; (2) the
identification of a parsimonious set of robust indicators of the
occurrence of such syndromes (e.g., cholesterol levels, body mass
index, blood nutrient levels, in public health), such as habitat
loss, increased harmful algal blooms, decline in fish stocks, and
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a series of variables required to calculate the indicators (weight
and height, iodine, iron and cholesterol concentration in blood,
in public health), such as fish biomass, habitat extent, nutrient
concentrations, oxygen and chlorophyll a concentration; and (3)
the identification of a set of drivers causing the syndromes (e.g.,
lack of physical exercise, inadequate water and food quantity and
quality, in public health), such as pollutants (nutrients, persistent
organic pollutants and heavy metals), increased atmospheric
CO;, anthropogenic climate change, overfishing, and coastal
development (Table1). Acute disruptions of human health,
where individuals suffer pain or are at risk, are typically
managed reactively by the subjects visiting emergency rooms.
Indeed, routine health assessments, health checks, are conducted
precisely to diagnose the most common syndromes that may,
if not addressed, lead to such acute problems. Likewise, critical
ecological issues in ecosystems in risk of collapse are likely to be
managed reactively through a series of urgent measures, whereas
the goal of an assessment of ocean health is, indeed, to proactively
detect syndromes that may, if not addressed, lead to risk of
collapse. Providing a necessary, sufficient but parsimonious
set of drivers, syndromes, indicators and variables to support
the assessment of syndromes affecting ocean health, for which
Table 1 provides just some examples to highlight the parallel with
the assessment of human health, is a critical, but challenging
task. It also requires the definition of the frequency, scale and
standardized protocols for observation of the variables, that will
require a broad community effort. Whereas many efforts are
currently being allocated to the definition of essential variables
(Constable et al., 2016), these are not aligned with the sole index
proposed thus far, the OHI (Halpern et al., 2012), which, in turn
is not specifically designed to identify specific syndromes. This
highlights the need to complement assessments of ocean health
based on the OHI with the development of an observational
system informing on the presence of syndromes of interest. The
risk of failing to do so is that the components of the observing
system may not be consistent, therefore failing to derive useful,
actionable diagnostics.

A sustained and robust observing system, measuring variables
required to produce such indicators would allow the assessment
of whether and where syndromes characteristic of poor ocean
health occur or change in magnitude, with the corresponding
trends providing a diagnostic on shifts in ocean health (Figure 1).
This assessment then informs policy actions on the drivers
believed to trigger the syndromes, with the observing system
subsequently verifying whether the actions were indeed effective
at halting or reducing the spread of syndromes (Figure 1),
allowing the assessment of the benefits, in terms of enhanced
ecosystem services, to society derived from the OHI. The
feed-back between the assessment of ocean health, actions to
remediate syndromes detected and the evaluation of the response
(Figure 1) is a case for adaptive management (see below). It
is also possible to integrate the indicators of marine ecosystem
state into a meta-indicator that provides a metric of the risk
of failure to remain healthy of a particular ecosystem. This
is an approach developed in industrial failure analysis, where
multiple sensors are integrated into a meta-sensor, defined as
a virtual sensor that compresses the information from several

sensors in an optimal manner (Butters et al., 2015). Integrated,
meta-indicators have been developed in the context of marine
biodiversity assessments in European seas (e.g., Andersen et al.,
2014; Borja et al,, 2016; Heiskanen et al., 2016; Uusitalo et al.,
2016). Developing such meta-sensor of ocean health requires
big-data approaches allowing machine learning algorithms, such
as deep-learning, to feed on multiple cases of failure of marine
ecosystems around the world including time series of data of
the various candidate indicators to be integrated. Such big-
data approach, including machine-learning diagnostics informed
by mechanistic understanding of marine ecosystem responses
to pressures, would eventually allow real-time diagnostics
supporting management actions to address incipient challenges
to ocean health.

The quest for such global system to assess ocean health can be
inspired by existing frameworks to assess good environmental
status of marine ecosystems. These include the assessments
to be conducted under the EU Marine Strategy Framework
Directive (MSFD; 2008/56/EC), the reference legal frameworks
for the protection of marine biodiversity in European Seas. The
MSEFD evaluates the ecological status of the marine environment
based on 11 descriptors, comprising biodiversity (biological
diversity; food-webs; and seafloor integrity) and pressure
(non-indigenous species; fisheries; eutrophication; hydrological
conditions; contaminants in the environment and in seafood;
litter; energy and noise) descriptors (Heiskanen et al., 2016).
The EU Commission Decision 2010/477/EU provides 29 criteria
and 56 associated “indicators” that should be monitored for
the assessment of the environmental status (Heiskanen et al.,
2016). The HELCOM holistic assessment of the state of the
Baltic Sea, initiated in 2010, provides an earlier, comprehensive
example of an operational assessment, at a regional scale, of
ocean health. The HELCOM holistic assessment is a system
of coordinated monitoring among 9 nations with a unified
set of indicators and thresholds (http://www.helcom.fi/baltic-
sea-trends and the latest assessment: http://stateofthebalticsea.
helcom.fi/), supported by assessment tools for integrated
assessments  (http://www.helcom.fi/action-areas/monitoring-
and-assessment/monitoring-manual/) and operational links to
policy processes. Hence, the HELCOM holistic assessment of the
state of the Baltic Sea complies with the steps in the framework
we recommend (Figure 1).

DELIVERING AN EFFECTIVE
OBSERVATIONAL BASIS TO ASSESS
OCEAN HEALTH: WHAT IS REQUIRED?

In 2009, more than 600 of the world’s leading oceanographers
identified the requirement for a framework to guide the design
and coordination of a multidisciplinary sustained global ocean
observing system that would deliver the data and information
needed for monitoring status and trends of ocean physics,
biogeochemistry and biology/ecosystem health (Fischer et al.,
2010).

In response, a Framework for Ocean Observing (FOO;
Lindstrom et al,, 2012) was developed, adapting the model
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Policy

End User
Intervention

ﬁ Drivers

(A)

v

AsSessSment me—

Syndromes

b

(B)

Global Ocean Health
Assessment and Diagnostics

Indicators

ecosystem Essential
Ocean Variables (eEOVs)

FIGURE 1 | A framework for the global assessment of ocean health identifying the policy actors that take actions to improve ocean health (A) on the basis of
diagnostics resulting from the assessment of ocean health (B), supported by the technology and observational platforms required to deliver the data on the
ecosystem Essential Ocean Variables informing the process (C). Black arrows identify feedback between diagnostics and policy and managerial intervention, and red
arrows identify inputs and interactions within the ocean health assessment process. Image (B) by E. Paul Oberlander, provided courtesy of the Census of Marine Life
and reproduced with permission under the terms of the Creative Commons Attribution License.

employed by the Intergovernmental Oceanographic Commission
and its partners to build the global ocean observing system for
climate. For over 20 years, this system has provided the basis for
building a comprehensive set of remotely sensed (satellite) and
in-situ observations to support climate science and to inform
policy and actions under the UN Framework Convention on
Climate Change.

The FOO takes an engineering approach to designing and
building an integrated ocean observing system serving the

needs of UNFCCC, as well as the myriad bodies interested
in assessing and managing ocean health, and the emerging
oceans services sector that supports end users spanning safety
and industries involved in the “blue economy” (World Bank
United Nations Department of Economic Social Affairs, 2017).
It has recently been used as a foundation for discussions in
the ocean biology, biodiversity and ecosystems (Constable et al.,
2016) communities on what needs to be observed/measured
and how these measurements will be used to inform policy and
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regulation. In doing so, the FOO reverts the process followed
by many assessment processes, which identify first what data
are available and then ask what relevant information on ocean
health can be derived from existing data, to first ask what is
it that need be assessed, and what data are required to inform
the assessment with high confidence. Hence, these discussions
focus on the development of an agreed set of ecosystem “essential
ocean variables” (eEOVs, Constable et al., 2016) and “essential
biodiversity variables” (eBOV’s, Muller-Karger et al., 2018). In
the absence of the equations of state that govern physical
oceanography and the prioritization of observations of ocean
physics, the challenge for the ocean biology and ecosystem
communities is to determine how best to define, and agree on,
what is “essential” for a sustained observation system (Constable
et al., 2016). The heterogeneity and complexity of ecosystems
and ecosystem responses to pressures, along with the diversity of
perspectives among biologists, make this a difficult challenge.

The first, and fundamentally critical step in meeting
this challenge, is to understand the data and information
requirements of end users. In the case of ocean ecosystem health
assessment, this requires scientists working with policy makers
and regulators, at local, national or intergovernmental levels, to
drill down from “metaphor level” objectives and indicators to
those that can be objectively and robustly evaluated. Halpern
et al. (2017) emphasize that currently “all indicators face the
substantial challenge of informing policy for progress toward
broad goals and objectives with insufficient monitoring and
assessment data. If countries and the global community hope to
achieve and maintain healthy oceans, we will need to dedicate
significant resources to measuring what we are trying to manage”.
However, resourcing assessments is not enough, and cooperation
toward a global assessment requires agreeing on the variables
to be observed, standardized methods to do so and how these
are to be aggregated to deliver the assessment (Figure 1), all
of which requires strong scientific cooperation and leadership.
Examples, at regional levels, do exist, such as the HELCOM
holistic assessment described above, but scaling from a few
nations, like the 9 nations in that assessment, to hundreds of
nations is challenging. Such standardized global assessment need
also have the flexibility to recognize regional differences, and,
thus, probably develop region-specific thresholds, which may
refer to individual variables or aggregated multi-metric indicators
used with appropriate assessment tools to issue diagnostics, as
for instance used in the regionalized thresholds for assessments
under the EU MSFD or the HELCOM holistic assessment
described above. Different frameworks are available that may
provide already a blueprint for this global-scale regionalization,
such as the Large Marine Ecosystem (Sherman and Hempel,
2009) or the Longhurst Biogeochemical Provinces (Longhurst
etal., 1995), or a hybrid of these.

A Conceptual Model Guiding the Selection
of Essential Ocean Variables

Encouragingly, there are now many groups working to define
a set of “fit-for-purpose” eEOV for ocean biology, biodiversity,
habitats and ecosystems in the context of the Global Ocean

Observing System Ocean [GOOS, see Constable et al., 2016,
Table 3], as well as other assessment frameworks, such as
the development of Essential Biodiversity Indicators developed
under the Marine Biodiversity Observation Network (MBON)
within the Biodiversity Observation Network (GEO BON,
Muller-Karger et al, 2018), and the selection of marine
biodiversity indicators under the EU MSFD (Heiskanen et al.,
2016). There is a need for these efforts to converge and agree
on essential variable indicators of ocean health, and steps have
been taken by the GOOS and GEO BON programs to converge
(Muller-Karger et al., 2018). While these programs share a broad
objective of building data and indicator time series to inform
end-users on the status and trends of ocean ecosystems, we
argue there is a pressing need for these groups, and the scientific
community in general, to be more closely aligned with those in
the policy, industry and community sectors for whom the data
is intended. Moreover, the essential variables to be monitored by
observing systems supporting assessment of ocean health need
be assembled into indicators useful to governments and end-
users (Niemeijer, 2002). The European Union’s COPERNICUS
Program, in which remotely sensed and in situ observations of the
ocean are driven by the services and applications of a broad suite
of end users, is a useful example of how tight alignment of data
provider and user communities is providing significant societal
benefit. While governance models for ensuring alignment will
likely differ across the globe, we argue that the establishment
of formal partnerships between providers and users would be
of huge benefit. These partnerships will likely be essential if
the United Nations Decade of Ocean Science for Sustainable
Development (2021-2030), recently proclaimed by the United
Nations General Assembly (A/RES/72/73, December 2017) is to
achieve its goals.

It would also be efficient if agreement was reached on
a conceptual model of ocean health assessment including
characterization of the syndromes to be detected and the
indicators required to diagnose their occurrence and severity
(Table1). Such a model should identify the syndromes
potentially compromising ocean health and their anthropogenic
drivers, and allow the attribution of changes in the occurrence
and severity of the syndromes to these drivers. Furthermore, it
should guide the selection of the most suitable and operational
indicators, as well as the eEOV’s required to evaluate them,
to diagnose the occurrence of the syndromes (Table 1). The
selection of syndromes, indicators and eEOV's should be guided
by a principle of parsimony to ensure efficiency.

Ambitious Technological Developments to
Deliver the Needed Data

The global assessment of ocean health demands and offers
opportunities for technological advances comparable to those
developed to explore the most distant galaxies or explore
the Martian environment. That similarly powerful integrated
platforms to assess ocean health are yet to be developed should
not be considered acceptable. A global system to observe ocean
health should involve ambitious targets to guide the development
of revolutionary technologies including observing eEOV’s from
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space and autonomous marine vehicles such as sea gliders, ocean
robots or sensors mounted on marine organisms (Figure 1)
loaded with miniaturized technologies to assess marine life, such
as those emerging from the use of environmental DNA (Bourlat
et al, 2013), combined with forthcoming in situ sequencing
technologies and molecular chips for high-throughput screening
of microbial activities (Tu et al., 2014), as a remote sensing tool
(Bohmann et al, 2014; Valentini et al., 2016). Yet, a system
that measures everything will not be either feasible nor useful.
Reaching agreement on the key useful and feasible eEOV’s
(Constable et al., 2016) will be an important milestone propelling
the conceptualization and development of technology for the
integrated assessment of ocean health.

The technological breakthrough allowing the systematic
observation of EOV’s required to assess global ocean health is an
ambitious, but achievable goal. This is exemplified by the Global
Climate Observing System/Global Ocean Observing System
Ocean (GCOS /GOOS) program, which developed the ARGO
buoys, free-drifting profiling floats that measure temperature and
salinity of the upper 2,000 m of the ocean (Gould et al., 2004).
The ARGO program maintains a network of about 3,800, globally
distributed ARGO floats and makes all data publicly available
within hours after collection to monitor and assess global ocean
climate dynamics (cf. http://www.argo.ucsd.edu).

The challenges that global assessments of ocean health, such
as the World Ocean Assessment, face derive partly from our
collective failure to design and deploy a monitoring system
delivering the necessary data, so that the indices and metrics
adopted cannot be quantified due to insufficient data availability,
eventually leading to expert judgment and narratives replacing
the use of indices (e.g., Inniss et al., 2016). We submit that
future attempts at assessing global ocean health will continue to
fail to deliver robust assessments unless the observing platform
delivering the necessary data is deployed. Funding will indeed
be required, but need not be an impediment. Each ARGO
float costs about US $ 50,000, with a nominal life span of
5 years, but typical operational life span of 3 years (i.e., an
annual investment of about US $ 60 million to maintain
the 3,800 ARGO float fleet). Assuming deployment, typically
using ships of opportunity, and operation to require 30% of
the infrastructure costs, the ARGO program would run with
about US $ 80 million per year. These costs are distributed
among participating nations, rendering this an achievable goal
within the forthcoming decade of the oceans. The ARGO
approach has been one of a bottom up mode, where researchers,
having previously agreed on the EOV’s and the technology
to be developed, made a value proposition on the benefits
of joining the ARGO program to the corresponding national
funding agency. Note that the costs of the program are mostly
borne by developed nations, but the data are openly available
to all.

Adaptive Management

The model to assess ocean health must be adaptive, flexible, and
responsive to user needs to cope with dynamic and complex
events since the syndromes impairing ocean health are dynamic.
For instance, realization, a decade ago, that ocean acidification

is a major challenge affecting marine calcifiers (Orr et al., 2005)
led to a major impetus to monitor relevant properties, such as
pH and the saturation state for carbonate minerals. A constant
feedback approach should be adopted to evaluate, improve
and refine the EOVs, indicators and the relevant syndromes
and the management actions resulting from the assessment of
ocean health (Figure 1). The adaptive management approach
proposed (Figure 1) is a well-proven approach to manage natural
resources (Schreibner et al., 2004), such as fisheries, applied in
this context to manage ocean health as an asset supporting the
flow of ecosystems services to society. The desired outcomes are
better processes and more informed decisions to help ensure
the health of the ocean in the presence of shifting pressures.
Yet, the time required to detect a syndrome may be significant.
For instance, changes attributable to climate change require
time series of the order of 20 years (Parmesan et al., 2013),
and time lags between managerial intervention to address a
syndrome and recovery of the ecosystem may be long and is
affected by shifting boundary conditions (e.g., Duarte et al.,
2009). Hence, the system to assess ocean health must remain
consistent over decadal time scales, and both scientists and the
public need have expectations of the outcomes to be expected
from adaptive management that are consistent with the time-
scales for detection of responses imposed by ecosystem time lags
and shifting baselines.

Effective Communication of the

Assessments

The assessment of ocean health is not a requirement to progress
in our understanding of the ocean ecosystem, which is based
on testing more rigorous hypothesis and theories than the
“ecosystem health” metaphor. Indeed, ocean health assessments
are demanded by policy makers (e.g., UN, EU), who are the
end users of these assessments. Policy-makers, managers and
the general public are all interested in the “health of the
ocean” at multiple levels and should be able to access the
assessments at various levels of complexity and detail. This
requires both an open data policy as well as a system for the
effective communication of the outcome of the assessments of
ocean health, in a synthetic, rigorous and accessible manner.
Summarizing the outcome of environmental assessments has
proved challenging in existing processes (Sterman, 2011), both
in terms of adequately reflecting the complexity, nuances
and limitation of the indicators used and in avoiding jargon
and statements so qualified as to be devoid of content.
Anticipating that the assessment may provide cause for concern
on ocean health, ocean scientists should develop links with
ocean users to ensure an understanding of need and partnerships
with psychologists, sociologists, and other social scientists, to
communicate the outcome of the assessments in ways that foster
hope and action rather than denial and despair, as recommended
to climate scientists (Sterman, 2008). A recent analysis of the
challenges to communicate ocean health issues to the public
(Schuldt et al., 2016) recommended that ocean health matters
be framed in terms of their consequences for public health to
increase public support for pro-environmental policy.
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A Resilient Ocean Health Assessment

System
The Global Ocean Observing System [GOOS, UN Global
Ocean Observing System (GOOS)., 2011], a program run
by the Intergovernmental Oceanographic Commission (IOC)
of UNESO, has served over the last two decades as a
very effective coordinating mechanism to identify essential
components/indicators of the global climate system and develop
systems, including innovative technology (e.g., ARGO floats,
Roemmich et al.,, 2009) and global partnerships to collect the
data supporting climate assessments. The expansion of GOOS to
develop a system to deliver the observations and data required
for the global assessment of ocean health is, therefore, an obvious
step. Unfortunately, the IOC itself and the coordination for the
programs it runs have been at times impacted by withdrawal of
funding by some of the states, but has managed to maintain most
programs in place. Resilient governance and support systems,
dependent on an extensive network of committed partners,
will be required to avoid such unexpected events delivering
fatal impacts to an emerging program assessing ocean health
globally.

As demands for the systematic and comprehensive assessment
of ocean health grow, so has the recognition that the
observational base available for most components of global
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