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Preface

A Dbrief history of the evolution of the coastal GOOS module is given here to frame the
recommendations in this report. As a starting point, we note that prior to 2000 there were four
technical panels for GOOS: Health of the Oceans (HOTO) Panel, Ocean Observations Panel for
Climate (OOPC), Living Marine Resources (LMR) Panel, and a Coastal GOOS (CGOOS) Panel.
The Panels were established in 1992, 1995, 1997 and 1997, respectively. CGOOQOS was the only
spatially-based panel. Consequently, the terms of reference of the HOTO, OOPC and LMR
Panels overlapped substantially in the coastal ocean where living marine resources and land-
based sources of pollution are most concentrated and the effects of climate change will have the
greatest impact on the well-being of human populations. Here we (1) provide the historical
context for the merger of the HOTO, LMR and Coastal GOOS panels, (2) underscore the need
for a Joint (GOOS-GTOS) Panel for Integrated Coastal Observations (J-PICO) focused on the
effects of climate change and human expansion on ecosystems across the land-sea interface, and
(3) address the issue of geographic boundaries for “Coastal” GOOS. A chronology of events
leading to the PICO report follows.

1998: At the 1% meeting of the GOOS Steering Committee (GSC), the geographic boundaries of
“coastal” are defined as the landward limit of marine influences and the seaward limit of
land influences. The GSC begins to consider merging the designs of the C-GOOS, LMR, and
HOTO when the initial designs for these modules are complete (GOOS Report No. 57). The
merger is described in The GOOS Prospectus 1998 (GOOS Report No. 42).

1999: During GSC-II, representatives of the Coastal, HOTO and LMR Panels met to agree on
steps towards merging HOTO, LMR and C-GOQS, and a timetable for the merger was agreed to
(GOOS Report No. 73).

2000: The GSC reaches consensus that GOOS implementation will be through two modules:
coastal and open ocean (GOOS Report No. 87). The goals of coastal GOOS are to monitor,
assess, and predict effects of human expansion, climate change and natural hazards on coastal
marine ecosystems and the goods and services they support. In this context, it is made clear that
"coastal" should not be limited by fixed geographic boundaries. Although the emphasis is on
coastal ecosystems from semi-enclosed systems (e.g., estuaries, bays and fjords) to the Exclusive
Economic Zone, boundaries should be determined by the problems being addressed and the
products that are to be produced. Thus, the broad domain of concern extends from semi-
enclosed systems in the coastal zone to the continental shelf and the high seas as required to
provide products relevant to the issues given above. This reflects the need for “Coastal” GOOS
to observe and model a broad range of scales from the ocean basins to estuarine systems in order
to achieve its mandate, i.e., changes in local ecosystems cannot be anticipated without observing
and modeling larger scale changes and the propagation of change across scales.

The name “Coastal Ocean Observations Panel” (COOP) is proposed as an analog to the Ocean
Observations Panel for Climate. The LMR, HOTO and C-GOOS Panels are asked to finalize
their strategic designs before the first COOP meeting in fall 2000. The Strategic Design Plan for
the Coastal Component of GOOS (GOOS Report No. 90), the Strategic Design Plan for the
Living Marine Resources Panel of GOOS (GOOS Report No. 94), and The Final Design Plan for
the HOTO Module of GOOS (GOOS Report No. 99) are published.
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2003: The Integrated Strategic Design Plan for the Coastal Ocean Observations Module of the
Global Ocean Observing System is published (GOOS Report No. 125).

2005: An Implementation Strategy for the Coastal Module of the Global Ocean Observing
System is approved by the IOC and published (GOOS Report No. 148). This completes the terms
of reference for COOP and the Panel is dissolved.

2006: The GSSC recommends (GOOS Report No. 151) the formation of a joint GOOS-GTOS
coastal panel (Joint Panel for Integrated Coastal Observations, J-PICO). The Executive Board of
the IOC-WMO-UNEP Intergovernmental Committee for the Global Ocean Observing System (I-
GOOQOS Board-1) endorses the proposal.

2007: Regarding the proposed Joint Panel, the GSSC noted that the decision to form J-PICO can
only be made by the sponsors of GOOS and GTOS. Meanwhile, to accelerate the
implementation of Coastal GOOS globally, the Committee created a technical sub-panel of
the GSSC for Integrated Coastal Observation (PICO) as a first step toward establishing J-
PICO in due course. J-PICO has yet to be formed.

PICO was tasked with providing (1) the GOOS Scientific Steering Committee (GSSC) with
technical advice needed for scientifically sound implementation of the Implementation Strategy
for the Coastal Module of GOOS (GOOS Report No. 148) and (2) expertise and advice to the
GSSC on the development of operational elements of the Coastal module of GOOS including
interoperability and the management and dissemination of non-physical, physical and socio-
economic variables regarding observations and data telemetry, data management and
communications, and modeling and analysis. This report addresses these challenges and
completes the Panel’s tasks. The next step is to form J-PICO to ensure scientifically sound
implementation of observations and modeling across the land-sea interface in collaboration with
the OOPC and the GEO Coastal Zone Community of Practice.
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EXECUTIVE SUMMARY

Meeting the terms and conditions of international conventions and agreements on the oceans,
living marine resources and biodiversity (e.g., United Nations Convention on the Law of the Sea,
Convention on Biological Diversity, Global Program of Action for the Protection of the Marine
Environment from Land Based Sources) require adaptive, ecosystem-based approaches (EBAS)
to sustainable development, including marine spatial planning and management. Sustainable
development depends on the continued provision of ecosystem goods and services valued by
society. EBAs require the sustained provision of multidisciplinary data (biogeochemical and
ecological as well as geophysical) and information on ecosystems states, especially in the coastal
zone where goods and services are most concentrated.

While considerable progress has been made by developed countries in implementing those
elements of GOOS and the Global Climate Observing System (GCOS) that require geophysical
observations and models of the ocean-climate system (emphasizing improved predictions of
natural hazards and climate change), implementation of those elements requiring observations
and models of biological and biogeochemical states has been slow and uneven geographically,
especially in the coastal waters of developing nations and emerging economies. Developing the
capacity for sustained provision of these data and information as an integral part of GOOS is the
focus of this report. The goal is to expand GOOS to inform EBAs for managing human uses of
ecosystem goods and services and adapting to climate change on local to global scales. Thus, our
emphasis is on the provision of data and information needed for rapid detection and timely
anticipation of the effects of the major drivers of change on estuarine and marine ecosystems
(human expansion, climate change and natural hazards).

Building on analyses and recommendations of the Coastal Ocean Observing Panel (COOP), the
Coastal Theme of the Integrated Global Observing Strategy (IGOS), OceanObs’09, A
Framework for Ocean Observing, and An Assessment of Assessments of the United Nations, a
plan for expanding the Global Ocean Observing System (GOOQS) to include biogeochemical and
ecological elements is offered herein. Our recommendations are intended to complement and
leverage those aspects of the ocean-climate system addressed by the Ocean Observations Panel
for Climate (OOPC) and existing operational programs for predicting extreme weather events
and tsunami, changes in physical states of the upper ocean, and coastal flooding.

The following are critical to effective implementation of EBAs: (1) frequent, routine and
integrated ecosystem assessment (IEAs) and (2) continuous provision of data and information on
meteorological, geophysical, biogeochemical and biological states (indicators) needed for timely
IEAs that inform decision makers. To these ends, a rationale and framework for EBAS to
managing, mitigating and adapting to changes in ecosystems states and their impacts are given in
Chapters 1 and 2. A description of a set of end-to-end observing systems for high priority
phenomena of interest is provided in Chapter 3; Chapter 4 presents a framework for integrating
these systems into a global system of systems; and Chapter 5 updates the list of essential
variables for coastal GOOS, specifies a set of key indicators, recommends the ingredients for a
global coastal network and procedures for implementing regional observing systems, and
describe international collaborations and partnerships needed to implement regional ocean
observing systems globally. Our report concludes by recommending four complementary
approaches to accelerating the delivery of coastal GOOS (Chapter 6).
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The following priority indicators of ecosystem states (health) are identified to guide the
specification of end-to-end observing systems (Chapter 3) that are the building blocks of a
system of systems for coastal observations and predictions:

e Surface phytoplankton biomass and subsurface oxygen fields,

¢ Distribution and abundance of waterborne pathogens and toxic phytoplankton,

e Spatial extent of living benthic habitats (coral reefs, seagrass beds, mangrove forests and
tidal marshes) and ecological buffers to coastal flooding,

e Distribution and condition of calcareous organisms (cold and warm water corals,
coccolithophores and pteropods), and

e Distribution and abundance of exploitable fish stocks.

Although the emphasis of the COOP strategy is on coastal marine and estuarine ecosystems
within territorial waters and Exclusive Economic Zones (EEZs), the strategy also recognizes that
EBAs must consider external pressures on ecosystems, as well as changes in ecosystem states
and the impacts of such changes, that occur on local to global scales from coastal catchment
basins (watersheds) to the ocean basins. In this context, the essential variables to be monitored
include at least the following:

e External Pressures
o Atmospheric (ocean surface vector winds, heat flux, precipitation, incident solar
radiation);
Land-based inputs (freshwater, sediments, nutrients, pathogens, chemical contaminants);
Extraction of living marine resources (e.g. fishing);
Sea level rise, ocean warming and acidification;
Coastal flooding;
Natural ocean-atmospheric climate modes; and
Basin scale migrations of large pelagic predators.
e Ecosystem states (surface and subsurface)

0 Geophysical (fields of temperature, salinity, suspended matter, sea surface roughness,
waves, and currents, sea level, shoreline position);

o Chemical (fields of dissolved nutrients, dissolved oxygen, pH, fCO,, total alkalinity,
aragonite saturation state, and colored dissolved organic matter);

o Biological (fields of phytoplankton biomass, toxic phytoplankton, waterborne pathogens,
calcareous plankton, copepod indicator species, fish eggs and larvae; extent of living
benthic habitats, coral skeletal density, species diversity, abundance and diet of
exploitable fish stocks, bycatch, abundance and size of apex predators); and

o Biophysical (water leaving radiances and downwelling irradiance).

O O0OO0OO00O0

Impacts of changes in these ecosystem states include declines in fish and shellfish catch (food
security), increases in human illness and death rates, loss of income due to beach and shellfish
bed closures, increases in the extent of and vulnerability to coastal inundation (due to both storm
surges and sea level rise), mass mortalities of iconic marine animals, loss of coastal real estate
and infrastructure, and losses of aesthetic value and tourism.

In terms of real-time, operational readiness, current and potential observing system capabilities
for the essential biological and chemical ecosystem state variables generally fall into two broad
categories:
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e The required technologies are mature but implementation on regional to global scales is
limited by lack of (1) funding for widespread and rapid repeat assessments, (2) common
standards and protocols, (3) and/or calibrated and validated algorithms for translating data
into useful products, e.g., nutrients, phytoplankton, dissolved oxygen, fCO,, and pH fields;
spectral diffuse attenuation of downwelling irradiance, spatial extent of biologically
structured benthic habitats and ecological buffers to flooding).

e Technologies for rapid detection are under research and development (not operational but in
a concept or pilot level of readiness), e.g., waterborne infectious microbes and many toxic
phytoplankton species and their toxins; biodiversity; aragonite saturation state, macro- and
meso-zooplankton, abundance, abundance of size classes of exploited fish stocks and apex
predators, species diversity, and iconic species.

With these deficiencies in mind, implementation priorities (Chapter 6) are as follows:

e Support national and international programs that target priority infrastructure described in
chapters 3 and 5 for observations and predictions.

Successful expansion of GOOS to incorporate biological and chemical observations required for
EBAs depends on sustained national support of regional “pioneer” ocean observing and
predictions systems in, for example, Australia (Integrated Marine Observing System), Europe
(EuroGOOS and Global Monitoring for Environment and Security) , and the United States
(Integrated Ocean Observing System). Priority infrastructure includes data management and
communications systems, remote and in situ observations, and modeling and analysis as
described in Chapter 5. As indicated by their operational readiness, priority essential variables
are chlorophyll-a, dissolved inorganic nutrient, dissolved oxygen, fCO,, and pH fields; spectral
diffuse attenuation of downwelling irradiance, and spatial extent of biologically structured
benthic habitats and ecological buffers to flooding

e Establish data management and communications systems for interoperability among
monitoring systems and data integration within and among regions.

Designing and implementing the data management and communications link in end-to-end
observing systems is a critical step toward integration and should be the highest immediate
priority. Such a system must provide rapid access to multidisciplinary data from all sources.

e Support capacity building and research and development to fill priority spatial and temporal
gaps in the global coastal network.

Capacity building projects that fill gaps in the GCN are needed. This will involve a review of
existing and planned programs, identification of critical spatial gaps, and allocation of resources
to fill those gaps. The Coastal Zone Community of Practice (CZCP) of the Group on Earth
Observations (GEO) could oversee such a gap analysis.

e Facilitate regional implementation of a pilot project in a priority “super site” domain to
demonstrate the value added of an end-to-end system of systems (e.g., multiple applications
of data and information needed to guide EBAs derived from a common set of observations
and models).

10
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Implementation of a regional demonstration project at a “super site” through a sustained and
iterative life cycle for designing, implementing, evaluating, and improving a Regional Coastal
Ocean Observing System (RCOOS) over time has the potential to address all four priorities. In
terms of the value-added of an integrated system of systems, highest priority for regional
implementation should be given to “super sites” with the largest number of sentinel and
reference sites. A global analysis identified three regions that are subjected to the greatest
number of pressures and have multiple sites with high risks of flooding and exposure to
waterborne pathogens. One of these, the Indonesian Archipelago-South China Sea domain, is
unique in terms of its high species diversity and the presence of sentinel sites for human
pressures and state changes for all of the phenomena of interest. This region also has two Large
Marine Ecosystem (LME) programs funded by the Global Environmental Facility (GEF), a large
number of marine reserves (~ 65), and several institutional networks that could facilitate
implementation. Such a demonstration project could begin with the establishment of the required
facilities (e.g., the Australian approach to implementing IMOS) in support of an international
coastal ocean data assimilation experiment (modeled, for example, after a hybrid of the
Integrated Marine Biogeochemistry and Ecosystem Research [IMBER] program and the Global
Ocean Data Assimilation Experiment [GODAE]) with the goal of providing data and data-
products required to inform adaptive, EBAs to marine spatial planning and coastal zone
management for the region as a whole.

Through an international coalition of data providers (scientists and technicians) and users
(managers, conservation groups, shipping and tourist industries, and fishers) from developed
countries (e.g., Taiwan, Australia and New Zealand), emerging economies (e.g., China) and
developing countries (e.g., Philippines, Vietnam, Cambodia, Thailand, Malaysia, Indonesia, East
Timor), this could become the prototype for both regional capacity building and developing an
integrated system of systems globally, i.e., phased implementation of the system achieves the
goal through capacity building.

Addressing the priorities above will require investments by developed nations to ensure the
coordinated establishment of a global network of national and regional observing systems that
are locally relevant and interoperable in terms of data and information exchange. Such
mechanisms must (1) engage groups that use, depend on, manage and study marine systems in
the design, operation and evolution of a coastal GOOS that meets their data and information
needs on local to global scales; (2) build on and leverage existing programs with common goals
and objectives; (3) promote the development of regional observing systems and services in
regions populated by developing countries; (4) promote the development of a Global Coastal
Network (GCN) through coordinated regional development worldwide; and (5) effectively
interface with the existing planning, oversight and implementation bodies of the Global Earth
Observing System of Systems (GEOSS), GOOS, GCOS, the Global Terrestrial Observing
System (GTOS), and other organizations as appropriate.

The Joint Commission for Oceanography and Marine Meteorology (JCOMM) is the coordinating
body for implementing the ocean-climate observing systems of GOOS and GCOS. No such
body is in place for coordinating the global implementation and evolution of coastal networks of
observations, data management, and modeling that includes the full spectrum of required
geophysical, biophysical, chemical and biological variables. This is a major gap in the current
GOOQOS governance structure that must be addressed for coastal GOOS to become a reality.

11
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There is an immediate need to estimate the costs of capitalization, implementation and sustained
operations of coastal GOOS. PICO was not adequately resourced in terms of funding, time or
the diversity of experts needed to formulate realistic estimates of implementation costs in terms
of observations and data telemetry, data management and communications, and modelling and
analysis. This important task could likewise be executed under the auspices of the GEO-CZCP,
in coordination with the GOOS Steering Committee.

Successful implementation also depends on more effective collaboration with the OOPC as well
as on effectively engaging stakeholders (data providers and users) across the land-sea interface in
the process. The CZCP was established by GEO to do the latter. Thus, we recommend that the
CZCP be charged, and jointly resourced by the 10C, GEO member countries, and GEO
Participating Organizations, to oversee both the gap and cost analyses described above.

We also endorse the recommendation of the Joint JCOMM-IOC-GRA ad hoc Task Team that an
expert panel such as the Joint Panel for Integrated Coastal Observations (J-PICO), or
alternatively the CZCP, be tasked and resourced to provide scientific and technical guidance and
ensure the coordinated evolution of ocean and terrestrial observing systems across the land-sea
interface. Should the CZCP be given this important responsibility, this would have the added
benefit of establishing an important and direct link between 10C-GOOS and GEO-GEQOSS (and
the GEO Ocean Monitoring Task advocated by POGO and Oceans United). Finally, successful
implementation of the priorities set forth herein as an integral part of GOOS and GEOSS
depends on developing international partnerships and collaborations, in active coordination with
sustained coastal observing system efforts within and across the GRAs.

12
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UNITED NATIONS CONVENTION ON THE LAW OF THE SEA
Article 145
Protection of the marine environment

Necessary measures shall be taken in accordance with this Convention with respect to
activities in the Area to ensure effective protection for the marine environment from
harmful effects which may arise from such activities. To this end the Authority shall
adopt appropriate rules, regulations and procedures for inter alia:

(a) the prevention, reduction and control of pollution and other hazards to the marine
environment, including the coastline, and of interference with the ecological balance of
the marine environment, particular attention being paid to the need for protection from
harmful effects of such activities as drilling, dredging, excavation, disposal of waste,
construction and operation or maintenance of installations, pipelines and other devices
related to such activities;

(b) the protection and conservation of the natural resources of the Area and the
prevention of damage to the flora and fauna of the marine environment.

INTRODUCTION
1.0 Background and Vision

The *“coastal” ocean observing system must be an integrated (e.g., rapid access to and analyses of
multidisciplinary data from many sources), multidisciplinary (geophysical, biogeochemical and
ecological observations and models) and multiscale (ocean basins to coastal estuaries and
catchment basins) system of systems.' Building on analyses and recommendations of the Coastal
Ocean Observing Panel (COOP),? the IGOS Coastal Theme,® OceanObs’09,* A Framework for
Ocean Observing,®> and An Assessment of Assessments of the United Nations,® a plan for
expanding the Global Ocean Observing System (GOOS) to include biogeochemical and
ecological elements is offered herein. Our recommendations are intended to complement and
leverage those aspects of the ocean-climate system addressed by the Ocean Observations Panel
for Climate (OOPC) and existing operational programs for predicting extreme weather events
and tsunami, changes in physical states of the upper ocean, coastal flooding as well as for
maritime operations.

1.1 Coastal Ecosystems in a Globally Changing World

Coastal marine and estuarine ecosystems have experienced rapid rates of degradation over the
last 150 to 300 years, largely as a consequence of market-driven exploitation of natural resources
and the destruction of natural habitats.” Today, human expansion, global warming, and natural
hazards are driving changes in coastal ecosystems that jeopardize the safety, health, security and
economic well being of over 40% of the human population living in the coastal zones of over
230 countries.® Since the 1960s, concerns over the impacts of these changes have led to a large
and growing body of ocean policies, laws and international agreements aimed at restoring,
protecting and sustaining healthy marine ecosystems (Annex I). A common theme of these
agreements is the importance of implementing adaptive, ecosystem-based approaches (EBAs)® to

13
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sustainable development™ that will maintain the capacity of ecosystems to support goods and
services valued by society (Table 1).**

Table 1. Examples of ecosystem goods and services and indicators of marine and estuarine ecosystem states upon
which the provision of goods and services depends. The mean annual value of goods and services from the world’s
coastal ecosystems is estimated to be greater than $25,000 billion per year.'? Note that biologically structured
benthic habitats (coral reefs, seagrass beds, mangrove forests and salt marshes) are the only indicator upon which all

goods and services depend.

Ecosystem Goods &
Services

Key Indicators of Ecosystem States Upon Which the Provision of Goods & Services
Depends

Resilience to Coastal
Flooding & Erosion

Biologically structured benthic habitats, Species diversity

Food Security

Biologically structured benthic habitats, Species diversity, Primary production, Nutrient
cycling, Fish stocks, Iconic species, Temperature, Salinity, Dissolved oxygen, Aragonite
saturation state

Uptake & Storage of
Greenhouse Gases

Biologically structured benthic habitats, Biological pump, Temperature, Thermohaline
circulation

Maintenance of Water

Biologically structured benthic habitats, Nutrient cycling, Microbial degradation of

Quality pollutants
Storage of Raw Biologically structured habitats, Species diversity (medicines), Fossil fuels, Minerals
Materials

Tourism & Recreation Biologically structure habitats, Species diversity, Fish stocks, Iconic species

Aesthetic Value Biologically structure habitats, Species diversity, Iconic species

However, design and implementation of ecosystem-based approaches remains an elusive goal, in
part because of the lack of operational** models of ecosystem dynamics and continuous, synoptic
observations of geophysical, biological, chemical, and biophysical variables on local to global
scales. Needed are observations and models that detect and predict (1) trends in the “vital signs”
of marine ecosystem health;** (2) the external pressures that cause changes in ecosystem health;
and (3) the impacts of such changes on ecosystem goods and services and the well being of
human populations. The vision for coastal GOOS is to facilitate development and sustained
improvement in the capacity of the international community of nations to provide these
observations and models on regional to global scales.

Changes in states reflect both internal ecosystem dynamics and external pressures associated
with the primary drivers (human expansion, natural hazards and global warming).™® Pressures
that alter marine and estuarine ecosystem states and biogeochemical cycles worldwide occur
over a broad range of time-space scales (days-decades, local-global) and include the following:

e Commercial fishing and aquaculture;

Sea level rise, ocean warming and ocean acidification driven by increases in atmospheric
temperatures and green house gases;

Coastal flooding driven by natural hazards (tropical storms, extra-tropical storms, and
tsunami) and sea level rise;

Natural ocean-atmosphere climate modes (e.g., El Nifio-Southern Oscillation, Pacific
Decadal Oscillation, North Atlantic Oscillation);

Basin scale migrations of large pelagic predators; and

Land-based inputs (sediments, nutrients, contaminants, and pathogens), extraction of marine
resources, habitat modification and introductions of non-native species driven by the human
expansion (growth and distribution of human populations).

14
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As these pressures indicate and as illustrated in Table 1, state changes are not only diverse and
multidisciplinary, they are often expressions of larger scale pressures. Thus, although the focus
here is state changes occurring in coastal marine and estuarine ecosystems,* the “coastal”
ocean observing system must encompass a broad range of scales from ocean basins to
estuaries and coastal drainage basins.

Within coastal ecosystems, interactions among intertidal, benthic and pelagic communities
enhance nutrient cycles, primary productivity and the capacity of coastal ecosystems to support
goods and services relative to deep, open ocean systems of the high seas. These interactions are,
directly or indirectly, enabled or constrained by physical processes (currents, waves, turbulent
mixing, pycnoclines and fronts) that structure pelagic ecosystems and resonate with biological
processes over a broad spectrum of time-space scales (hours — decades, meters to thousands of
kilometers).*” In terms of the relationship between pressures and changes in ecosystem states,
marine ecosystems come in many sizes and shapes from small estuaries and bays (< 10 km?) to
coastal seas, Marine Protected Areas and Large Marine Ecosystems (1 — 5 x 10° km?) to the
ocean basins (~ 10’ km?). Thus, small marine ecosystems are often embedded in or interact with
larger ones. And, while some marine species spend their entire adult life within a single
ecosystem (e.g., many small reef fish), most have larval or juvenile stages that are transported
among ecosystems within larger ecosystems and many migrate on the scale of ocean basin
ecosystems as adults (e.g., large pelagic fish, sea turtles, and marine mammals).'®* Thus, a
pressure on one ecosystem may be a change in state for another. Together, pressures and changes
in states exhibit a broad range of time-space scales of variability. Hence the need for multi-
scale (local to global), multi-disciplinary (geophysical, chemical, biological, and biophysical
properties and processes), sustained, and integrated observations that can be assimilated
by models in near real time to inform EBA. These challenges can only be met through
coordinated development of the Global Ocean Observing System (GOOS), the Global Climate
Observing System (GCOS) and the Global Terrestrial Observing System (GTOS) which
underpin the Global Earth Observing System of Systems (GEOSS) of the Group on Earth
Observations (GEO).®

1.2 The Implementation Strategy for the Coastal Module of the Global Ocean Observing
System (GOOS)

GOOS is developing through phased implementation of two interdependent modules: (1) an
ocean-basin scale module and (2) a coastal ecosystem scale module. Basin scale GOOS is
primarily concerned with more rapid detection and accurate predictions of changes in the ocean-
climate system from global warming to the occurrence of natural hazards and changes in the
physical environment of the ocean (e.g., sea level, distributions of temperature and salinity,
current and wave fields).?’ The coastal module is primarily concerned with more rapid detection
and timely predictions of the impacts of climate change, natural hazards and human activities
(the primary drivers of change) on public health risks and ecosystem goods and services.?* In this
context, the primary purpose of the coastal module is to promote and enable the routine,
continuous provision of interdisciplinary observations and predictions of ecosystem states
(status) and changes in states (trends) to inform the design and application of adaptive,
EBAs to sustainable development (Figure 1).
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As described in detail in the implementation strategy for the coastal module,? timely provision
of such observations and predictions on ecosystem to global scales will be achieved by
expanding GOOS to include a global coastal network (GCN) with national and regional
observing systems nested in it.?* As the coastal backbone of GOOS, the GCN:

e Measures, manages and analyzes a set of essential geophysical, chemical, biological, and
biophysical variables®* simultaneously at a network of sentinel sites (stations, transects, MPAs,
biodiversity “hot spots”, etc.);

e Efficiently links modeling and measurements via integrated data management and
communications; and

e Implements internationally accepted standards and protocols for measurements, data telemetry,
data management and modeling.

Although establishing coastal GOOS is a high priority of the international community,
initial requirements for global implementation have yet to be agreed upon. While observing
systems for detecting and predicting state changes in the physical environment of the upper
ocean are emerging on local to global scales, global implementation of coastal GOOS has been
slow and uneven geographically,? largely as a consequence of six important technical, scientific
and political challenges:

e The coastal module has a broad and complex mandate with multi-scale (local ecosystems to
the global ocean) and multi-disciplinary (geophysical, chemical, biological, and biophysical)
data and information requirements that differ substantially from place to place depending on
the relative importance and expression of a broad diversity of ecosystem state changes.

e Most models of ecosystem dynamics and measurements of essential chemical and biological
variables needed to feed them are not operational.

e International agreement on standards and protocols for quality control and interoperability of
biological and chemical data;

e Implementation of the coastal module requires global coordination and collaboration among
a large number of coastal nations (wealthy and developing);
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e The systemic lack of observing system capacity for coastal waters of developing countries
(Figure 2); and

e Funding by developed countries is inadequate, especially for capacity building (training and
infrastructure)® and sustained implementation in the developing world.

This report addresses the first four challenges by indentifying high priority state changes in
ecosystem states to be targeted by the initial coastal ocean observing system of systems, by
specifying observing system requirements for the initial stages of a phased implementation
process, and by recommending a regional approach to development a global network of coastal
observing systems. The last two bullets are matters of international ocean governance, capacity
building and national policies.

o
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Figure 2. Recognizing that the Exclusive Economic Zones of countries with low GDP per capita encompass most of
the world’s coastal ecosystems where GOOS is least developed (if at all), capacity building though partnerships
between developed and developing countries is critical to the implementation and sustained operation of coastal
GOOS.
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2.0 A Framework for Developing an Integrated Observing and Prediction System for the
Coastal Ocean

GOOS is developing into a globally distributed, multi-scale system of systems (So0S)?’ that
routinely and continuously acquires and disseminates data and information specified by those
who use, depend on, manage or study marine and estuarine systems. As such, implementation of
coastal GOOS must recognize the following:

e Each component end-to-end system (Chapter 3) of the SoS must be able to perform
independently of the other components and has its own unique purpose in terms of the
products it supports;

e The SoS performs functions that cannot be performed by any of the component systems
individually. This is the value-added result of integration (Chapter 4);

e Incorporation of component systems into the SoS is coordinated is such a way as to ‘do no
harm’ to other component systems or to the integrated SoS as a whole (Chapter 5); and

e Implementation of the SoS is a stepwise, phased process designed to evolve as needs change
and new technologies and knowledge become available (Chapter 6).

Effective EBAs depend on scientifically credible, quantitative, robust, cost-effective and
validated indicators (decision support tools) that can be used to enable rapid detection of
changes in ecosystem states and timely assessments of current and future impacts of such
changes on human health and well-being. Regular computation of indicators requires sustained
observations and modeling that enable indicators to be monitored and analyzed (assessments)
routinely at rates most useful to policy and decision makers responsible for sustainable use of
goods and services (Figure 3).
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Figure 3. Implementation of scientifically sound ocean policies for sustained development (socio-economic
benefits) depends on a closely coupled system of integrated and sustained ocean observations (GOOS), repeat
computation of indicators and assessments, and implementation of ecosystem-based approaches. Given that
ecosystems are complex systems characterized by many interacting properties and processes that cannot all be
monitored in all places at all times, it is important to identify key ecological indicators® that enable IEAs needed to
implement performance-based ocean policies and the ecosystem-based approaches called for in these policies.
Coastal GOOS must evolve to provide data and information required to compute indicators routinely and
continuously.

Timely assessments depend on sustained delivery of frequently updated indicators of ecosystem
states, changes in which are sensitive to pressures and impact the provision of goods and services
and, consequently, the wellbeing of human populations. With this in mind, parties to the 2002
World Summit on Sustainable Development emphasized the importance of repeated IEAs and
called for a regular process under the United Nations for global reporting and assessment of the
state of the marine environment, including socio-economic aspects, both current and
foreseeable, building on existing regional assessments.?® The overarching objective of the
regular process is to serve as the mechanism to keep the world’s oceans and seas under
continuing review by providing regular assessments at global and supra-regional levels.*

In 2005, the UN General Assembly endorsed the need for the regular process and established an
ad hoc Group of Experts to conduct an “Assessment of Assessments” (AoA). Their report
identifies relevant existing assessment processes, provides critical appraisals of them, determines
what works, and identifies regions where the required ocean observations are adequate for
regular assessments and where they are not. The AoA considered six categories of information
concerning ecosystem status and trends:

(1) Water quality,

(2) Living marine resources,

(3) Habitat characterizations and impacts,

(4) Lower trophic levels in the food web,

(5) Protected species, and

(6) Social and economic conditions with respect to the marine environment.

Implementing a regular process of IEAs is easier said than done.! In the current environment,
there is a disconnect between the time scales of ecosystem dynamics and our ability to provide
quantitative indicators with sufficient frequency for timely assessments of changes in ecosystem
states and their impacts on society. An important first step toward tuning the required data
streams to the time scales on which ecosystem state changes occur and the time scales on which
decisions need to be made is to identify a set of indicators that can be used to perform IEAs
based on changes in ecosystem pressures, states, and impacts.

The Driver-Pressure-State-Impact-Response (DPSIR) model provides a framework for
identifying a core set of indicators.®? The model assumes causal relationships (and feedbacks)
between interacting components of socio-economic and ecological systems from primary drivers
and associated external pressures on ecosystems to impacts of changes on ecosystem states and
societal responses to them (Figure 4). The framework helps guide the identification of a set of
indicators needed to assess and anticipate changes in ecosystem states and their impacts on local,
national, regional and global scales; and facilitates analyses of which aspects and linkages are
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addressed by the observing system and which are not, a process that will enable the continued
evolution of coastal GOOS as societal needs change and technologies advance.

For the purposes of coastal GOOS, each link in the DPSIR framework is defined as follows:

Drivers are the fundamental sources of pressures on marine and estuarine ecosystems. They
include growth and distribution human populations (rapid increase in the density and number
of people living in the coastal zone), natural hazards (tropical and extratropical storms,
earthquakes), and climate change (due to global warming).

Pressures are human interventions and external forces of nature that cause changes in
ecosystems states (e.g., ocean warming and acidification, sea level rise, and basin scale
oscillations; over fishing, introductions of non-native species and land-based inputs of
nutrients, sediments, pathogens and chemical contaminants; storm surges, tsunami and wet
deposition in coastal catchment basins).

Ecosystem states are measures if the current status of properties and processes of ecosystems
that are sensitive to pressures and related to the capacity of ecosystems to support goods and
services.

Changes in ecosystem states impact the well-being of human populations through changes in
the provision of goods and services that benefit society.

Such changes lead to human responses or social and political actions including the
formulation and implementation of environmental policies such as ecosystem-based
approaches to managing human activities and mitigating or adapting to the impacts of natural
hazards and global warming.
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Figure 4. The driver-pressure-state-impact-response (DPSIR) framework adapted for coastal GOOS to include both
anthropogenic and natural drivers and pressures.

Timely, IEAs are informed by the sustained provision of data and information on changes in
ecosystems states and the relationship of such changes to ecosystem pressures and impacts.
Changes in ecosystem states (Table 2) target AoA categories 1 — 5 explicitly and category 6
(socio-economic aspects) implicitly. In regard to the latter, indicators of the well-being of human
populations are typically computed using metrics for human health (e.g., life expectancy),
economic production (e.g., income per capita) and education (e.g., years of formal schooling).®
Thus, the health of human populations is both a determinant and a result of wellbeing. A
generally accepted measure of wellbeing is the Human Health Index (HDI) which combines
these parameters of the wellbeing into a composite, dimensionless index.** Changes in
ecosystem states directly impact life expectancy and income via changes in the goods and
services provided by marine ecosystems (Table 1).

Successful implementation of the regular process of assessments depends on (1) reducing the
time required to complete assessments, (2) repeating assessments on time-space scales needed to
both resolve and anticipate trends in pressures and ecosystem states and to enable informed
responses to impacts,® and (3) the continuous provision of data and information needed for rapid
and frequent computation of a comprehensive set of indicators upon which assessments depend.
Coastal GOOS is primarily concerned with the latter (provision of data and information on
pressures, state changes and impacts). To these ends, key indicators of marine ecosystem states
are identified, and end-to-end systems for selected phenomena of interest are described in
Chapter 3 for sustained provision of data and information needed to compute the indicators. A
framework for integrating the end-to-end systems into a global system of systems (the GCN with
nested regional ocean observing systems) is given Chapter 4, and Chapter 5 describes the
recommended system of systems and associated requirements. Finally, a plan for the phased
implementation of this system of system is offered in Chapter 6.
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3.0 The Building Blocks of a System of Systems

Implementation of an integrated global ocean observing system of systems for marine
ecosystems must occur on at least two fronts: (1) efficiently linking observations and models to
build end-to-end systems based on user needs and (2) implementing and linking national and
regional scale observing systems to build a global system of systems. Given that this will take a
decade or more, phased implementation is recommended beginning with the integration of end-
to-end systems for selected phenomena of interest: Coastal Eutrophication and Hypoxia; Human
Exposure to Waterborne Pathogens; Harmful Algal Blooms; Habitat Loss & Modification;
Vulnerability to Coastal Flooding; Ocean Acidification; and, Food Security.

Guided by the latest recommendations of expert panels,® a short list of high priority ecosystems
states to target was determined based on (1) the extent to which changes in states are occurring
globally in response to specific pressures (Chapter 1); (2) the importance such changes to
achieving the goals of international conventions and laws (Annex 1); and (3) their relevance to
changes in the Human Development Index (Chapter 2) and to the regular process of marine
ecosystem assessments (Table 2). Relative to the above phenomena of interest, the following
priority indicators of ecosystem states (ecosystem health) meet these criteria and were identified
as targets for specifying observing system requirements:

Phytoplankton biomass and oxygen fields,

Distribution and abundance of waterborne pathogens,
Distribution and abundance of toxic phytoplankton,
Spatial extent of benthic biological habitats,

Ecological buffers to coastal flooding

Distribution and condition of calcareous organisms, and
Distribution and abundance of exploitable fish stocks.

Table 2. Measures of ecosystem states, the corresponding phenomena of interest (as defined by the COOP®")
targeted by end-to-end observing systems, and categories of information considered by the Assessment of
Assessments (Chapter 2) impacted by changes in ecosystem states.

Ecosystem State
Indicators

Targeted Phenomena of Interest

Assessment of Assessment Categories

Phytoplankton biomass

Eutrophication & hypoxia, species
diversity food security

Water quality, LMR, Lower trophic levels

Dissolved oxygen

Eutrophication & hypoxia, species
diversity, food security

Water quality, LMR, Social & economic
conditions

Waterborne pathogens

Exposure to pathogens

Water quality, Social & economic conditions

Toxic phytoplankton

Exposure to toxins, species diversity,
food security

Water quality, Lower trophic levels, LMR,
Social & economic conditions

Spatial extent of benthic
biological habitats &
ecological buffers

Habitat loss & fragmentation, species
diversity, eutrophication & hypoxia,
food security, vulnerability to coastal
flooding

LMR, Habitat characterizations & impacts,
Protected species, Social & economic
conditions

Calcareous plankton

Ocean acidification, species diversity,
food security

Water quality, LMR, Habitat characterization
& impacts, Lower trophic levels, Social
&economic conditions

Fin- and shell-fish stocks

Food security, eutrophication &
hypoxia, species diversity

Water quality, LMR, Lower trophic levels,
Protected species, Social & economic
conditions
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Each end-to-end system (1) performs independently of the others and has its own unique purpose
in terms of the products and applications it supports, (2) incorporates recent advances in
scientific understanding® and technology®, (3) requires the integration of multidisciplinary data
to anticipate changes, and (4) provides data and information that have multiple applications and
significant impacts on national economies. Technologies and procedures for modeling, in situ
measurements, remote sensing and modeling are described in Chapter 5.

3.1 Coastal Eutrophication and Hypoxia (Primary Pressures: Land-Based Inputs of
Nutrients, Commercial Fishing, Ocean Warming)

3.1.1 Introduction

Eutrophication is an increase in plant biomass and primary production due to nutrient
enrichment. Natural inputs of nutrients from catchments (e.g., coastal rivers and streams, ground
water discharge) and marine sources (e.g., coastal upwelling, vertical mixing) are vital to
sustaining biodiversity and living marine resources, but excessive inputs from anthropogenic
sources are now widespread in coastal marine ecosystems. The latter include increases in
domestic sewage discharge (point sources) and diffuse input from agriculture (fertilizers and
animal wastes) and wet precipitation.*” Changes in ecosystem states associated with excess
nutrient enrichment include accumulations of phytoplankton biomass, toxic algal blooms
(section 3.3) and oxygen depletion (hypoxia or anoxia).** These changes can lead to fish and
invertebrate Kills (section 3.7) and losses of biologically structured benthic habitats (section 3.4),
and biodiversity.*

3.1.2 Products and Applications

The management and mitigation of anthropogenic eutrophication depends on achieving
reductions in diffuse and point source nutrient loads. In some cases, restoration of populations of
filter feeders (e.g., bivalves, clupeid fishes) and engineering solutions to increase flushing and
dispersal rates may also be effective in preventing excess accumulations of phytoplankton
biomass. The cost of management actions to reduce nutrient loads can run to billions of dollars in
individual catchments and affect entire agricultural sectors. In these circumstances, load
reduction targets and actions must be defensible and based on sound assessment and prediction.
In some cases, including natural eutrophic-hypoxic systems, mitigation may not be an option,
and attention may be focused on operational forecasting to allow coastal industries and users to
avoid adverse impacts.

Users and applications include (1) managers responsible for land-use in catchments (Coastal
Zone Management), controlling land-based nutrient loads, and sustaining living marine
resources); (2) coastal aquaculture, wild fisheries, and tourist industries(avoid or reduce impacts
on aquaculture, fishing, recreation and tourism); (3) the Regular Process of the UN (input to
integrated assessments of marine ecosystems); and (4) the public (ocean literacy, help guide the
formulation and implementation of environmental policy, and use of coastal systems for
recreation).

Products include (1) maps of the risk of eutrophication and hypoxia for each season of the year
updated every 5 years (to guide the distribution of effort in observation and management) where
the computation of risk is based on “climatologies” for pressures (e.g. point and diffuse land-
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based inputs of nutrients, over fishing), for vulnerability (flushing rates and stratification of
coastal water bodies), and for potential impacts (loss of ecosystem goods and services); (2) for
regions at risk, nowcasts and forecasts (48 h to 3 months depending on flushing rates) of algal
biomass (as chlorophyll-a), dissolved oxygen, and light attenuation fields (with spatial resolution
sufficient to resolve gradients and address impacts).; (3) time-space extent and volume of
hypoxic water (< 2 ppm) computed annually; and (4) for ecosystems at risk, mean phytoplankton
biomass (chlorophyll-a), dissolved oxygen, dissolved inorganic nutrients (N, P, Si), particulate
and dissolved organic matter (C, N, P), and light attenuation (for each season and year with
variances). Nutrient and chlorophyll concentrations should be integrated over the water column
and averaged over the euphotic zone, and dissolved oxygen concentrations should be averaged
over the oxygen minimum zone (e.g., over the bottom layer in stratified systems).

3.1.3 System Requirements (Table 3).

The observations and models needed to guide nutrient management are similar to those needed to
assess and predict changes in coastal circulation, water quality and productivity. They are also
likely to contribute to management of coastal habitats, living marine resources, harmful algal
blooms and to the prediction of changes in ecosystem states caused by climate related pressures.
In situ observations are not only needed to estimate pressures and ecosystem states (along with
remote sensing), they are needed to calibrate and validate models and remote sensing. Priority
sites for establishing end-to-end observing systems are those that are at risk. In situ observations
should be most frequent during periods when risk is highest (e.g., daily to weekly).

Observations: In situ « Continuous measurement of phytoplankton biomass, nutrients & light
attenuation within the euphotic zone;

« Vertical profiles of temperature, salinity & dissolved oxygen (daily to
weekly prior to & during periods of hypoxia);

« Point & diffuse inputs of freshwater (river flows) & associated loads of
organic carbon & nutrients (inorganic & organic, dissolved and
particulate N & P);

Observations: Remote « River discharge, plumes, & salinity (direct measure or proxy);

o SST & sea surface roughness & ocean surface vector winds

« Ocean color radiometry: Phytoplankton biomass (chl-a), total
suspended matter/turbidity, CDOM fields from water-leaving radiance

spectrum
« Catchment condition & land use.
Model requirements o Coupled 4-D coastal circulation — water quality models
« Catchment hydrological & load models.
Reporting « Near real time reporting of temperature, salinity, dissolved oxygen,
light attenuation, phytoplankton biomass (chlorophyll-a concentration),
& river flows;

« Delayed mode reporting of nutrients, biomass, dissolved oxygen, light
attenuation.

Table 3. Requirements for observations, models and data telemetry (eutrophication and hypoxia).
3.1.4 Operational Status

The European Commission has published assessment guidelines for harmonizing eutrophication
assessments by EU member states,*® and the LOICZ Biogeochemical Budget Project developed
and tested a simple low-cost assessment methodology.** Some assessments of the extent of
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coastal eutrophication have been made on national and continental scales (e.g., The National
Estuarine Eutrophication Assessment for the USA®, the Australian Land and water Resources
Audit*, and Coastal and Hypoxic Areas of Europe*’), but these types of assessments have not
been done routinely and need to be completed more frequently (e.g., annually). These efforts
may help to establish a consistent information base for coastal eutrophication and to understand
the causes and extent of coastal eutrophication and hypoxia in some regions (e.g., North
America, Europe and Australia), but assessments currently take too long to complete to be useful
for nowcasts and forecasts. Furthermore, estuarine and marine ecosystems in most coastal
regions are not sufficiently comprehensive in terms of the number of systems monitored.

The required methods, technologies and models are mature and have been implemented locally
(e.g., the Baltic Sea, Moreton Bay, Chesapeake Bay, and Northern Gulf of Mexico). However,
fully integrated, end-to-end systems that serve the data and information needed to provide the
products described above routinely have yet to be implemented on regional to global scales. To
achieve this objective, integrated systems are needed that combine sustained remote and in situ
observations (for both coastal receiving waters and catchment land-cover) with operational
models (coupled catchment hydrological-hydrodynamic circulation-water quality) that routinely
and continuously meet observing system requirements.

3.1.5 Gaps, Challenges and the Way Forward.

The capacity to implement observing system requirements for eutrophication and hypoxia is
highly uneven. Monitoring water quality to support management of catchment loads is relatively
common for many estuarine and marine ecosystems in developed countries, but even here under-
sampling in time and space is a problem. There are opportunities to improve the resolution,
coverage and cost-effectiveness of observations through advances in low-cost in situ sensors and
in remote sensing. While the actions required to reduce point source loads are often obvious, and
treatment costs continue to diminish, the reduction of diffuse catchment loads is more uncertain
and problematic. This will require strong engagement and collaboration with catchment
observing systems and managers.

Algorithms for computing the risks from climatologies as described above have yet to be
developed, and short-term nowcasting and forecasting of eutrophication and hypoxia is still
relatively rare and experimental. Thus, priorities for pilot projects to improve operational
capabilities are:

e Develop algorithms for computing the risk of eutrophication and hypoxia from
climatologies for pressures, vulnerability and potential impacts;

e Develop data assimilation for coastal hydrodynamic and water quality models, through a
Coastal Ocean Data Assimilation Experiment (ecological forecasting) and establish
mechanisms to ensure transition into an operational mode by the appropriate operational
agencies;

e For case 2 waters,*® develop new and improved algorithms for routinely translating ocean
color into widely available regional coastal products (e.g., maps of plumes and
chlorophyll-a, total suspended matter and CDOM fields) with product validation and
known reliability and accuracy/uncertainties;

e Develop low cost, low power, small automated sensors that have been tested under a
range of coastal environmental conditions; and
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e Develop operational models for nowcasting and predicting flows, loads, phytoplankton
biomass fields, and the time-space extent of bottom water hypoxia.

A staged approach is needed which provides options for investments in monitoring and modeling
depending on risk and regional capacity.

3.2 Human Exposure to Waterborne Infectious Microbes (Primary Pressures: Land-
Based Inputs of Untreated Human and Animal Wastes, Ocean Warming)

3.2.1 Introduction

Each year, more than 2 billion people suffer from waterborne illnesses and 5 million die from
water-related diseases. Chronic and episodic risks of exposure to waterborne infectious microbes
in coastal waters via direct contact (contact recreation, fishing) and consumption of shellfish are
increasing globally as coastal waters warm,*® point and diffuse inputs of fecal matter increase
(especially in developing countries where population density is increasing more rapidly that
sewage treatment capacity®°), and population density increases along the coastline.>* Ecosystem
state is indicated by the distribution and abundance of enterococci (faecal streptococci) in areas
subject to land-based inputs of fecal matter and human uses (contact recreation and harvesting
shellfish). Guidelines for classifying recreational waters based on the concentration of
enterococci and pressures have been published by the WHO.>® Pressures are the inputs of
infectious microbes (as indicated the concentration of enterococci in point source discharges and
riverine inputs) and ocean warming. Impacts are measured in terms of beach and shellfish bed
closures and outbreaks of gastrointestinal illness (including dysentery) and acute febrile
respiratory illness (AFRI) among populations that come in contact with contaminated waters and
shellfish consumers.”

3.2.2 Products and Applications

For populated coastal zones within 100 km of the coast, the product is annually updated maps of
an index of potential pressure based on water temperature, salinity, location and volume
discharge of rivers (seasonal climatology) and point sources (annual mean), and distance from
discharges (e.g., [temperature x volume discharge x contaminant concentration] + [salinity x
distance]). For near shore waters frequented by people and ambient waters of shellfish beds
subject to potential inputs of infectious microbes, products are near-real time nowcasts and 24-
/48-hr forecasts of the distribution and abundance enterococci. Nowcasts and forecasts are
updated daily during periods of recreational use and shellfish growing seasons.

Provision of data and information required for rapid detection of waterborne pathogens and
timely forecasts of their distribution will improve public health and increase the economic value
of beaches and shellfish beds through more accurate early warnings and reductions in the number
and duration of closures. To these ends, decision-makers and applications include government
agencies/ministries (manage public health risks, close and open beaches and shellfish beds, environmental
protection, resource and coastal zone management); commercial shellfisheries (marketable shellfish); the
World Health Organization (statistics on contaminated coastal waters, beach and shellfish bed closures);
the Regular Process of the UN, and the public (beach use and shellfish consumption).

In addition to their public health applications, many of the requirements for observations and
models (e.g., surface temperature, salinity, current and wave fields, land-based inputs) are also
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needed for eutrophication and hypoxia (section 3.1), harmful algal blooms (section 3.3),
sustaining essential benthic habitats (section 3.4), managing the impacts of coastal inundation
(section 3.5), and sustain exploitable fish stocks (section 3.7). Additional applications include
forecasting the fate of hazardous material spills (e.g., oil spills and toxic wastes) and marine
spatial planning.

3.2.3 System Requirements (Table 4)

Priority locations for establishing the end-to-end observing system are populated coastal zones
where both pressures and human uses are high.

¢ Distribution & abundance of people & domesticated animals updated every 5 yr;

o Location & size of public beaches & shellfish beds updated every 5 yr;

o Continuous measurements of volume discharge of rivers and point sources (end of pipe);

] o Weekly-monthly measurements of the concentration (number of colony forming units,

Observations: In | cFU/100 ml) of enterococci in these discharges;

situ e Monitor ambient enterococci concentrations weekly during periods of beach use & shellfish
growth; daily when CFU levels > 60/100 ml in single water samples or > 30/100 ml for
geometric means of multiple samples;

e Continuous measurements of surface currents, waves, temperature, salinity, & turbidity in
targeted areas & during targeted periods.

e Ocean color radiometry: e.g., chlorophyll-a, total suspended matter/turbidity & colored
Observations: dissolved organic matter fields from water-leaving radiance spectrum

Remote e SST fields

e Ocean surface vector winds

e Buoyant plumes & wave fields

e Surface current & wave fields

Two categories of models may be used to provide nowcasts & forecasts: (1) statistical models
Model that estimate concentrations of enterococci as a function of salinity or turbidity & (2) coupled
Requirements hydrological-hydrodynamic-particle transport models.

) Delayed mode enterococci data (< 24 hr from time of sampling);
Reporting Near real-time environmental data (< 1 hr from time of sampling)

Table 4. Requirements for observations, models and data telemetry (waterborne infectious microbes).
3.2.4 Operational Status

Currently, beach and shellfish bed closures are based on enterococci measurements on water
samples. Using thresholds established by the U.S. Environmental Protection Agency (USEPA),
closures occur when enterococci exceed 61 CFU/100 ml in a single water sample or 33 CFU/100
ml for the geometric mean of multiple beach water samples. Sampling near shore waters may be
repeated at regular intervals when pressures are continuous (e.g., sewage outfalls) or triggered by
an event (e.g., storm water runoff). Data and information providers include government bodies
responsible for marine forecasts (surface temperature, current and wave fields), public health,
food safety, and environmental protection.

The concentration of enterococci is a function of distance from pressures, enterococci “half-
life”>* once introduced to coastal receiving waters, and the circulation regime (advection and
turbulence) of the receiving water body. Thus, coupled hydrodynamic-particle transport models
are being used to guide in situ adaptive sampling regimes in some locations (Box 1). Data
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requirements for these models are met through a combination of in situ and remote sensing
(Table 4).

3.2.5 Gaps, Challenges and the Way Forward

Coastal circulation regimes are highly dynamic on time scales of hours and inputs of infectious
microbes are often related to episodic flooding events. Actions by decision makers are currently
based on estimates of enterococci concentrations using culture techniques requiring 24 — 48
hours to complete. Thus, beach and shellfish bed closures may occur too late (after exposure risk
has become unacceptable) and continued too long (after exposure risk has become acceptable).
This has undesirable public health and economic consequences, both of which are exacerbated
by the reality that concentrations of enterococci are often unrelated to the presence or
concentration of infectious microbes.>® Even with these limitations, the operational system
described above is better than nothing and should be implemented now by developing countries
with the help of developed countries (funding and capacity building).

Box 1. Improving Operational Capabilities

In the U.S., Congress passed legislation in 2000 (the Beach Act) that requires coastal states to develop beach
water quality monitoring and notification programs and provided federal funding to administer these
programs. States are required to adopt EPA standards for determining where and when to post beaches with
health advisories. Monitoring and notification programs, including websites showing current advisories,*
have been developed by state natural resource and public health agencies, in collaboration with federal and
local partners, typically county or municipal health departments. A growing number of public beaches are
now being tested regularly for either E. coli or Enterococci during the bathing season (from weekly to daily
for high priority beaches). Hydrodynamic models are used to provide beach managers with guidance for
posting swim advisories based on current conditions at several beaches in the Great Lakes,*” but these are
limited by the time required for culture results to become available. Research is underway to (1) develop
methods (e.g., rapid quantitative polymerase chain reaction) for near real-time predictions of pathogen levels
as a function of current meteorological and nearshore circulation regimes and (2) develop and test a
standardized Beach Sanitary Tool®® which enables beach managers determine potential sources of bacterial
contamination (onsite at the beach, and throughout the contributing watershed) and mitigate their impacts.
Required observations include numbers of birds and bathers at the beach, the slope of the beach, macroalgal
biomass, location of storm water outfalls and point source discharges, and land use practices in the catchment
basin.

The recommended way forward for developed countries is to implement pilot (proof of concept)
project to improve operational capabilities as follows:

e Implement and validate adaptive in situ sample regimes triggered by satellite-based detection
of turbid, buoyant plumes and use this capability to increase the cost-effectiveness of routine
sampling protocols;

o ldentify more effective indicators of the presence and concentration of infectious microbes;

e Develop operational in situ sensors for measuring these indicators (including enterococci)
and near-real time telemetry of data on infectious microbe concentrations (e.g., the
environmental sampling processor® and the autonomous microbial genosensor® which are
approaching maturity); and

e Integrate operational systems for nowcasting and forecasting coastal circulation with near-
real time observations of indicators and specific infectious microbes for operational nowcasts
and forecasts of the distribution and abundance of infectious microbes.
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3.3 Toxic Harmful Algal Events (Primary Pressures: Land-Based Inputs of Nutrients,
Ocean Warming, Ballast Water Discharge, and Commercial Fishing)

3.3.1 Introduction

Harmful algae are a diverse group of organisms with only two characteristics in common: (1)
they harm people and ecosystems; and (2) their initiation, development and dissipation are
governed by species-specific population dynamics and oceanographic conditions.®* There are
over 200 species of phytoplankton (from 12 classes of algae) that cause harmful algal blooms
(HABs), and they exhibit a wide variety of life-cycle strategies, trophic types, physiology,
behavior, morphological and harmful effects. This diverse assembly of harmful species can be
organized into two broad categories (with some species in both): (1) those that cause harm
through the production of toxins and (2) those that cause harm through excessive accumulations
of biomass (e.g., hypoxia-anoxia, decline in food quality for filter feeders, clogged gills).
Therefore, indicators of ecosystem state are fields of phytoplankton biomass (chlorophyll-a),
toxic algal cells, and toxicity.

Problems associated with harmful algal blooms (HABs) are global and appear to be increasing in
severity and extent.®? The primary pressures are increases in land-based inputs of nitrogen and
phosphorus from sewage, animal wastes, and fertilizers (section 3.1), increases in water
temperature and vertical stratification of the upper ocean due to global warming, and
introductions of invasive (non-native) HAB species with ballast water from ships. Thus, changes
in oceanographic conditions most relevant to predicting where and when HABs will occur are
vertical stratification, fronts and current, wave, temperature, salinity and nutrient fields.

The end-to-end system for coastal eutrophication and hypoxia targets excessive accumulations of
phytoplankton biomass. Here we focus on toxic species. Negative impacts of toxins produced by
HABs include illness and death in humans who consume contaminated fish and shellfish or are
exposed to toxins via direct contact (swimming, inhaling noxious aerosols); mass mortalities of
wild and farmed fish, marine mammals and birds; and changes in the capacity of ecosystems to
support goods and services. Globally, more than 60,000 cases of human illness caused by
exposure to algal toxins are report per year.®® Based on outbreaks during 1987-2000 in U.S.
coastal waters alone, HAB events are estimated to have had an economic impact of at least US
$82 million/year.** This estimate is conservative due in part to a lack of information on
individual events (unreported illness, fish Kills, etc.) and socio-economic impacts that are
difficult to quantify (declines in fish sales due to unfounded consumer fears, reductions in
property value, etc.).

Twelve species of harmful algae (9 dinoflagellates, 2 cyanobacteria and 1 diatom) account for
most toxins harmful to human health.®> Although many of these species are pigmented and cause
problems when they bloom, some bloom at depth (and do not have a surface signature), some are
not pigmented, some have toxic effects at low cell densities and some exhibit variable levels of
toxicity.®® In addition, blooms tend to occur episodically over a spectrum of time-space scales
(days to months, <1 km to > 100 km). Together, these factors and the diversity of HAB species
present significant challenges to specifying observing system requirements and preclude the
design of an observing system for all species in all places.
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Two prototype end-to-end solutions are offered, one for Karenia brevis in the Gulf of Mexico
and one for Alexandrium fundyense in the Gulf of Maine. Both are dinoflagellates. K. brevis
produces brevetoxin (causing neurotoxic shellfish poisoning [NSP] and respiratory illness), and
A. fundyense produces saxitoxin (causing paralytic shellfish poisoning, PSP). K. brevis was
selected because it represents a group of pigmented species that can be detected from space and
because an operational forecasting system is already in place for this species in the Gulf of
Mexico. A. fundyense was selected because it represents a group of saxitoxin producing species
(Alexandrium spp, Pyrodinium bahamense and Gymnodinium catenatum) that causes PSP in
coastal ecosystems globally®’” and because a preoperational forecasting system is in place for the
Gulf of Maine.

3.3.2 Products and Applications

The end-to-end systems described here will supply data and information needed to provide (1)
early warnings (< 72 hr) of where and when HAB events are likely to occur updated weekly
during the growth season, (2) nowcasts of location and spatial extent of blooms updated daily,
and (3) 48 hr forecasts of bloom trajectories and probable locations of land-falls updated daily.
Users (and applications) include decision makers from Public Health (shellfish bed closures and
openings, public health advisories for beach goers and boaters), Environmental Protection
(nutrient management), Natural Resource (fisheries managements), and Coastal Zone
Management (land-use practices) agencies; commercial and recreational fisheries (shellfish bed
closures and openings, contaminated fish, positioning of mobile mariculture operations); and the
public (seafood consumers, beach goers, boaters).

In addition to the applications described above, many of the requirements for observations and
models (e.g., surface temperature, salinity, current and wave fields, land-based inputs) are also
needed for forecasting of waterborne pathogens and the fate of hazardous material spills (e.g., oil
spills and toxic wastes) and for ecosystem based management of fisheries and coastal
eutrophication, mitigation of the impacts of coastal flooding, and marine spatial planning.

3.3.3 System Requirements

Because of their episodic, transient nature, detecting and predicting HABs require frequent,
sustained, high resolution (< 10 km) observations. Thus, traditional approaches that depend
solely on ships for sampling and laboratories for chemical and biological analyses are not
sufficient in themselves. Remote sensing and new, autonomous, in situ sensing technologies with
real-time data telemetry are needed to develop comprehensive observation strategies for timely
detection of HAB abundance, distribution and toxicity.®® Combined with emerging data
assimilation and modeling capabilities, HAB prediction systems are emerging.®® These systems
are species-specific or target groups of species that have characteristics in common (e.g.,
pigmented species that cause problems when they bloom and have a surface signature that can be
detected from space).
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Observations:
In situ

During targeted periods and in ‘hot spots’: Sea surface winds, temperature, salinity, currents and
waves, density of vegetative cells, species/taxa-specific diagnostic phytoplankton pigments

Ocean color radiometry: e.g., chlorophyll-a, turbidity & colored dissolved organic matter fields
from water-leaving radiance spectrum;

SST & SSS fields;

Surface current fields

Ocean surface vector wind and wave fields

Buoyant plumes & wave fields

Observations:
Remote

Model K. brevis cell/chlorophyll-a
Requirements Sea surface temperature, salinity, chlorophyll, nutrient, current, and wave fields
Coupled hydrodynamic-particle transport models numerical models.

Near real-time chlorophyll-a fields (< 12 hr), environmental data and K. brevis cell density (< 1
hr from time of sampling)
Delayed mode K. brevis microscopic enumeration (< 24 hr from time of sampling);

Reporting

Table 5. Requirements for observations, models and data telemetry for K. brevis.

The US National Oceanographic and Atmospheric Administration (NOAA) has established a
HAB Operational Forecasting System (HAB-OFS) for K. brevis in the Gulf of Mexico (Table 5);
which demonstrates the effectiveness of the integrated use of in situ observations and remote
sensing through modeling.” Coupled hydrodynamic-particle transport models ingest near-real
time satellite imagery of ocean color (surface chlorophyll-a concentration), surface temperature,
winds, waves and currents and in situ measurements of K. brevis cell density. Microscopic
enumeration of K. brevis cell concentrations in samples collected from chlorophyll-a patches are
used to confirm the dominance of K. brevis.

The pre-operational observing and prediction system in the Gulf of Maine (Table 6) estimates the
distribution and abundance of A.fundyense using a coupled ocean circulation-population
dynamics model. A Regional Ocean Modeling System (ROMS)™ has been configured with a
high resolution (1 km) Gulf of Maine ROMS nested in a shelf-scale ROMS embedded in a data
assimilating North Atlantic Hybrid Coordinate Ocean Model (HyCOM)."? Data requirements are
initial boundary conditions from HYCOM ocean forecasts, weather forecasts (6-hourly wind and
heat fluxes from the US National Centers for Environmental Prediction), tides (from the NOAA
Center for Operational Oceanographic Products and Services), SST from satellites, and river
flows from US Geological Survey stream gauges.

Observations
In situ

Stream flows, tides, fall resting cyst maps, water temperature and salinity, currents, nitrate
concentration, density of vegetative cells in the water column

Observations

SST & SSS fields;

Remote Surface current fields
Ocean surface vector wind and wave fields
Buoyant plumes & wave fields
Model Coupled hydrodynamic-particle transport models numerical models.
requirements
Reporting Delayed mode fall resting cyst maps, nitrate concentration , density of vegetative cells

Near real-time stream flows, tides, water temperature and salinity, currents

Table 6. Requirements for observations, models and data telemetry for A. fundyense

The sub-model formulation includes population dynamics (cyst germination rate as function of
light and temperature, vegetative cell growth rate as a function of temperature and nitrate
concentration, mortality rate as a function of a temperature dependent Q1o and encystment rate as
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a function of temperature and nitrate concentration), cyst map from fall surveys (NOAA-EPA),
solar radiation (NCEP EDAS), and climatology nutrient fields (Bedford Institute of
Oceanography).”

3.3.4 Operational Status

The NOAA HAB Operational Forecast System (HAB-OFS) for K. brevis”* and provides
notification of bloom conditions to state and local coastal managers of the region (HAB Forecast
Bulletin”). HAB-OFS is the first example of operational forecasting of biological events’® and is
a prototype operational system for HAB species and regions that have the following features:

e Species that produce surface blooms that can be detected and monitored from space (via
ocean color radiometry — e.g., chlorophyll-a and anomaly products, spectral shape
products/indices);

e Species with a specific signature of inherent optical properties that enable in situ detection
using bio-optical sensors;

e The region has a history of monitoring that provides information on “hot spots” in time and
space and a means to validate space-based observations;

e Coastal ocean circulation models for the region are operational; and

e Impacts of cloud cover on space-based observations are minimal.

In addition to the Gulf of Mexico, these conditions are met in the Baltic and North Seas and
other regions where similar observing systems have been developed for cyanobacterial blooms. "’

In the Gulf of Maine, A. fundyense nowcasts and forecasts are being run in a pre-operational
demonstration mode with the goal of transitioning modeling capabilities to an operational agency
(NOAA) once the observing system is ready for operational use.’® This system is a prototype for
other regions where PSP events are common. The population dynamics of A. fundyense are
understood sufficiently well to allow modeling in both hindcast and nowcast modes.”® Annual
outlooks for the upcoming year are also modeled using previous autumn cyst maps and the range
of physical forcings from previous years of model runs. Once NOAA'’s requirements for
documentation and training have been met, this new capability will be transitioned into the
NOAA High Performance Computing System.

3.3.5 Gaps, Challenges and the Way Forward

The challenges to establishing systems such as those described above differ for developing and
developed countries. Thus, we offer two solutions. The first is for phased implementation of
existing capabilities on a global scale, and the second is for improving existing capabilities
(filing technical gaps) through partnerships between data providers and users in the respective
regions. Success of the latter is expected to facilitate improvements of the former over time.

Implementing Existing Capabilities

Developing either system for coastal waters of developing countries will require capacity
building and should begin with those countries where socio-economic impacts are clear and
which have one or more coastal marine laboratories. Here we focus on the K._brevis prototype
because it can be detected from space and a GOOS-GEOSS demonstration project (Chlorophyll
Globally Integrated Network, ChloroGIN®) has been implemented that can be leveraged.
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Satellite-based remote sensing of ocean color is the only means by which biological and
biogeochemical parameters can be observed synoptically through time on ecosystem to global
scales. The information is useful for ecosystem-based management of fisheries® and for
detecting and tracking HABs that have a surface chlorophyll signature. However, the information
is, for the most part, limited in its use to developed countries. Thus, a global network should be
utilized to disseminate this information to both developing and developed countries as described
in Chapter 5.

The current ChloroGIN network consists of three primary regional centers (in Latin America,
South Africa and India) with links to four northern centers (United Kingdom, European
Commission Joint Research Centre, Canada, and Japan). Two training courses on “Methods and
Applications of Ocean Color Remote Sensing in African Coastal and Regional Seas” have been
conducted in Mombasa and Zanzibar. Ongoing activities include (1) updates of in situ
measurement protocols for consistency and minimum capability of all partners; identification of
laboratories conducting HPLC analyses that will take samples from ChloroGIN sites for analysis;
demonstrations of in situ capability on web portals; (4) updates of protocols to optimize file
formats for satellite data; and establishing specifications for information system compliance and
development.

Working within the framework of ChloroGIN, next steps for implementing HAB observing
systems are to indentify ‘hot spots’ of HABs in time and space; formulate Chl climatologies for
these regions; establish protocols for validating that Chl anomalies in ocean color images are
dominated by HAB species; implement coupled hydrodynamic-HAB models to forecast
trajectories and landfalls; and disseminate products to user groups.

Filling Technical Gaps

For Karenia brevis, sustained funding is needed to expand and maintain HAB-OFS to the entire
Gulf of Mexico as an integrated component of the Gulf of Mexico Coastal Ocean Observing
System (Harmful Algal Bloom Integrated Observing System, HABIOS), transitioning real-time
in situ measurements of cell densities (e.g., flow-through spectrophotometer mounted on
moorings and AUVs®) from research to an operational mode, and implementing 4-D
hydrodynamic models to forecast environmental conditions favorable for blooms, bloom
trajectories, and bloom dissipation rates. To these ends, the Regional Association for the Gulf of
Mexico Coastal Ocean Observing System and the Gulf of Mexico Alliance are working together
to develop HABIOS for the Gulf of Mexico. Participants in the Gulf of Mexico HABIOS
planning are from U.S. local, state, and federal governments; the private and academic sectors;
and various governmental groups in Mexico. Three HAB workshops® have been held to define
the HABIOS. A final GCOOS-GOMA workshop will finish the implementation plan with a
preliminary budget.

For A.fundyense, sustained funding is needed for transitioning this pre-operational demonstration
project to operational status, developing automated in situ capabilities for monitoring the
abundance of A.fundyense (e.g., the Environmental Sample Processor®), and global
implementation in coastal waters of developing countries. Partners include NOAA’s National
Ocean Service, Northeast Regional Association for Coastal Ocean Observing System
(NERACOOS), Woods Hole Oceanography Institution (WHOI), Massachusetts Department of
Marine Fisheries Shellfish Sanitation Program, Maine Department of Marine Resources
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Biotoxin Monitoring Program, and New Hampshire Department of Environmental Services
Shellfish Monitoring Program.

3.4 Loss and Modification of Biologically Structured, Benthic Habitats (Primary
Pressures: Table 7 below)

3.4.1 Introduction

Major benthic habitats include abiotic substrates (e.g., hard bottoms, soft bottoms, mud flats,
rocky intertidal) and biologically structured habitats (live cover). The latter support high species
diversity and economically important living marine resources and are the focus here. Knowledge
of distribution patterns of live cover (coral reefs, oyster reefs, kelp beds, seagrass beds, salt
marshes, and mangrove forests) is essential information for fisheries management,
conservation of species diversity, and assessing vulnerability to coastal flooding. These
habitats are also being lost and modified (e.g., fragmented) at an alarming rate due to coastal
development (e.g., urbanization, agriculture, hardening shorelines), land-based inputs of
sediments and nutrients, aquaculture, over fishing, destructive fishing (dynamiting, dredging),
channelization (e.g., flood “control” and channels for marine commerce), sea level rise, ocean
warming and ocean acidification (Table 7).

Warm, Shallow Cold, Deep Oyster Kelp Seagrass Salt Mangrove
Pressure Water, Coral Water Coral Reefs Beds Beds Marshes Forests
Reefs Reefs
Coastal
development X X X
Land-based
inputs X X X X
Aquaculture X X
Natural hazards X X X X X X
Over fishing X X X X
Destructive
fishing X X X
Dredging &
Channelization X X X
Sea level rise X X X X
Ocean warming X X
Ocean
acidification X X X

Table 7. Pressures that have major impacts on biologically structured habitats.

The magnitude of the problem is indicated by the rates of shoreline development (1 km per year)
and global habitat losses (20% of coral reefs, 29% of sea grass beds, and 35% of mangrove
forests) between 1960 and 1995.%° Such losses result in declines in species diversity, disrupt
natural biogeochemical cycles, and threaten the survival of living resources that use these
habitats for spawning, nurseries, food and protection from predators.

3.4.2 Products and Applications
In terms of the capacity of ecosystems to support goods and services, the most useful indicators
of ecosystem state are the distribution and condition of sentinel species or functional group
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(those that are sensitive to particular ecosystem pressures and portend of losses of habitat and
biodiversity): species of hard coral of the order Scleractinia (both the iconic warm, shallow-water
and cold, deep-water coral species) mangrove forests, tidal marshes, sea grass beds, and kelp
forests. Priority ecosystem state indicators are as follows:

e The spatial extent and condition of living warm and cold water coral reefs, sea grass beds,
mangrove forests, and tidal marshes;

e Spatial extent of dead cover; and

e The abundance and species diversity of living resources occupying each habitat.

Interannual trends in these indicators and the pressures described above (products) will inform
integrated assessments of the effects of anthropogenic pressures and changes in environmental
conditions. Timely computation and delivery of priority ecosystems state indicators will enable
effective protection of critical habitats that possess innate value (such as supporting high
biodiversity) as well as the allocation of areas for managed exploitation (e.g. MPASs). Such
information is of value to organizations responsible for management action (including managing
marine protected areas, sanctuaries and parks; fisheries management, nutrient and sediment
management in watersheds), local communities and fishers that depend on the resources these
habitats provide (e.g., seafood, income from tourism), and tourists attracted to these habitats.
Knowledge of the extent of habitat loss and modification will guide actions such as the
establishment of marine protected areas and identifying alternative sites for development and
exploitation. It will also help provide appropriate boundaries and parameters for the
rehabilitation or restoration of degraded sites if this is a feasible and desirable option (e.g.,
establishing networks of MPAS). Specific applications include the following:

e Assessments (status and vulnerability) of threatened habitats under specific pressures;

e Designation of marine protected areas (location, spatial boundaries, spacing in networks);

e Marine spatial planning® including designation of areas open for exploitation of resources,
development, restoration , limited use, and no-access zones and fishing activities;

e Management of land-based inputs to these habitats;

e Management of living marine resources that depend on these habitats; and

e Assessments of the vulnerability to coastal erosion and flooding.

3.4.3 System Requirements

Observations: In « Annual surveys of the extent & species composition of biologically structured benthic
situ habitats & dead cover (including validation of remote sensing images)
« Environmental conditions
o Water temperature, salinity, water level
« Environmental conditions
o Sediment & freshwater inputs (salt marshes & mangrove forests)
o Nutrient & chlorophyll-a concentrations, light attenuation (seagrass beds & kelp forests)
0 Aragonite saturation state, nutrient & chlorophyll concentrations, sedimentation, light
attenuation (coral reefs)

Observations: « Spatial extent of warm water coral reefs, sea grass beds, kelp beds, mangrove forests, and
Remote sensing salt marshes & land-cover of adjacent catchment basins updated annually

« Spatial of extent of cold coral reefs updated annually

o SST fields

« Ocean color radiometry: Chlorophyll-a, total suspended matter/turbidity & colored
dissolved organic matter fields from water-leaving radiance spectrum
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« Digital, high resolution maps of topography & near shore bathymetry updated at regular

intervals
Modeling & « Statistical, geospatial models of habitats (GIS)
Analysis  Statistical models relating

0 Habitat extent to time (temporal trends)

o Temporal changes in habitat extent & species diversity to relevant environmental
parameters

0 Coral bleaching to SST anomalies

o Calcification rates to aragonite saturation state and temperature

Reporting o Near real-time (< 12 h) for near-surface environmental parameters

« Delayed mode (< 1 month) for environmental conditions near sea mounts (cold corals); (<
1 week) for annual in situ surveys; (< 1 month) for near shore topography-bathymetry and
for cold water coral reef imaging

Table 8. Requirements for observations, data telemetry and models (habitats).
3.4.4 Operational Status

Technological developments in recent years have made it possible to obtain synoptic, large-scale
images of coastal habitats and changes in their areal extent over time. Observing system
requirements can be met using remote and in situ sensing combined with on sight measurements
by trained personnel (above ground surveys, divers, towed cameras and acoustic instruments).
The main challenges are access to and integration of data to compute products and complete
integrated assessments.

Data providers include scientists in academic, research or government institutions; NGQO’s such
as Conservation International; government bodies responsible for monitoring water quality,
living resources; and volunteer networks. While many of the technologies needed to establish
operational networks are at mature readiness levels, implementation is limited to North America,
Europe, Australia and Japan. Only two mature networks are global in scope: the Global Coral
Reef Monitoring Network (GCRMN)®" and the SeaGrass Monitoring Network (SeagrassNet).%®
GCRMN is well established network in terms of duration, spatial extent, continuity and
engagement of a large network of volunteer scientists. It is implemented by volunteers in a
number of countries who carry out in situ surveys of their coral reef resources on a fairly regular
basis. The results are integrated every few years into a global assessment of the status of coral
reef ecosystems. An emerging program that is becoming global in scope has been initiated by
NOAA. This program uses both remote and in situ sensing to monitor SST, spatial extent of
warm water coral reefs, bleaching and spawning.® Since 2003, NOAA has operationally
delivered synoptic satellite-derived products for coral reefs globally to provide current reef
environmental conditions to quickly identify areas at risk for coral bleaching.®® SeagrassNet is
also a volunteer program for regular monitoring of sea grass beds in selected coastal sites
worldwide. Begun in 2001 in the western Pacific, SeagrassNet now includes 115 sites in 32
countries with a global monitoring protocol and web-based data reporting system. The ultimate
aim is to preserve seagrass ecosystems by increasing scientific knowledge and public awareness
of this threatened coastal resource.

The Ramsar Convention has established a global network of protected wetlands that include
mangrove forests and salt marshes (Ramsar sites).” To date, 160 counties have signed the
convention and there are 1929 sites with a combined area of 187,989,389 hectares. One of the
major goals of the convention is to maintain an inventory of sites and monitor their extent and
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condition (Goal 1, Strategy 1.1 Wetland inventory and assessment). However, sustained
monitoring programs have yet to be established for most of these sites.

Regional monitoring is limited. Regional Seas Conventions monitor habitat extent and condition,
but sustained monitoring is conducted in only a few places (e.g., the Mediterranean, Baltic Sea,
North Sea, and Black Sea). Under the auspices of IOC-WESTPAC, a coastal habitat mapping
working group is currently operating in Indonesia and Malaysia using a combination of satellite
data and echo sounder methods complemented by SCUBA diving.

3.4.5 Gaps, Challenges and the Way Forward

The significant challenges include the need for sustained funding and for capacity building in
developing countries globally. Many developing countries possess a critical mass of scientists
and skilled personnel who have been educated in-country, or who have been sent overseas for
advanced training. However, implementation of sustained coastal observations of habitats
depends on training programs that provide specific training for nationals in recipient countries to
update their skills and learn requisite methods for implementation.

A possible pilot project is the collation of all available, validated remotely sensed images to
document trends for selected coastal sites around the world, focusing on warm water coral reefs,
seagrass beds, salt marshes and mangrove forests. This information could be related to known
environmental threats and to changes in the abundance and diversity of living marine resources
to provide integrated assessment that enable appropriate and timely management action. As more
information becomes available, one could consider a pilot project which aims to provide the best
feasible audit of the state of coastal habitats globally. Such an audit should be updated at
annually. As a start, candidate regions may be selected where local scientific capacity is known
to be in place and where there is a reasonable amount of supporting infrastructure and technical
capability. A pilot project would involve a combination of regions, preferably from both northern
and southern hemispheres.

3.5 Ecological Buffers to Coastal Flooding (Primary Pressures: Table 7)
3.5.1 Introduction

The effects of tropical cyclones, extratropical storms and tsunami on coastal populations will be
exacerbated by climate-driven sea level rise and the loss of ecological buffers to coastal flooding
(tidal wetlands, seagrass beds, kelp beds, coral reefs, sand dunes and barrier islands).*” Flooding
events will become more frequent and severe; tidal wetlands, sand dunes, river deltas and other
low lying land forms will be gradually inundated and eroded; coral reefs and seagrass beds will
receive less light compounding the effects of ocean warming, acidification, and destructive
human activities; salinity will increase in estuaries; and aquifers will be contaminated with salt.
Flooding and subsequent runoff events will increase risks of public exposure to waterborne
pathogens and chemical contaminants, degrade the health of coastal marine and estuarine
ecosystems, and impair their ability to support goods and services, including the sustainability of
living marine resources. Improving the reliability of model-based predictions of (1) climate-
driven sea level rise and hazard-driven (e.g., tropical cyclones, extratropical storms, tsunami)
coastal flooding and (2) the effects of sea level rise and coastal flooding on coastal populations
and marine ecosystems are high priorities for adapting to climate change and mitigating the
effects of natural hazards.
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Given the emphasis of the ocean-climate module of GOOS on detecting and predicting flooding
events (storm surge) and sea level rise, our recommendations focus on observing system
requirements for the following:

e Documenting changes in ecosystem states in terms of the spatial extent and fragmentation of
ecological buffers that influence the vulnerability of coastal populations to flooding; and

e Estimating impacts of changes in ecosystem states on the vulnerability of coastal populations
to flooding and water quality.

The socio-economic impacts coastal flooding can be assessed in the short term based on the
number of deaths, injuries, homelessness, economic losses, insured losses, and government
expenditures®™ and in the long term by changes in the Human Development Index (HD1)* of
coastal nations.

3.5.2 Products and Applications

Of the external pressures on coastal ecosystems, coastal flooding caused by tropical and
extratropical storms is among the most significant in terms of impacts on ecosystem goods and
services and on coastal communities. Sea level rise and coastal urban development will combine
to more than triple the number of people vulnerable to coastal flooding by 2070.% In the absence
of informed ecosystem-based coastal zone management, environmental protection and resource
management in near shore lands and waters, this will have major socio-economic consequences
globally. The following products for targeted coastal zones will inform ecosystem-based decision
making:

e Digital, high resolution (< 1 km) maps of vulnerability® to flooding updated at 1 — 5 yrs
intervals depending on coastal geomorphology and frequency & magnitude of flooding
events in targeted regions;

e Scenario predictions of 5 — 10 yr changes in vulnerability based on projections of sea
level rise, erosion, habitat change, and land-use in targeted regions; and

e Post — event digital maps of ecological buffers and water quality indicators (waterborne
pathogens, suspended sediments, nutrient concentrations, phytoplankton biomass,
dissolved oxygen, methylmercury, and polycyclic aromatic hydrocarbons) updated daily
until the event signature in the salinity field has dissipated.

Users and applications include coastal land-use managers and developers (use assessments of
vulnerability to guide the sustainable development of coastal communities, agriculture and
infrastructure), insurance and re-insurance industries (Insurance rates guided by the probability
of flooding), emergency responders (determine safe and efficient evacuation routes in advance of
anticipated flooding events), and the public (awareness of vulnerability).
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Box 2

The Insurance Industry and Coastal Inundation
From The Geneva Reports (2009, No. 2, 138 pp.) <www.genevaassociation.org>

Some of the first and most severe impacts of climate change will come through greater storm surges caused by a
combination of higher sea levels and stronger storms in some regions. In the absence of storm surge, a 20-80 cm rise
in mean sea level will place 7 — 300 million additional people at risk of being flooded each year (Stern, 2007. The
cast for action to reduce the risks of climate change, In After the Stern Review: Reflections and Responses, Office of
Climate Change, U.K.). Increases in storm surge will increase these numbers substantially. The Organization for
Economic Cooperation and Development (OECD) estimates that, in the absence of adaptation, the population in 136
major port cities exposed to storm surges could increase from 40 million in 2005 to ~150 million in the 2070s with
exposed assets rising from US $3,000 billion to US $35,000 billion (Nicholls et al., 2008. Ranking port cities with
high exposure and vulnerability to climate extremes: exposure estimates, OECD Environment Working Papers, 1).
As a proportion of GDP, economic losses from flooding are much higher for developing countries that for developed
countries (Ramsharan, 2007. Does the exchange rate regime matter for real shocks? Evidence from windstorms and
earthquakes. J. International Economics, 73: 31-47.) Financial losses from weather events are currently doubling
every 12 years at an annual rate of 6% (UNEP Finance Initiative, 2006. Adaptation and vulnerability to climate
change: the role of the finance sector, CEO Briefing, November, 2006, Geneva).

To adapt to greater storm surges, one option for at-risk regions is to invest in hard defenses such as flood barriers or
in the maintenance and restoration of natural ecological buffers such as tidal wetlands, seagrass beds, kelp beds,
coral reefs, and barrier islands that retain floodwater, dampen storm surges and/or prevent coastal erosion. Building
codes can be strengthened by incorporating flood and storm proofing measures (e.g., property elevation, engineered
foundations, reinforced cladding). Drainage systems can be improved or installed to handle larger volumes of water.
Managed retreat from the shoreline can be implemented in regions deemed to be too costly to protect. Critically,
early warning observing and prediction systems and sound strategies for adaptation (from evacuation to land-use
practices) are needed to reduce exposure risks. This is especially important in the developing world here human
exposure is often substantial, vulnerabilities are high, and investment available for other options is low.

The use of risk-based pricing for insurance can stimulate adaptation that reduces risk. Where observations are of
sufficient granularity, insurers can often differentiate between risks. The presence of risk reduction methods can be
indicative of lower claims which justify lower premiums. Conversely, a regulatory regime that does not allow risk-
based pricing can lead to responses by the public and business that exacerbate coastal flooding risks. Insurers that
provide liability insurance can also motivate professionals to give climate-risk advice to their clients recognizing
that those who do not are open to legal challenges that may lead to professional indemnity or errors and omissions
claims.

3.5.3 System Requirements (Table 9)

Priority locations for establishing the end-to-end observing system are coastal zones that have a
history of flooding, are vulnerable to sea level rise and flooding events, and have high population
densities, extensive infrastructure and/or agricultural activity, e.g., major river deltas, low lying
estuarine and coastal land forms, small island developing states. Observing system requirements
are summarized in the Table 9.
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Observations | e Sea level along the land sea-interface at representative locations

In situ « Rain fall & river flows

« Validate remote sensing images of the extent of ecological buffers

« Post event distributions of water quality parameters (dissolved nutrients, waterborne pathogens,
turbidity, dissolved oxygen, chlorophyll-a, methylmercury, polycyclic aromatic hydrocarbons)

e Coastal zone patterns of land-cover/use & geospatial boundaries of low lying areas susceptible to

Observations flooding updated at 5 year intervals

Remote e Spatial distribution of natural ecological buffers (tidal wetlands, seagrass beds, kelp beds, coral
reefs, sand dunes & barrier islands) updated annually

e Digital, high resolution maps of near shore topography and bathymetry updated at 5 year intervals
& after major flooding events
Wet precipitation & river flows

Post event temperature, salinity and chlorophyll fields

[ ]
e Spatial extent of flooding
[ ]
[ ]

Model High-resolution digital elevation models of topography, shoreline position, bathymetry, & spatial
Requirements | extent of floods
e Algorithms to compute levels of vulnerability as a function of
0 Current & predicted seasonal & annual mean sea level,
0 Coastal zone topography & bathymetry, &
o Spatial distributions of ecological buffers
e Geographic Information System maps of levels of vulnerability (current & projected) & water
quality

Reporting ¢ Delayed mode for boundaries, land-use/cover, ecological buffers, coastal zone topography-near
shore bathymetry& validation
o Near real time for water quality parameters, tides, river flows & wet precipitation

Table 9. Requirements for observations, models and data telemetry (coastal inundation).
3.5.4 Operational Status

Our ability to provide timely assessments of vulnerability and realistic long-term scenarios of
changes in vulnerability on spatial scales needed for ecosystem-based management of the
impacts of flooding events and adaptation to sea level rise is limited at best. The technology
exists to map the extent and condition of ecological buffers (GPS linked tide and river flow
gauges, satellite remote sensing [MODIS bands 1 and 2, radar altimetry, INSAR & gravity]*” and
airborne LIDAR and photography). The primary limiting factors are the lack of calibrated and
validated algorithms for computing levels of vulnerability based on relationships between the
spatial extent of floods, topography-bathymetry across the land-sea interface, land-use, and
ecological buffers. The problem is exacerbated by current limitations and the reliability of real-
time predictions of local mean sea level and long-term predictions of absolute sea level rise on
local-regional space scales.

3.5.5 Gaps, Challenges and the Way Forward

Managing and mitigating the impacts of coastal inundation require high resolution, digital,
geospatial 5 — 10 year forecasts of vulnerability to coastal inundation that are updated at 1 — 10
year intervals depending on coastal geomorphology and the rates of coastal development and
changes in land- and water-use practices. Such maps must be grounded in observations and
capture the effects of changes in shoreline position, near shore bathymetry and topography (e.g.,
from 50 m below to 100 m above local mean sea level relative to a single internationally adopted
vertical datum), the extent and condition of near shore ecological buffers, human population
density along rural-urban continuum, and spatial extent of impermeable surfaces and hardened
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shoreline. Algorithms for computing levels of vulnerability based on relationships between the
spatial extent of floods, topography-bathymetry across the land-sea interface, land-use, and
ecological buffers are in development as are models for generating geospatial maps of levels of
vulnerability. The main challenges are data integration and the development and validation of the
required algorithms. Pilot projects should focus on the development and validation of algorithms
for computing vulnerability and on scenario-based predictions of the consequences of near-shore
land-use practices and changes in the distribution of ecological buffers.

3.6 Distribution and Condition of Calcareous Organisms (Primary Pressure: Ocean
Acidification, Table 7 for Coral Reefs)

3.6.1 Introduction

Since the beginning of the industrial revolution, ocean pH has decreased by 0.1 units on average,
and model projections suggest even greater reductions by the end of this century.*® Of particular
concern are decreases in the saturation levels of the carbonate minerals calcite and aragonite
which are expected to be greatest at high latitudes as under saturated waters shoal.*® Such
changes in seawater carbonate chemistry may result in decreases in calcification rates of
calcareous organisms.'® Lower calcification rates would lead to losses of coral reef habitats and
declines in the abundance of plankton species, both of which would have profound effects on the
capacity of marine ecosystems to support living marine resources.'%*

Pressures associated with ocean acidification include increases in pCO,, decreases in pH and
associated changes in aragonite and calcite saturation levels. Biological indicators of ecosystem
state include the distribution and abundance of calcareous organisms most likely to be affected
by these pressures, e.g., coral reefs, coccolithiphores, foraminifera, and pteropods. Recognizing
that the effects of ocean acidification vary among species of calcareous organisms,**? and much
remains to be determined regarding how best to monitor and assess these effects, the end-to-end
system described below is likely to evolve rapidly as new knowledge and technologies become
available.

3.6.2 Products and Applications

Indicators (products) of pressures associated with ocean acidification are (1) regional to global
scale maps of surface pCO, and pH and the depth of the aragonite saturation horizon (seasonal
means updated annually); and (2) temporal variations in these parameters at sentinel and
reference sites (section 5.5). Biological indicators of ecosystem state (products) are as follows:

e Spatial extent and condition (species diversity, coral skeletal density) of warm and cold water
scleractinian (stony) corals updated annually; and

e Abundance and distribution of the sentinel species (coccolithophore E. huxleyi and the
thecosomate pteropod Limacina spp.) during their seasonal maxima.

Users and applications include marine resource and MPA managers (marine spatial planning);
shellfish mariculture (siting and targeted species); recreation and tourism (location of
biodiversity hotspots); the public (promoting efforts to reduce carbon emission); environmental
scientists (development of new tools and capabilities to better assess and monitor ocean
chemistry and ecosystem changes and impacts); and the Regular Process of the United Nations.
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3.6.3 System Requirements

Basin and regional-scale changes in carbon chemistry can be monitored synoptically through
both satellite remote sensing and in situ measurements. For effective use of in situ assets, sites
that are most likely to provide early warnings of the ecological impacts of ocean warming should
be targeted (section 5.5). Observing system requirements are summarized in Table 10.

e Temperature, Salinity and O,

e Primary carbonate chemistry parameters (pCO,, pH, Total alkalinity,
DIC, aragonite saturation horizon)

Observations: In situ e Skeletal density of stony corals

Abundance of the pteropod Limacina spp., & the coccolithophore

Emiliania huxleyi

Spatial extent & condition of coral reefs at sentinel sites

Shellfish aquaculture production

Sea surface temperature (SST) & salinity (SSS)
Ocean color radiometry (OCR)
Ocean surface vector winds (OSVW)

Observations: Remote

Coupled circulation, biogeochemical and ecological models (global and
Model Requirements regional)

Atmospheric CO, mole fraction
e Calcification rate versus aragonite saturation state

Reporting Delayed mode: weekly to monthly for remote observations and physical
and biogeochemical modeling output; monthly to annually for in situ
observations

Table 10. Requirements for observations, models and data telemetry (calcareous organisms).
3.6.4 Operational Status

Observations and assessments of ocean acidification are still largely a research activity, although
efforts are underway to implement national and international observational networks.’®® These
are primarily concerned with ocean acidification per se, but assessments of impacts on ecosystem
states are increasing. A variety of in situ and satellite measurements are available in various
stages of operational maturity. Protocols for ship-based sampling have been established for
measuring carbonate chemistry parameters but not for sampling regimes in time and space.
Commercial sensors are available for pCO, and pH that can be deployed on moorings, gliders
and floats, but there is a need to develop new/improved autonomous sensor measurements for
DIC and total alkalinity (required to compute aragonite saturation state).'%*

Shellfish bed and coral reef surveys and assessments are routinely made, and coral skeletal
density is readily measured in the lab. Massive colonies of the order Scleractinia typically
deposit layers of skeleton in varying densities, as determined by environmental parameters such
as temperature and pH. These layers may be resolved to annual temporal scales, and may be
correlated with time-series measurements (on the order of decades, as these become available) of
pH to determine possible effects of increasing acidification. The CPR program is operational
and is providing data on the distribution and abundance of calcareous plankton, but more CPR
lines employing species-specific molecular probes for identifying organisms collected with the
CPR are needed.

42




FINAL DRAFT February 2012

Satellite derived measurements of SST, OSVW and OCR are either operational or being
transitioned into operations. Operational, satellite-derived basin-scale ecosystem products are
presently being implemented, including global maps illustrating calcite concentration as well as
the presence of E. huxleyi blooms. In combination, these two products can be used to
monitor the areal extent, timing and calcite produced by blooms of
this biogeochemically important phytoplankton species. Additionally, an experimental ocean
acidification product suite is presently available for the greater Caribbean region and is being
assessed by users.’® SSS is an emerging space-based parameter, presently being measured at
coarse-scales on an experimental basis.

3.6.5 Gaps, Challenges and the Way Forward

Monitoring pressures associated with ocean acidification and their effects requires large-scale
and sustained programs of in situ measurements. International cooperation to develop a
coordinated, global network of ocean observations that could leverage existing infrastructure and
programs will be required. As recommended by Gruber et al.,’®® an observing system for ocean
biogeochemistry is needed to determine, understand, and predict the past, present, and future
oceanic sinks for anthropogenic CO, and associated changes in ocean biogeochemistry. The
system would consist of an expanded SOOP network for surface measurements (air-sea fluxes),
regular ship-based survey network for the ocean’s interior, the OceanSites network for time-
series observations, and Lagrangian networks. Such coordinated effort is also needed for the
coastal ocean on a global scale.®” Potential ocean acidification monitoring sites need to be
identified for both open-ocean and coastal regions.’® A pilot project linking basin-scale climate
change assessments with regional-local impact assessments, insuring the use of sentinel locations
in tropical, temperate, and polar-regions (section 5.5), is highly desirable.

Participants in the Second International Symposium on The Ocean in a High CO, World'®® made
the following recommendations for observational networks for tracking acidification and its
impacts:

e Develop new instrumentation for autonomous measurements of CO, system parameters,
particulate inorganic (PIC) and particulate organic carbon (POC), and other indicators of
impacts on organisms and ecosystems;

e Maintain, enhance, and extend existing long-term time series that are relevant for ocean
acidification;

e Establish new monitoring sites and repeat surveys in key areas that are likely to be vulnerable
to ocean acidification;

e Develop relaxed carbon measurement methods and appropriate instrumentation that are
cheaper and easier, if possible, for high-variability areas that may not need the highest
measurement precision;

e Establish a high-quality ocean carbon measurement service for those unable to develop their
own measurement capabilities;

e Establish international collaborations to create a data management and synthesis program for
new ocean acidification data and data mining and archival for relevant historical data sets;

e Work on developing an ocean acidification index (perhaps saturometry using a standard
carbonate material); and

e [Initiate specific activities for education, training, and outreach.
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New autonomous, small, low power sensors are needed for in situ measurements of DIC and
total alkalinity in both Eularian and Lagrangian modes. Existing profiling float, VOS and SOOP
programs need to be expanded to include more pCO, and pH sensors. Time series measurements
and more sentinel sites are needed, especially in highly productive coastal and estuarine systems
(section 5.5). New and improved remote sensing capabilities (algorithms, product development,
suitable proxies et al.) are needed especially for more accurate estimates of SSS and for
estimating the abundance of coccolithophores.

In terms of recommendations for future research, five priorities have been identified:™° (1)
understand processes affecting acidification in coastal waters; (2) assess the potential for
calcareous organisms to acclimate and adapt to changes in the carbonate system; (3) investigate
the responses of individuals, populations and communities; (4) understand ecosystem level
consequences; (5) investigate the interactive effects of multiple stressors; and (5) understand the
socioeconomic impacts and inform decisions.

3.7 Abundance of Exploitable Fish Stocks (Primary Pressures: Fishing, Loss of Habitats
& Species Diversity, Ocean Warming and Acidification)

3.7.1 Introduction

Increased demand for fish and shellfish (for human consumption and aquaculture production) is
threatening food security since the survival of many fish stocks as biomass has dropped below
maximum sustainable yield (the traditional single species management target) for over 60% of
fish stocks for which stock assessments are available.™ Together, fishing and changing
environmental conditions (e.g., chemical contamination, hypoxia, toxic algal blooms, ocean
warming and acidification) are placing wild fish stocks under unprecedented stress.'*? As
discussed in chapter 1, this problem is being addressed by transitioning from traditional single
species management of capture fisheries to an EBA to fisheries management in which fishing is
managed in the context of interactions of fish stocks with other organisms (prey, predators, and
competitors) and their environment.*® The success of this approach depends on (1)
simultaneously monitoring multiple pressures and ecosystem states; and (2) rapid detection and
timely predictions of changes in ecosystems states and their impacts on carrying capacity.

Given previous sections on ecosystem pressures and states, monitoring and assessing the status
of exploited fish stocks is addressed here. Integration into a system of system for EBAS is
addressed in Chapters 5 and 6.

3.7.2 Products and applications

Major pressures on harvestable fish stocks include fishing, land-based inputs of chemical
contaminants and nutrients, ocean warming and ocean acidification. Indicators of ecosystem
states most relevant to sustainable fisheries are temperature and salinity fields; the distribution
and abundance of food (phytoplankton, zooplankton) and natural predators; hypoxia and loss of
essential fish habitats;''* toxins produced by harmful algae; and species diversity.

Priority products are seasonal and annual stock assessments™® based on catch statistics (species,
biomass, numbers, size) and fishery independent surveys (catch per unit effort, abundance and
diet of spawning stock year classes) and maps showing the number and location of active fishing
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vessels. Users include fishers, living marine resource managers, fisheries scientists and
oceanographers, coastal marine conservation managers and conservation agencies, compliance
enforcement agencies, fisheries ministries, FAO, regional and international fishery commission,
and the Regular Process. Applications include setting fishing quotas (or total allowable catch) for
subsistence, recreational, and commercial fisheries and permissible bycatch levels;
documentation of illegal fishing; allocation of aquaculture licenses, associated regulations and
enforcement of quotas; annual “State of the Stocks” reports with trend assessments and
projections of changes in spawning stock abundance and maximum sustainable yield for both
local management applications and fulfillment of international reporting requirements (e.g. LME
Commissions, FAO databases, Regular Process, etc.).

3.7.3 System requirements

Specification of observing system requirements is guided by the data and information needed for
stock assessments (Table 11).

Fisheries dependent catch statistics (observers & landings)
e Species, biomass, numbers, size & mean trophic level

e Bycatch
Fisheries independent surveys of harvestable fish stocks
Qbservations: In e Distribution & abundance of fish eggs, larvae, juveniles & year classes (cohorts) of adult
Situ spawners (age structure)

o Migration routes between feeding & spawning grounds
Environmental data

o Water temperature & salinity

e Chlorophyll-a

e Zooplankton (macro- & meso-) abundance

e Abundance of predators

o Sea surface temperature, salinity, wind & current fields

Observations: o Phytoplankton biomass (chlorophyll-a), primary productivity, and frontal products (ocean
Remote color radiometry derived)

o Spatial mapping of fishing vessels

o Computation of phytoplankton productivity from chlorophyll-a, photosynthetically active
radiation and temperature.
o Stock assessments
0 Virtual population analysis (VPA) requiring data on the number of fish in each cohort
Model & algorithms for relating the variable of interest to the variable measured (e.g., stock
Requirements size estimated from CPUE) and estimating errors;
0 Multi-species virtual population analysis (MSVPA) requiring additional data diet
(stomach contents) and predation rates.
e Ecosystem & trophic dynamics
o Ecopath with Ecosym
o0 Atlantis, SEAPODYM, GADGET

o Delayed mode (< 1 month) for stock assessments used to set annual & seasonal total

Reporting allowable catches & quotas

o Near real-time (< 12 hours) for monitoring compliance & anomalies from historical trends
during the fishing season to support adaptive management

Table 11. Requirements for observations, models and data telemetry (living marine resources).
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3.7.4 Operational status

Although observations and models that inform single species fisheries management have been
operational for years, there are very few fisheries for which EBAs are used to support
management decisions operationally.**® Management systems, be they via international fisheries
commissions or coastal states, tend to presume that there are sufficient data on the state of fish
stocks and their environment to make informed and defensible management decisions. However,
data on fish stocks relies heavily on fish landings as fishery independent surveys are limited in
terms of both the number of fish stocks surveyed and the frequency and scope of the surveys
themselves. In regard to the former, increasing numbers of industrial scale fisheries are
subscribing to accreditation and certification by the Marine Stewardship Council™’ as consumer
pressure increases on suppliers to demonstrate sustainable fishing practices (using eco-labeling
of fish products). This approach uses individual evaluation of fisheries from a technical and
economic point of view and audits management approaches from the scientific, assessment and
marketing (traceability) aspects of each fishery (i.e., target species). Participation by commercial
fisheries is voluntary and the number of certified fish stocks (91) is a small fraction of the total
number of harvestable fish stocks in the ocean.

3.7.5 Gaps, Challenges and the Way Forward

Traditional fisheries management has failed to halt the global decline in wild fish stocks and
many examples of over-exploited fisheries and impacted marine systems exist. In this regard,
major limitations to operational implementation of EBAs include the sparse availability of data
needed to conduct comprehensive annual stock assessments for all commercial stocks; lack of
information on the migratory patterns of exploited fish populations; and the lack of sufficient
data on ecosystem states that are provided in near-real time at rates required to make timely
assessments of the effects of environmental variability on fecundity, recruitment, natural
mortality and migration patterns.. Some nations have invested much time and money in routinely
monitoring fish populations to underpin stock assessments to fisheries management. However,
implementation of EBAs requires a much broader and data-rich information-base for decision
making.

Operational delivery of data and information on the status of the ecosystem requires greater time-
space resolution than can be provided by ships and in situ sensors alone. While additional
sampling from these platforms (ships and sensors on moorings, gliders, and pelagic animals) are
clearly needed, these observations by themselves will not provide the time-space resolution of
essential biological variables required for EBAs. To address this limitation, additional sampling
platforms and autonomous sensors are needed, e.g., satellite-based remote sensing and automated
acoustic sampling of the oceans interior.

Satellite-Based Remote Sensing

A recent IOCCG report**® has documented the critical role that satellite-based remote sensing is
and will play in providing data with sufficient time-space resolution to elucidate linkages
between climate-driven changes in marine ecosystems and the dynamics of fish and
phytoplankton productivity. Quantifying stock-recruitment relationships and identifying the
environmental factors modifying them is not possible using traditional oceanographic methods
by themselves. Satellite-derived estimates of ocean surface currents and frontal zones,

46



FINAL DRAFT February 2012

temperature (SST), salinity (SSS), ocean color radiometry (e.g., phytoplankton biomass and
phytoplankton productivity estimates) have made these objectives achievable, and the results can
be used to inform ecosystem-based stock assessments. The challenge is in quantifying
relationships between these satellite-derived estimates of the distributions of SST, SSS and
phytoplankton productivity and the abundance and distribution of higher trophic levels from
zooplankton to fish. Four general approaches are available to estimate the production and
biomass of fish and other high trophic level organisms from primary production: statistical
models (e.g., regressions of fish landings on primary production), size spectra models, energy
mass-balance models and ‘end-to-end’ or ‘physics-to-fish’ ecosystem models. All depend on or
benefit from the provision of satellite data.

The SAFARI (Societal Applications in Fisheries and Aquaculture using Remotely-Sensed
Imagery) project is a Canadian contribution to GEOSS and of particular significance to the
development of this end-to-end system.™® The goal of SAFARI is to identify and implement a
suite of ecological indicators computed using data from satellite-based ocean observations for
detecting changes in marine ecosystem states caused, for example, by climate change and
overfishing. Such indicators would also be responsive to seasonal and interannual changes in the
ecosystem, and thus be of use to fisheries research and management.

In addition to stock assessment applications, remote sensing can be used to help fishers locate
target species through the detection of hydrographic features, such as fronts. This approach has
the advantages of improving the efficiency of the catch, reducing fuel use and thereby
greenhouse gas emissions, as well as potentially reducing bycatch. However, it also risks
increasing the potential for over-exploitation of fish stocks. Clearly, implementation needs to be
considered alongside other conservation-based management tools, such as quota systems and
using remote sensing to enumerate and track fishing vessels for enforcement purposes.

Automated Acoustic Sampling

Combined with satellite-based remote sensing and CPR surveys,'? acoustic technologies have
the potential to provide an observing system for marine food webs from phytoplankton to fish.
The goal of the proposed Mid-Trophic Automatic Acoustic Sampling (MAAS) Network is to
implement a network of platforms (ships of opportunity and fixed platforms) equipped with
multi-frequency acoustics that can monitor the distribution and abundance of macrozooplankton
(1 — 1000 mm in size) basin wide.”* The Ocean Tracking Network (OTN) is a GOOS pilot
project that combines technologies developed for tagging apex pelagic predators with those
developed for smaller animals.*#®> The former uses satellites to determine where large animals
travel in the oceans and monitors the environment (temperature, salinity and chlorophyll) they
experience while the latter uses “curtains” of acoustic receivers across continental shelves and
near islands to monitor fish migrations and receive and transmit data from larger animals. Thus,
once fully deployed, the OTN will have the ca